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1. Introduction

With the advent of the optical fiber technology, the ever-increasing demand for wide
bandwidth reliable solutions to satiate the today’s world’s thirst for in the 1.55 pm
C-band optical communication window has driven analysis and research for high
performance active optical devices including light-emitting diodes, semiconductor
lasers, semiconductor optical amplifiers (SOA), mode-locked lasers, and modula-
tors. Quantum confined nanostructure based active-regions in the form of
quantum-wells (Qwells) and self-assembled quantum-dots (Qdots) have been
garnering the focus of research in the past couple of decades as prime contenders
for the sought highly efficient compact semiconductor devices and optical sources
owning to the high quality epitaxial growth on GaAs substrates emitting at
~ 1.3 um and being commercialized with excellent performance parameters. Never-
theless, their inability to reach the C-band window of 1.55 pm and beyond resulted
in InP substrate-grown devices to take spot light of research and to commercially
dominate over their GaAs counterparts [1,2].

However, a new class of self-assembled nanostructures, dubbed as quantum dash,
has emerged as elongated quantum wire-like structures resulting from the small lat-
tice mismatch during self-assembly growth of Qdots. These Qdashes exhibit pecu-
liar characteristics in-between Qwell and Qdots and have shown to exhibit a wide
tuning range of emission from ~ 1.5 um and all the way up to ~2.0 pm and beyond
[3—5]. These InAs nanostructures on both InGaAlAs and InGaAsP material systems
alike have witnessed wide strides in research and development while displaying
decent performance parameters. Nevertheless, the inherent inhomogeneous nature
of these structures in the form of their shape and size dispersion as a result of the
self-assembled growth process itself poses and obstacle in realizing high quality
epitaxial material and, thus the results laser device performance.

With that said, the very inhomogeneous nature of InAs/InP Qdashes can be rather
exploited for their ultra-broad gain profiles and utilized as broadband laser compo-
nents with coverage bandwidths exceeding 50 nm [6]. Furthermore, with passive
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mode-locking, ultra-short femto-second pulse trains can be generated which can be
crucial in applications including wavelength-division multiplexed (WDM) optical
communication systems and high-speed optical time-domain multiplexers
(OTDMs). Moreover, the remarkable tunability that has been shown by these struc-
tures covering the entire C—, L—, and U—optical communication bands and even
exceeding 2 pm, in addition to the aforementioned ultra-broad gain profiles can
be invaluable to serve multi-disciplinary applications. In medical applications, for
once, InAs/InP Qdash based lasers offer low cost compact solution with a high
tunability and axial resolution to potentially replace bulk and solid state lasers in
medical diagnosis, optical coherent tomography, bio-molecular and tissue imaging,
and high-precision surgery and dentistry [7—11]. Nonetheless, in molecular and ma-
terial sensing and characterization, these devices can be utilized as portable broad
long wavelength sources in applications such as light detection and ranging
(LIDAR), chemical sensing, in-situ multicomponent analysis, and spectroscopy.
Furthermore, the exceptionally broad spectra of such optical laser sources can be
very beneficial to some fields such as non-destructive testing, material research, im-
aging ceramics, birefringence imaging of crystalline polymer structures and study-
ing their penetration depths [12].

In this chapter, we discuss the existing self-assembled growth of InAs Qdash
based nanostructures on (100) and (311) B InP substrates for eventual operation
in the C — L — U band and toward 2 pum. The tremendous progress in this area
resulted in an astounding amount of literature. Section 2 of this chapter discusses
the achievements in the epitaxial material growth of InAs/InP quantum dash mate-
rial systems. Subsequently, Section 3 discusses the device-level employment of
these structures as semiconductor laser sources in addition to the respective utiliza-
tion of optical injection (injection locking) and mode-locking in their employment.
Finally, Section 4 concludes this chapter by discussing the recent employment of
Qdash lasers as promising sources for future optical communication systems.

2. Growth of InAs/InP quantum dash lasers

The phrase “Quantum dash” was introduced at the end of the last century with the
first introduction of self-assembled InAs Qdashes grown over (211)B GaAs sub-
strates by Guo et al. [12] and InSb Qdashes over (100) InP substrates by Utzmeier
et al. [13]. However, only at the beginning of this millennium is when they properly
began being employed and identified in actual optoelectronic applications. Qdash
laser structures were dominated by two material systems: (i) InAs/InGaAlAs and
(i1) InAs/InGaAsP.

2.1 InAs/InGaAlAs material system

In 1999, via Molecular Beam Epitaxy (MBE), Li et al. [14] introduced a 6-stack of
high density (~70 pum 1) InAs/Alg 4gIng spAs quantum-wire like nanostructures, on
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a (100) InP substrate with InAlAs buffer layers. The structure displayed a photolu-
minescence (PL) peak at 1.9 um in addition to a large anisotropy that was scribed to
results in the reported high density. Later on, through TEM analysis, they concluded
that increasing the deposition of InAs from 1.5 to 7.5 monolayer (ML) resulted in
increasing the inhomogeneity and the sizes of the formed Qdashes [15].

The first report of dash-in-well (DaWELL) structure was by Wang et al. [3] who
demonstrated the growth of InAs Qdashes with a density of ~10'® cm™? within an
asymmetric InGaAlAs Qwell layer separated by strained barrier layers of InGaAlAs
that exhibited a PL peak at ~1.57 pm. To follow up, a parametric study was carried
out by Schwertberger et al. [16] on different MBE Qdash InAs growth parameters. It
was observed that at a fixed substrate temperature, increasing the thickness of the
deposited InAs from 2.5 to 7ML had dramatically increased the height and
decreased the length of the Qdashes. Fig. 5.1A shows the PL spectra at different
nominal InAs layer thickness covering the emission band from ~ 1.2 to ~ 2.0 pm.
Nevertheless, more deposition thickness was found to lead the Qdashes to coalesce
into islands of greater size with a reduction in the dash nature of the structure. More-
over, the substrate growth temperature was investigated after which they suggested
an optimal value of ~500 °C that was observed to result in a maximum PL intensity.
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FIG. 5.1

(A) Low temperature PL spectra of Qdash layers with different nominal InAs layer
thickness as indicated in the figure, on InGaAlAs buffer layer on (100) InP substrate [16].
(B) PL spectra measured at 300 K for four InAs Qdash samples grown at various
conditions (A and B with InGaAlAs barrier grown at 505 °C and 535 °C, respectively. C
and D are similar to B except an ultra-thin GaAs layer was grown before the growth of InAs
layer, and before and after the growth of InAs layer, respectively). Inset shows the
(0.5 x 0.5 um?) AFM image of an InAs Qdash layer without InAlGaAs cap [19].

