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Abstract
Semiconductor Quantum Dash Broadband Emitters: Modeling and
Experiments

Mohammed Zahed Mustafa Khan

Broadband light emitters operation, which covers multiple wavelengths of the electromagnetic spectrum, has been established as an indispensable element to the
human kind, continuously advancing the living standard by serving as sources in
important multi-disciplinary field applications such as biomedical imaging and sensing, general lighting and internet and mobile phone connectivity. In general, most
commercial broadband light sources relies on complex systems for broadband light
generation which are bulky, and energy hungry.
Recent demonstration of ultra-broadband emission from semiconductor light
sources in the form of superuminescent light emitting diodes (SLDs) has paved way
in realization of broadband emitters on a completely novel platform, which offered
compactness, cost effectiveness, and comparatively energy efficient, and are already
serving as a key component in medical imaging systems. The low power-bandwidthproduct is inherent in SLDs operating in the amplified spontaneous emission regime.
A quantum leap in the advancement of broadband emitters, in which high power and
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large bandwidth (in tens of nm) are in demand. Recently, the birth of a new class
of broadband semiconductor laser diode (LDs) producing multiple wavelength light
in stimulated emission regime was demonstrated. This very recent manifestation of
a high power-bandwidth-product semiconductor broadband LDs relies on interband
optical transitions via quantum confined dot/dash nanostructures and exploiting
the natural inhomogeneity of the self-assembled growth technology. This concept
is highly interesting and extending the broad spectrum of stimulated emission by
novel device design forms the central focus of this dissertation.
In this work, a simple rate equation numerical technique for modeling InAs/InP
quantum dash laser incorporating the properties of inhomogeneous broadening effect
on lasing spectra was developed and discussed, followed by a comprehensive experimental analysis of a novel epitaxial structure design. The layered structure is based
on chirping the barrier layer thickness of the over grown quantum dash layer, in a
multi-stack quantum dash/barrier active region, with the aim of inducing additional
inhomogeneity. Based on material-structure and device characterization, enhanced
lasing-emission bandwidth is achieved from the narrow (2 µm) ridge-waveguide LDs
as a result of the formation of multiple ensembles of quantum dashes that are electronically different, in addition to improved device performance. Moreover, realization of SLDs from this device structure demonstrated extra-ordinary emission
bandwidth covering the entire international telecommunication union (O− to U−)
bands. This accomplishment is a collective emission from quantum wells and quantum dashes of the device active region. All these results lead to a step forward
in the eventual realization of more than 150 nm lasing bandwidth from a single
semiconductor laser diode.
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Nomenclature
Symbols
λ
h
~
m∗ ,me
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T
c
e
m0
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Wavelength, m
Planck’s Constant, 6.6262× 10−34 Js
Normalized Planck’s Constant, h/2π
Effective mass of carrier
Boltzman’s Constant, 1.38× 10−23 J/K
Temperature, K
Velocity of Light, 3.0× 108 m/s
Charge of Electron, 1.6021× 10−19 C
Mass of Electron, 9.11× 10−31 Kg
Permitivity of Vaccuum, 8.85× 10−12 F/m

Abbreviations
1D
2D
3D
AFM
ASE
ASPD
CQD
CW
DOS
DWDM
FIB
FP
FQD
FWHM

One Dimensional
Two Dimensional
Three Dimensional
Atomic Force Microscopy
Amplified Spontaneous Emission
Average Spectral Power Density
Chirped Quantum Dash
Continuous Wave
Density of States
Dense Wavelength Division Multiplexing
Focused Ion Beam
Fabry-perot
Fixed Barrier Quantum Dash
Full-width-at-half-maximum
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GIB
GS
IEL
LEDs
LDs
LD
LW
MIR
MW
NIR
OCT
OTDR
PA
PL
QCW
Qdash
Qdot
QW
Qwell
Qwire
QWS
SCH
SD
SEM
SLD, SLEDs
SOA
SPW
SQD
SW
TEM
WDM
WL

Gaussian Inhomogeneous Broadening
Ground State
Integrated Electroluminescence
Light Emitting Diode
Laser Diode
Large Average Height Dash Group
Long Wavelength Group
Mid Infra-red
Middle Wavelength Group
Near Infra-red
Optical Coherent Tomography
Optical Time-domain Reflectometry
Photon Absorber
Photoluminescence
Quasi-continuous Wave
Quantum Dash
Quantum Dot
Asymmetric Qwell Assembly
Quantum Well
Quantum Wire
Quantum Well Equivalent
Separate