From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—313.
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Rotter et al. reported another striking tunability of DaWELL structure [17] as
then demonstrated a PL peak emission shift between 1.52 and 2.04 um. Later,
Sauerwald et al. [18] showed that the emission of a single stack of Qdash can be
tuned in the range of 1.39—1.90 pm undependably of the composition and the shape
of the Qdashes by adjusting the thickness of InAs deposition which they demon-
strated to have a linear relationship with the size of the grown Qdashes leading to
red shifting the PL peak in addition to broadening its linewidth. Moreover, they
extended the investigation [19] to cover multistacks of InAs/InGaAlAs DaWELL
structures to analyze the effect of more Qdash layer stacking which was shown to
increase the size of the grown Qdashes. This was attributed to the extra strain effects
in the upper layers that resulted in the merging of the grown dashes at different rates
which ultimately results in more inhomogeneity in the DaWELL structure.

Later, Mi et al. [20] demonstrated the possibility of achieving a significantly bet-
ter optical performance by growing ultrathin layers (~2 ML) of GaAs over the
InGaAlAs barrier prior to deposing InAs. As such, they reported more than 3 times
higher PL intensity as depicted in Fig. 5.1B while a more drastic enhancement (>10
times) in the PL intensity along with a reduced linewidth (~50 meV) is achieved
when more GaAs layers are deposited after the growth of the capping layer which
all was accredited to the suppressed phase separation and enhanced surface migra-
tion in the barrier layer. In 2008, Podemski et al. [21] reported a highly stacked
columnar Qdashes over (100) InP that are sandwiched between InGaAlAs layers
and within buffer layers of InAlAs. They demonstrated that the dominant polariza-
tion could be transitioned from transverse electric to transverse magnetic via con-
trolling the number of stacking layers from 1 to 24 in addition to red shifting the
PL peak, as shown in Fig. 5.1D due to the larger sizes of the grown Qdashes.

2.2 InAs/InGaAsP material system

Gonzélez et al. [22] demonstrated the significance of the buffer layer in forming
InAs nanostructures by growing buffer layer of InP using atomic-layer MBE that
yielded in self-assembled quantum wire-like structures that are elongated in the
[1—10] direction. Then, it was postulated that anisotropic stress relaxation of the
heteroepitaxial system involving different group V elements was responsible in
the formation of these Qwires [23]. Later, Gendry et al. showed [24] that increasing
the growth temperature results in lowering the critical thickness of the growth mode
transition of a single stack of quantum-sticks within a matrix layer of InP. This in
turn, leads to reducing the height dispersion of the grown dashes making for a
more uniform grown island as illustrated in Fig. 5.2A. Furthermore, it was found
that few growth parameters can be optimized to reduce the height dispersion
including reducing the Arsenic overpressure during InAs deposition (as shown in
Fig. 5.2B), increasing the InAs thickness drastically, and higher growth temperature.
This was attributed to the thermodynamics and kinetics such as adatom surface
diffusion and strain accumulation which improved the self-organization of the
grown islands [24]. Building upon that work, Fuster et al. [25] investigated the effect
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(A) PL characteristics [peak emission and linewidth] of InAs island’s PL spectra on InP
buffer layer at 300 K as a function of the growth temperature for an InAs deposition
thickness just above (~0.5 ML) the critical thickness. (B) PL characteristics of InAs
islands on InP at 300 K versus the As overpressure during the InAs growth (growth
temperature 520 °C, InAs deposition thickness 0.9 nm) [24].
From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material
structures and devices. Progress in Quantum Electronics 2014;38(6):237—313.

of thickness of the InAs layer which was found to have a proportional relationship
with the size of the formed Qwires, as illustrated in Fig. 5.3A, which lies in line with
the other reports on the InAs/InGaAlAs material system.

Subsequently, Alen et al. [26] showed that structures of thinner InP spacer layers
were associated with a higher degree of homogeneity by comparing two specimens
of 10-stack InAs/InP Qwires grown over spacer layers of 5 and 10 nm. This unifor-
mity was accredited to the strain driven vertical filtering of the size of the grown
Qwires along growth direction. On the other hand, thicker spacer layers resulted
in high inhomogeneity with a broad PL linewidth of ~350 meV which agrees
with Podemski et al. [21] work on the InAs/InGaAlAs material system. Later,
Lelarge et al. empirically utilized [27] growth conditions, number of layers Qdashes,
their thickness, and the strain of the barrier layers as parameters in order to identify
the nominal thickness of subsequent layers that compensated for any thickening of
the Qdashes during growth which ultimately enabled achieving homogeneity in the
sizes of the Qdashes without ultrathin barrier layers. As such, they demonstrated up
to 10 stacks with a barrier layer thickness of 40 nm with a minimal impact on the PL
linewidth as it was kept around ~70 meV, as shown in Fig. 5.3B. Keeping up with
the same purpose, Faugeron et al. [28] introduced an alternative methodology. They
adopted an asymmetrical cladding technique by inserting an undoped index slab
layer between the Qdash active region and the substrate. This introduction resulted
in a reduced overlap among the optical modes which maintained the PL linewidth
and optical quality of the 6-stach structure whose PL peak at ~1.57 pum.

On other front, several works have been carried to increase the Qdash structure
inhomogeneity. Although, this inherently demerits the optical performance of Qdash
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FIG. 5.3

(A) AFM images (0.5 x 0.5 pm?) of four uncapped InAs Qwire samples with different
InAs deposited thicknesses 2.5 ML, 3.3 ML, 4.3 ML, and 5.3 ML from upper left to bottom
right. The four images have the same z-scale bar [25]. (B) Room temperature PL
linewidth of stacked InAs/InGaAsP Qdashes as a function of the number of stacking
layers. Inset shows the plan-view TEM micrograph of a stack of 6 Qdash layers [27].
From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material
structures and devices. Progress in Quantum Electronics 2014;38(6):237—-313.

lasers due to the trade-off between the spectral linewidth and threshold gain, in some
applications such as WDM based communications and realization of semiconductor
optical amplifier (SOA), the need for the inhomogeneous broadening warrants said
trade-off. With that goal in sight, Deubert et al. [29] introduced a chirping technique
where the InAs nominal thicknesses a 6-stack Qdash structure was varied between 3
and 4.6 ML at a fixed barrier thickness of 25 nm. This yielded in a broad PL that was
~45% higher to the traditional 4-stack structure with a fixed InAs layer thickness.
Soon after, Reithmaier et al. [30] reported a large gain-bandwidth of 270 nm with
peak gain of 40 cm ™' using a similar chirped design of 4 varying InAs layers at a
fixed barrier layer. Based on the analytical results of the thickness of the barrier layer
on the inhomogeneity of the structure [31], our group demonstrated [32] an ultrab-
road PL linewidth of ~151 nm by utilizing a chirped 4-stack InGaAlAs DaWELL
structure with varying barrier layers (20, 15, 10, 10 nm) that was drastically broader
than a similar structure of a fixed barrier layer thickness (10 nm) among the different
layers where the PL linewidth was ~ 100 nm. Under continuous wave (CW) current
density of 8.3 kA/cmz, the gain-bandwidth was measured [33] as ~ 140 nm with a
peak modal gain of ~41 cm™' as shown in Fig. 5.4A.

Very recently, Pes et al. utilized Gas Source MBE in growing a 6-stack InAs
Qdashes of 3 sets on a (001) InP substrate [34]. Each Qdash layer was separated
by a Ing §Gag rAsg 435P barrier layer of a thickness of 15-nm and surrounded by qua-
ternary alloy layers whose thickness was chosen to ensure a homogenous excitation
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(A) Gain of a four stack DaWELL InAs/InGaAlAs/InP laser structure with chirped barrier

layer thickness (10, 10, 15, 20 nm) [33]. (B) PL spectra of two specimens of 6-stack InAs

Qdashes along two different directions compared to a strained quantum-well structure.
From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—313. Also reprinted with permission
from Pes S, et al. Class-A operation of an optically-pumped 1.6 um-emitting quantum dash-based vertical-
external-cavity surface-emitting laser on InP. Optical Express 2017;25(10):11760—6.

of the active region. The PL of two Qdash specimens elongated along the [1—10]
and [110] directions, as shown in Fig. 5.4B, showed a very broad linewidth while
keeping the integrated PL intensity comparable to that of a 6-stack strained
quantum-well structure, thus providing more insight to Qdash active region physics.

3. InAs/InP Qdash lasers

In this section, we discuss Qdash active regions in edge-emitting Fabry-Perot lasers,
injection-locked lasers, and mode-locked lasers. Owning to the inhomogeneous na-
ture of their structure, the stimulated emission of Qdash lasers is associated with
broad spectral linewidth as has been discussed earlier. In addition, the resulted
sub-picosecond pulses with mode locking has the potential to improve the perfor-
mance dramatically.

3.1 InAs/InGaAlAs/InP Qdash lasers

Wang et al. were first to demonstrate a semiconductor Qdash [3] active region based
laser that consisted of 1—, 3—, and 5—stack InAs/InGaAlAs DaWELL and emitting
at 1.60, 1.62, and 1.66 um, respectively. Fig. 5.5A shows the L-I characteristics
while the electroluminescence spectrum is shown in its inset. The devices were
1.5—4.0 mm long broad-area lasers with threshold current densities of 410, 167,
and 766 A/cm? per layer, respectively, while the internal loss and internal quantum
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(A) A two-facet light output versus pulsed injection current measured on a five-stack
Qdash laser diode with geometry of 100 x 1500 pm? [3]. The inset in (A) is the
electroluminescence spectra under different pump levels for the device [38]. (B) Room
temperature small-signal modulation response of a ridge-waveguide 2.5 x 600 pm?
undoped InAs/InGaAlAs Qdash laser for various CW drive currents [42].

From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—-313.

efficiency were ~10cm™' and ~60%, respectively. These promising results in
addition to the ~15 cm ™" acquired modal gain, were bound to motivate and push
research and further investigation on this particular system. As such, Schwertberger
et al. [35] later demonstrated the tunability of InAs/InGaAlAs Qdash lasers in the
range of 1.54—1.78 um by tuning the thickness of InAs deposition layer between
5.0 and 7.5 ML. A low threshold current density of 225 A/cm? per layer off a
4-stack 40 x 1000 pm? device was reported, with total output power exceeding
100 mW and a characteristic temperature T of ~61 K. Later on, with an improved
material quality evident by the 60% quantum efficiency and 8.5 cm ™' internal loss
[16], the transparency current density was further reduced to as low as 90 A/cm? per
layer which is one of the best values reported on this material system. On the same
venue, Rotter et al. [17] were able to push the emission wavelength to as long as
2.03 um which is the longest emission wavelength reported on any InAs/InP Qdash
laser structure. This was carried out on a 5-stack InAs DaWELL structure over a
(100) InP substrate with a 52% internal quantum efficiency and a per-layer threshold
current density of 108 A/cm®. However, the significantly high internal loss of
~55cm™! was attributed to Rayleigh scattering that was caused by the refractive
index local undulations in the vicinity of the Qdashes.

Subsequently, Resneau et al. [36] demonstrated a flat low relative intensity noise
(RIN) of —162 dB/Hz and a total power >100 mW on a 4 stack graded separate
confinement heterostructure (SCH) InAs/InGaAlAs ridge-waveguide Qdash laser
emitting at 1.57 pm. Furthermore, the corresponding internal loss was very low
4 cm™ " which is among the lowest on this material system. Furthermore, through
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the dynamic characteristics measurements, the acquired modulation efficiency and
maximum intrinsic bandwidth were of 0.36 GHz/mA” and 5.9 GHz, respectively,
while the K-factor was 1.51 ns. Later on, the modulation efficiency and resonance
frequency were pushed to 0.72 GHz/mA®> and 7.5 GHz, respectively [37]. On
another front, Mi et al. [20] demonstrated the largest small signal modulation band-
width (up to 12 GHz) in an InAs/InP Qdash system at any temperature (°C) with a
reduced sub-threshold linewidth-enhancement factor (LEF) <0.7 and a high charac-
teristic temperature Ty of ~204 K. This was attributed to the minimized carrier
leakage and hot carrier effects by the virtue of the p-doping and tunnel injection
that were implemented simultaneously. Nevertheless, the best small signal modula-
tion bandwidth in a Qdash system at room temperature was 9.6 GHz that was re-
ported by Hein et al. [38] who employed a 2.5 x 600 pm? undoped 6-stack InAs/
InGaAlAs Qdash laser under CW operation. The obtained modulation efficiency
was 0.82 GHz/mA’> while the K-factor and maximum intrinsic bandwidth were
0.78 ns and 11.4 GHz, respectively as depicted in Fig. 5.5B. Moreover, the above-
threshold LEF was acquired as 2.5 via the amplitude-modulation/frequency-
modulation method. In terms of the threshold current density, Hein et al. [39]
reported the best value in any multi-stack Qdash (46 A/cm? per layer) system and
on a 16-stack 1.3-mm long columnar Qdash laser structure that lased at 1.7 um, fol-
lowed by 108 A/cm?” per layer threshold current density value reported by Rotter
et al. [17]. On the other hand, the 93% internal quantum efficiency of the 4-stack
Qdash laser that was reported by our group [40] is the highest in a Qdash laser.
Furthermore, our group also demonstrated the enhancement in the performance of
the Qdash laser lasing at ~1.61 pm in the form of a ~45% and ~ 11% reduction
in the transparency current density and threshold current, respectively without
compromising the other laser performance parameters via controlling the IFVD
intermixing process.

Very recently, Rudno-Rudzinski et al. [41] investigated the influence of the width
of the quantum well layer on the injection-tunneling of Qdash based material sys-
tem. The InAs Qdashes were separated from the InGaAs quantum-well layer by a
2.3-nm thick barrier layer. The coupling affects both spectral and temporal optical
response by altering the isolated OD character of the ground state emission for
wide quantum wells. In such cases, it was suggested that the ground state emission
becomes indirect, as evident by the elongation of the PL decay time from 2 ns to
10 ns.

3.2 InAs/InGaAsP/InP Qdash lasers

This material system was adopted relatively later in Qdash lasers starting with Mor-
eau et al.’s [42] report on the effects of p-doping and multi-stacking on the perfor-
mance of a 9-stack InAs/InGaAsP DaWELL laser on (100) InP substrate emitting at
1.52 um. A low threshold current density of 123 A/cm? per layer was obtained from
the 50 x 600 um?” device at room temperature. In addition, the transparency current
density was found as 83 A/cm? per layer while the modal gain was 5.4 cm™' per
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layer. The results were found to be superior when in comparison with the perfor-
mance of a 6-stack and 12-stack Qdash lasers.

In a different report, Lelarge et al. [27] demonstrated a significant improvement
in the transparency current density of a 50 x 2000 um” DaWELL laser [660 A/cm?
(110 A/cm? per layer)] when compared with a similar Qdash-in-barrier based laser
[1140 A/em® (190 A/em? per layer)], likely due to the better carrier injection [43] in
the case of the former scheme, as shown in Fig. 5.6A. Moreover, this was accompa-
nied by redshift in the emission from 1.56 to 1.65 pm in the former and latter
schemes, respectively. The internal loss and internal quantum efficiency were ob-
tained as 19 cm ™' and 80% while the modal gain was high 105 cm ™. It was also
pointed out that despite of the p-doping, the characteristic temperature Ty ~60 K
did not exhibit a significant increase possibly due to either the band structure or
the shape of the nanostructures. Nevertheless, by employing buried ridge fabrication
in addition to the high-quality optimization of the growth process of Qdash, the char-
acteristic temperature was able to be pushed to as high as Ty ~ 135 K on a p-doped
6-stack Qdash-in-barrier laser with twice as high modal gain (11 cm™' per layer)
with respect to the undoped laser at the expense of a high threshold current density
~10 kA/cm? and internal loss (~60 cm™Y) [44]. Furthermore, a drastic improve-
ment in the device dynamic characteristics was witnessed as the relaxation fre-
quency was a high 13.5 GHz which was acquired through RIN measurements
(=155 to —160 dB/Hz from 0.5 to 20 GHz) and is among the best reported values
in an InAs/InP Qdash material system. Dagens et al. [45] were able to further opti-
mize the design of the Qdash active region by reducing the p- and n-side SCH layers
to 20, and 70 nm, respectively in a 6-stack InAs/InGaAsP Qdash laser. This was car-
ried out for the purpose of reducing the carrier transit time and to limit the recovery
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(A) Liner fits in terms of Jy, as a function of temperature of 2 x 700 pm? fixed ridge-
waveguide InAs/InGaAsP/InP Qdash laser [43]. (B) Small signal modulation response on
a 600 pm as-cleaved, reduced SCH layer thickness buried ridge stripe DaWELL laser at
25°C. T [45].
From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material
structures and devices. Progress in Quantum Electronics 2014;38(6):237—-313.
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of the optical mode and the absorbing p-doped waveguiding layers. The 600 pm
long buried ridge-waveguide laser displayed a relatively flat RIN —155 dB/Hz
(0.1—16 GHz) whereas the relaxation frequency was estimated as ~8.5 GHz.
More significantly, the obtained small signal modulation bandwidth of 10.5 GHz un-
der CW operation and room temperature is the largest value ever reported on any
Qdash material system), as depicted in Fig. 5.6B. Joshi et al. [46] investigated the
linewidth enhancement factor associated with p-doping on a 1.25-mm long 6-
stack Qdash laser with dashes in InGaAsP Quantum wells and InGaAsP barriers
that are p-doped utilizing delta type doping. The distributed feedback laser (DFB)
laser demonstrated a significant reduction in the linewidth parameter both below
and above threshold (~2) suggesting that the carrier population in the wetting
and barrier layers is reduced leading to a small number of non-resonant carriers.

In a different study, tunneling injection was investigated by Lelarge et al. [47,48]
on the InAs/InGaAsP Qdash laser material system. On a buried ridge-waveguide
1.5 x 600 pum? device, a low 155 A/cm? per layer transparency current density
and 334 A/cm? per layer threshold current density were obtained under CW opera-
tion. The slope efficiency and characteristic temperature were estimated as 0.34 W/
A and 50 K, respectively, while RIN measurements yielded a value of —155 dB/Hz
from 0.1 to 16 GHz. The small signal modulation bandwidth and resonance fre-
quency were measured as ~ 8.5 and 4.5 GHz, respectively, with the latter exhibited
parasitic-like roll off that was likely related to the carrier transport limitations [48].
The observed minimal impact of tunneling injection scheme on the laser dynamics
was likely correlated to the significant carrier escape from the injector-Qdash en-
sembles. As such, this can be improved with higher energy barriers and carrier
confinement or by adopting a moderate p-doping scheme in tandem with tunneling
injection as has been adopted by Mi et al. [21] as discussed earlier.

When it comes to the static performance characteristics, Zhou et al. [49,50] re-
ported the smallest value of threshold current density (72 A/cm? per layer) and trans-
parency current density (45 A/cm? per layer) on a InAs/InGaAsP Qdash material
system. The 5-stack Qdash-in-barrier SCH laser structure was grown through the
optimized double-cap technique, and employing a 2.2 nm cap with a 30-s growth
interruption. The obtained internal quantum efficiency of the ~1.55—1.58 pm emit-
ting laser was 58% whereas the internal loss was estimated as 7 cm™!. Later on, the
lowest internal loss value (2.7 cm™ ') on any Qdash material system was reported by
Faugeron et al. [51] with a high internal quantum efficiency of 81% on a 6-stack
Qdash-in-barrier laser of asymmetric-cladding that was lasing around 1.59 pm.
The slope efficiency was estimated as 0.32 W/A whilst the threshold current density
was obtained as ~4 kA/cm?. Very recently, Pes et al. [34] reported a continuous-
wave 1.6 pm-emitting optically-pumped InAs Qdash based vertical-external-cavity
surface-emitting laser. In multi-transverse mode operation, the maximum output po-
wer was measured as 163 mW at 20 °C from 12 mm-long cavity whereas when the
laser was made single-frequency, the maximum measured output power was
7.9 mW at 19.5 °C in a 49 mm-long cavity. The laser device showed a wavelength
tunability between 1609 and 1622 nm in the latter condition while the linewidth
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was estimated as 22 kHz. Furthermore, Class-A operation was demonstrated with a
RIN level of 135 dB/Hz at 100 kHz and a cut-off frequency of 800 kHz.

3.3 InAs/InP Qdash ultra-broadband lasers

Our group was first to demonstrate and exploit the highly inhomogeneous nature of a
multi-stack InAs/InGaAlAs Qdash active region [52] as a broadband emitting de-
vice. As depicted in Fig. 5.6A, a lasing bandwidth of ~22nm centered at
~1.64 pm was reported on a 4-stack 50 x 600 um?® laser that exhibited a per-
layer pulsed threshold current density of 650 A/cm” and a slope efficiency of
0.165 W/A with an output power > 400 mW. The emission coverage was able to
be pushed later on to 85 nm with a ~41-nm bandwidth by Tan et al. [53] via a
50 x 500 pm?” as-cleaved intermixed laser that is also shown in Fig. 5.7A. Moreover,
a lower threshold current density (525 A/cm?® per layer) was achieved with a slope
efficiency of 0.423 W/A, and a characteristics temperature Ty ~57. Subsequently,
our group successfully reported [6] a record ~50 nm lasing bandwidth and lasing
emission coverage of ~65 nm via a chirped barrier 4-stack Qdash active region-
based 2 x 830 pm? ridge-waveguide laser, as shown in Fig. 5.7B. The laser dis-
played a per-layer threshold current density of 900 A/cm” and a slope efficiency
0.36 W/A. Furthermore, we investigated the device physics of the chirped structure
and postulated that simultaneous emission for dispersive Qdashes [33] and the non-
uniform distribution of carriers in the Qdash active region [32] play a significant role
in the observed broad emission. Very recently, we further investigated the detailed
thermal characteristics of the InAs/InP Qdash broadband laser with different ridge
widths in terms of junction and characteristics temperatures [54]. The results
dictated an inverse relation between the ridge-width and the junction temperature.
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(A) The wavelength tuned broadband fixed barrier 4 stack InAs/InGaAlAs DaWELL laser
from 1.64 um (as-grown) to 1.54 um (IFVD intermixed) center wavelength. The lasing
coverage increases from 76 to 85 nm after the intermixing process. The inset shows
the —3 dB bandwidth of the broadband Qdash laser in accordance to injection [53]. (B)
Room temperature lasing spectra of 2 x 830 pm? chirped barrier thickness 4 stack InAs/
InGaAlAs DaWELL laser at different pulsed injection current density [6].

From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—-313.
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(A) Estimated rise in the junction temperature of all the InAs/InP Qdash laser devices at
four different heat sink temperatures, as a function of injection current I/Ith. (B) RF
linewidth under resonant condition in the case of single loop, unbalanced and balanced
symmetrical dual-loop feedback configurations as a function of external feedback ratio at
a bias of 300 mA showing —22 dB to be the optimum value, in the case of single,
balanced and unbalanced symmetrical dual-loop feedback configurations.

From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—313. Also reprinted with permission
from Asghar H, et al. Stabilization of self-mode-locked quantum dash lasers by symmetric dual-loop optical
feedback. Optical Express 2018;26(4):4581—92.

The narrowest 2 um ridge width which demonstrated the largest lasing bandwidth of
~ 50 nm, exhibited highest thermal resistance of ~45 °C/W and hence the largest
junction temperature buildup, as illustrated in Fig. 5.8A. This further affirmed
thermionic carrier escape and phonon-assisted tunneling to be the dominant carrier
transport mechanisms resulting in the non-uniform distribution of carriers, and thus
broadband lasing from this device.

3.4 InAs/InP Qdash single mode lasers

On the other hand, few studies have been concocted on single mode Qdash lasers.
For the InAs/InGaAlAs material system, Kaiser et al. [55] reported a small signal
modulation bandwidth of 7.6 GHz from a 3 x 1000 um? laterally coupled DFB grat-
ings based on 4 stack InAs/InGaAlAs Qdash laser. The 1.51 um emitting laser
exhibited a slope efficiency and an output power of 0.13 W/A and >30 mW, respec-
tively, whereas the SMSR was estimated as > 40 dB. Later, Zeller et al. [56] and
Hein et al. [57] were able to improve the relatively inferior performance of the
long wavelength InAs Qdash in InGaAs Qwell DFB lasers as they reported single
mode emitting lasers at 2.01 and 1.89 um, respectively, under CW operation and
at room temperature. The former report utilized a 2 x 900 pm? laser with a
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threshold current of 40 mA and a high SMSR of >35 dB. The latter one, on the other
hand, displayed a slope efficiency 0.22 W/A with an output power >25 mW.

In terms of the InAs/InGaAsP material system, Dagens et al. [58] reported a
4.8 mA threshold current, 45.5 dB SMSR, and a 0.3 W/A slope efficiency from a
0.8 x 205 pm? a 6-stack DaWELL buried ridge-waveguide DFB laser emitting at
1.51 pum grown via MBE—MOCYVD. The small signal modulation bandwidth was
obtained as ~6.7 GHz with a high modulation efficiency of 1.9 GHz/mA®” and a
K-factor 0.43 ns [28]. Subsequently, the direct small signal modulation bandwidth
was successfully pushed to ~10 GHz with a low K-factor of 0.3 ns and a reduced
above-threshold LEF of <2 by Lelarge et al. [59]. This was achieved by reducing
the SCH layer thickness in a 0.5 mm and 1.0 mm long buried ridge-waveguide
DFB lasers emitting at 1.54 pm with a SMSR of ~40 dB.

3.5 InAs/InP Qdash injection locked laser

Optical injection under stable locking conditions has the potential to enhance the dy-
namic characteristics of InAs/InP Qdash lasers as has been demonstrated by Li et al.
[60] as he reported a three times increase in the small signal modulation bandwidth
of 4 x 500 um? injection-locked laser. The 3 dB bandwidth at a —8.6 dBm injected
power was 8.7 GHz compared to the 3.4 GHz value of the free-running case. Naderi
et al. [61] were able to push that value further to 11.7 GHz with a SMSR value of
30 dB corresponding to three times increase over the free-running case. Later, a
remarkable 16.5 GHz small signal modulation —3 dB bandwidth was reported by
Lester et al. [62]. This four-fold increase in the bandwidth was achieved through
a slightly blue shifted (1.535 pum) injection locked Qdash laser under strong optical
injection of 9.3 dB. Moreover, a striking near zero above-threshold LEF and a dif-
ferential gain of 5.9 x 10™'* cm ™2 were acquired.

A rigorous dynamic investigation of an injection-locked Qdash laser was subse-
quently concocted by Pochet et al. [63,64] at zero detuning where it was shown that
the a high gain compression coefficient and a large damping rate in addition to a
sufficiently small LEF value are operating conditions for stable locking at near-
threshold biasing currents. Whilst optical injection can indeed enhance the perfor-
mance characteristics of Qdash lasers, it can conversely impact the stability of the
laser resulting in collapsing the coherence time and broadening the emission spec-
trum in addition to degrading the LEF and bit error rate (BER). As such, Azouigui
et al. [65] investigated the tolerance of Qdash lasers to the optical feedback as it was
demonstrated that increasing the current injection of a 205-um long InAs/InGaAsP
Qdash DFB laser from 10 to 100 mA yielded in a coherence collapse from ~ —41
to —27 dB. Later on, high differential gain devices were shown to have a better per-
formance from this point of view with an onset of coherence collapse as good as
>—18 dB [66]. Furthermore, temperature insensitive differential gain laser and/or
longer cavity devices were shown to be able to achieve higher optical feedbacks
[67]. Contrary to that and opposite to the case with Qwell lasers, Grillot et al.
[68] demonstrated that increasing the current injection of a 500-pum long ridge-
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waveguide Qdash laser decreased the critical feedback level which was ascribed to
the increased non-linear increase of the GS above-threshold LEF from ~1 to ~ 14
associated with the increased current injection. This since has been adopted as a key
parameter in design of Qdash lasers that are feedback-resistant [69]. Sadeev et al.
[70] utilized dual-mode optical injection on a single-mode buried InP/InAs Qdash
laser with a 1-pum ridge width and emitting at 1.55-um. A maximum normalized con-
version efficiency value of —17 dB was reported with an OSNR of 37dB at a
27 GHz detuning with a wide detuning range from —1.2 to 2.7 THz.

3.6 InAs/InP Qdash mode-locked lasers

With the aid of mode-locking techniques, the broadly emitting InAs/InP Qdash la-
sers are capable of sub-picosecond pulse generation which has made them a hot
focus of research for the past few years as they have demonstrated remarkable
improved performance parameters including, repetition frequency, pulse width,
and ultra-small RF linewidth, in the range between <1 kHz and 600 kHz [28,61].
Gosset et al. [71] were first to demonstrate passive mode-locking by utilizing a
two-section InAs/InGaAsP Qdash laser where one section acts as a gain section
while the other as an absorber. The 6-stack Qdash laser exhibited a RF linewidth
of 47 kHz with a gain and absorber sections that are 940 and 180 pm in length,
respectively. The resulting pulsation frequency was 43.6 GHz under a CW biasing
current of 169 mA. Subsequently, the timing jitter and phase noise were investigated
by Dontabactouny et al. [72] on a 1.59 pm emitting 5 stacks InAs/InGaAsP Qdash
laser whose gain and absorber sections were 3.95 and 0.13 mm, respectively. With a
fixed biasing current and reverse biasing voltage, highly chirped pulses in the range
between 8 and 14 ps were generated with a pulsation frequency of 10 GHz by tuning
the passband window of a 1 nm bandwidth filter that was centered at 1.6 um. With
the aid of a 545-m long single mode fiber for the purpose of dispersion compensa-
tion, the pulses were able to be pushed down to a lowest value of 975 fs after decon-
volution. Furthermore, a low timing jitter value of 800 fs was obtained while the
phase noise measurements displayed — 80 dBc/Hz at 100 kHz which was then
reduced down to —140 dBc/Hz.

Rosales et al. concocted a series of systematic investigations [73—75] on three
InAs/InGaAsP Qdash lasers with cavity lengths of 1200, 890, and 450 pm and a
10% absorber section. The obtained respective repetition rates were 20, 48 and
95 GHz with the latter value being the highest reported on any InAs/InP Qdash
monolithic two-section device. Mode-locking was achieved at a fairly large reverse
bias with deconvolved pulse durations of ~1.4, ~2.5 and ~ 1.6 ps for the long, me-
dium, and short devices respectively. Recently, Asghar et al. [76] analyzed in detail
the effects of optical feedback single- and dual-loops on the pulse trains generated
by a two-sectioned Qdash laser emitting at 1.55 pm with a repetition range of ~
20 GHz. The investigation aimed to identify the optimal feedback level that achieves
minimum RF linewidth and hence lowest timing jitter. As Fig. 5.8B shows, a
~—22 dB feedback level was shown to achieve a high suppression of the RF
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linewidth from 98 kHz (in the case of free-running) to 5 and 1.5 kHz for the single-
and dual-loop configurations, respectively. Moreover, the corresponding timing jitter
was measured as ~800 and ~500 fs for the single- and dual-loop configurations,
respectively, compared to the ~4.8 ps associated with the free-running case. Very
recently, it was demonstrated that [77] employing an unbalanced symmetric dual-
loop configuration in tandem with a full tuning of delay phase of the second feed-
back cavity resulted in narrower RF linewidths (1.5 kHz) and reduced timing jitter
(450 fs) across the widest delay range at the same optical feedback level of a
~ —22 dB when compared to single (3 kHz RF linewidth and 600 fs timing jitter)
and balanced symmetric dual-loop feedback systems.

Compared to two-section mode locking, passive singe-section mode locking
(self-pulsation) is more favorable from different points of view, such as achievable
power and pulse width, and thus have been adopted by researchers for the past
decade showing a superior performance. As such, Gosset et al. [71] were first to
report a mono-section mode locking in a Qdash material system. A 134 GHz pulse
generation was reported on a 6-stack 340 pm long InAs/InGaAsP DaWELL laser
operating at 1.56 pm under CW bias. A sub-picosecond pulse width of 800 fs
without deconvolution or pulse compression was measured with a 50 kHz RF spec-
tral linewidth. Moreover, the pulse repetition rate was reported to be 42.2 GHz with
2 ps auto-correlated pulses. Shen et al. [78] demonstrated the viability in employing
optical filters in order to limit the beating linewidth to 2 kHz on a 17 GHz, 2.5 mm
long Qdash mode-locked laser (QD-MLL). Later on, reducing the optical confine-
ment factor was show to have a similar effect on the beating linewidth [79]. It
was postulated that this was owning to the reduced optical mode interactions with
the amplified spontaneous emission, and large population inversion, leading to a
reduced phase noise [73,80].

Alternatively, the mode-beating linewidth (phase noise) was reduced from
30 kHz (—75 dBc/Hz) to a mere 200 Hz (—105 dBc/Hz) by Akrout et al. [81] via
employing an external cavity length based high quality factor in an auto-optical
feedback loop for initial phase noise reduction. This was carried out on a self-
pulsating 30.3 GHz InAs/InGaAsP/InP QD-MLL. In terms of the timing jitter, Lat-
kowski et al. [82] utilized a 450-m long single mode dispersion-compensated fiber
and demonstrated 720-fs wide pulses via a 39.8 GHz QD-MLL. Moreover, indepen-
dently of the biasing current, a beating linewidth of 10—25 kHz was obtained with a
timing jitter that varied from 350 to 150 fs while the peak power varied from 40 to
140 mW [83,84], as shown in Fig. 5.9A. It was found that increasing the bias current
or the filter bandwidth resulted in a reduction in the pulse width which was ascribed
to the superior phase locking at higher injection and larger number of locked longi-
tudinal modes [85,86].

On another front, a record repetition rate of 346 GHz was reported by Merghem
et al. [87] as depicted in see Fig. 5.9B by employing a 120-um long Qdash laser
emitting ~ 560 fs deconvolved pulses of a peak power of 20 mW and an extinction
ratio of 9 dB. Later on, a detailed investigation [88] on the repetition frequency sta-
bility was carried out on a 10 GHz Qdash passively mode-locked laser. Furthermore,
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(A) Typical mode-beating associated with each pair of optical modes as a function of the
filter central wavelength (top) of the 1000 um long 40 GHz InAs/InGaAsP Qdash mode-
locked laser at 350 mA. The corresponding device pulse width and timing jitter associated
with the optically generated pulses as a function of CW current (bottom) [84]. (B) Optical
spectrum (top) and autocorrelation trace (bottom) of 120 um long, 345 GHz, InAs/
InGaAsP Qdash mode-locked laser at 217 mA [87].

From Khan MZM, Ng TK, Ooi BS. Self-assembled InAs/InP quantum dots and quantum dashes: material

structures and devices. Progress in Quantum Electronics 2014;38(6):237—313.

an electrical and an optical feedback loops were developed and demonstrated to
improve the initial long-term stability of the free-running case ~10~’ to a long-
term stability of 3 x 1077 in the case of the electrical feed-back system and to
1.5 x 107 in the case of the optical feed-back system.

By employing the second-harmonic generation frequency resolved optical gating
(SHG-FROG) technique, Calo et al. [89] investigated a high gain ~50 cm ™", 890-
pum long device, 9-stack InAs/InGaAsP dash-in-barrier laser. The 1.56 pm emitting
device showed a ~48 GHz repetition frequency under CW operation. Highly
chirped 423 fs pulses were achieved through a single mode fiber with a peak power
of ~100 mW peak power at 300 mA biasing current. This was however was further
reduced later [90] to 374 fs at 400 mA which is the best reported value on any InAs/
InP Qdash material system. Later, a record peak power of 18 W was reported by
Faugeron et al. [51] by developing an asymmetrical cladding 10-mm long,
4.4 GHz, single-section Qdash laser with a narrow RF linewidth of 300 Hz. The
Qdash laser emitted 750 fs deconvolved pulses post-compression and 9.3 ps/nm
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compensation via a 570-m long single mode fiber. Furthermore, an improved phase
noise <—100 dB/Hz at an offset frequency of 1kHz and RF harmonics up to
120 GHz were also reported on a 4.3-mm long Qdash laser [29].

In another study, Sooudi et al. [91] utilized double locking with simultaneous op-
tical injection and optical feedback on QD-MLL and reported a reduction of two
times in the bandwidth product and two orders of magnitude reduction in the RF
linewidth. This work was followed by an implementation of dual-loop feedback
in tandem with optical injection and optical fiber delay by Wei et al. [92] on a
1.55 pm, 20 GHz InAs/InP DaWELL. As such, the RF linewidth and timing jitter
were significantly reduced from 97.9 kHz to 4.27 ps, respectively in the case of
free-running, to 972 Hz and 430 fs. Moreover, a reduction in the phase noise
from —74 dBc/Hz to —87 dBc/Hz at100 kHz frequency offset was also reported.

4. InAs/InP Qdash lasers in optical communications

Over the past decade, network traffic and increases in consumer demands are pro-
ducing significant challenges to continue optical communications on cost-
effective scale. In today’s digital information society, large number of applications
demands high bit rate to accommodate individual users. Several hundred Terabit/s
per chip will be required for next generation system architectures over the next
few years. Meeting those demands will require new forms of optical solutions.
One of the promising solutions are addressed by the employment of Qdash based
mode-locked or injection-locked lasers as multiwavelength or transmitter sources
for WDM system, owing to their notable broadband lasing emission properties
with reduced RIN. This feature of Qdash lasers appears to be highly attractive for
next-generation passive optical networks (NG-PONs) as well. In this section, we
discuss various demonstration of employment of Qdash lasers in as a source in op-
tical communications.

4.1 InAs/InP Qdash mode-locked lasers

Akrout et al. was the first to propose and demonstrate 10 Gb/s on-off keying (OOK)
transmission of eight WDM channels via a single QD-MLL over 50-km single-mode
fiber (SMF) [93]. As compared to the single-mode distributed feedback laser, a
WDM comb generation emitting at 1.55 pm was utilized with 100-GHz channel
spacing. Subsequently, QD-MLL as seeding light source was reported by Nguyen
et al. [94] for colorless WDM passive optical networks. A bidirectional transmission
of 2.5 Gb/s was demonstrated for 16 WDM channels over 25 km SMF in the C-band.
As a coherent multiwavelength seeding source, a QD-MLL is optically injected into
wavelength-locked typical Fabry-Perot laser diode (FP-LD) with mode spacing of
42.7-GHz.

Taking advantages of mode-locked laser diodes, M. Costa e Silva et al. [95]
demonstrated first 4 x 170 Gb/s capacity dense WDM transmission using single
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QD-MLL source. The four channels were transmitted over 100 SMF length. Later,
comb generation with nine C-band WDM channels were investigated by M’Sallem
et al. [96]. An external modulation of 56 Gb/s differential quaternary phase-shift
keying (DQPSK) transmission was reported based on 100-GHz WDM grid using
a single QD-MLL for broadcast applications. Later, Gay et al. demonstrated
112 Gb/s WDM transmission of four dense WDM (DWDM) channels using a single
QD-MLL followed by a SOA in order to reduce mode partition noise [97]. Each
channel is directly modulated at 28 Gb/s in OOK format after 100 km fiber. Alter-
natively, feed forward heterodyne [98] and self-homodyne [99] detection schemes
were employed by J. Pfeifle et al. to reduce the phase noise and optical linewidth
of QD-MLL. In Ref. [98], coherent Tbit/s transmission was demonstrated on simul-
taneous 30 comb lines at 18 Gbaud QPSK signal and over 75 km fiber, with an
aggregate capacity of ~ 1 Tbit/s. This was further enhanced to an aggregate data
rate of 1.562 Tbit/s with 25 comb lines of QD-MLL via 16 QAM transmission,
and at a symbol rate of 18 Gbaud, utilizing self-homodyne system [99].

Recently, by employing optimized QD-MLL with potential applications in data
center optical interconnects, Vujicic et al. [100] achieved an aggregate data capac-
ities of 1.128 Tb/s and 2.256 Tb/s for 44.7 GHz and 22.7 GHz free spectral ranges
(FSRs) devices, respectively. WDM transmission of 28.2 Gb/s was demonstrated
over 3 km SMF through 40 (44.7 GHz FSR) and 80 (22.7 GHz FSR) channels using
intensity modulation/direct detection (IM/DD) scheme. Moreover, they extended
their work with long distance transmission of 50 km SMF employing 16 (shown
in Fig. 5.9), 40 and 80 channels from a single QD-MLL, achieving an aggregate ca-
pacity up to 4.5 Tb/s for interconnect applications [101]. Fig. 5.10A showed the
measured lasing spectrum of 82.8 GHz QD-MLL with ~ 4 dB flatness. Bit error
rate was measured to determine the channel performance at received optical power
of ~0 dBm. The results obtained after transmission of 3 km and 50 km are shown in
Fig. 5.10B below the 7% (BER: 4 x 107>) and 20% (BER: 1.6 x 10~2) forward-
error correction (FEC) thresholds, respectively. Fig. 5.10C shows the measured
RIN of all 16 modes, with an average measured value from —131 to —134 dB/
Hz. The constellation diagram for 8 middle channels after 3 km transmission is
shown in Fig. 5.10D.

In terms of the highest data rate in C-band and high order modulation format,
Kemal et al. [102] reported net data rate of 12 Tb/s by employing resonant feedback
in QD-MLL. The transmission experiment utilized 32 QAM modulation scheme
with a symbol rate of 20 Gbaud over 75 km SMF. Fig. 5.11A shows the combined
spectrum of odd and even channels before modulation (P1) and after modulation
(P2), as total of 60 channels were used out of the complete QD-MLL spectrum.
The measured BER for seven random channels for back-to-back (BtB) and 75 km
fiber transmission for all channels is shown in Fig. 5.11B which are below the 7%
of FEC BER threshold. To compensate high demand of bandwidth-hungry multiple
services, Rosales et al. [103] also demonstrated the potential of QD-MLL for radio-
over-fiber broadband wireless communication. A direct modulation of 3 Gb/s QAM
transmission was demonstrated for short indoor communication.
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4.2 InAs/InP Qdash injection-locked lasers

Employment of injection-locked InAs/InP Qdash lasers as a transmitter source for
next-generation WDM passive optical networks were explored by our group where
Khan et al. successfully reported a record 100 Gb/s transmission capacity in the far
L-band, on a single injection-locked channel [104]. The measured single externally-
locked Fabry-Perot mode at ~ 1621 nm along with free running spectrum of Qdash
laser diode, centered at ~ 1625 nm is shown in Fig. 5.12A. Moreover, a mode wave-
length tunability of ~23 nm, capable of encompassing ~ 50 sub-carriers, was also
reported, which would enable an aggregate transmission capacity of ~5 Tb/s using
single QD-LD if injection-locked simultaneously. The measured BER at 32, 64 and
100 Gb/s are presented in Fig. 5.12B, which demonstrated the successful transmis-
sion below FEC threshold (BER: 3.8 x 10~%) in BtB and over 10-km SMF while
utilizing dual polarization QPSK (DP-QPSK) modulation technique. Alternatively,
an injection-locked QD-LD source has also been experimentally demonstrated for
future high speed free space optical communication (FSO) by Khan et al. [105].
A single channel 100 Gb/s FSO transmission over 4 m and 2 m FSO channel was
reported in L-band wavelength region. These results demonstrated the potential of
far L-band QD-LD as a transmitter source for both fiber and wireless
communication.

In addition, our group [106] exploited the self-injection locking scheme to
demonstrate a multi-wavelength QD-LD with mode selectivity from 1 to 16
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(A) Optical spectra of injection-locked InAs/InP QD-LD (red) and free-running
characteristics (blue). (B) Measured BER for 100 Gb/s after BtB and 10 km transmission.
Insets show the corresponding QPSK constellations and the eye diagrams.
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(A) Optical spectrum of the multiwavelength self-injection locked QD-LD, exhibiting
simultaneous 16 locked modes. (B) Measured BER for single self-injection locked mode
at 1609.6 nm for 64 Gb/s (blue) and 128 Gb/s (red) over BtB and 20 km SMF
transmission. The insets show the corresponding constellations of both data rates
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Reprinted with permission from Shemis MA, Ragheb AM, Khan MTA, Fathallah HA, Alshebeili S, Qureshi KK,

Khan MZM. L-band quantum-dash self-injection locked multiwavelength laser source for future WDM access

networks. |IEEE Photonics Journal 2017;9(5):1—7.

channels or locked FP modes in mid L-band wavelengths, as shown in Fig. 5.13A.
Using a single self-seeded mode a successful transmission of up to 128 Gb/s DP-
QPSK over 20 km SMF was reported with measured BER below the FEC limit,
as depicted in Fig. 5.13B, with clear constellation diagrams for both transmission
rates. Moreover, Shemis et al. also investigated the deployment of this multiwave-
length self-seeded QD-LD for future access optical access networks by proposing
a plausible next generation PON [106], and over an indoor 5 m FSO channel
[107] in mid L-band, with a potential aggregate capacity of 1.28 Tb/s.
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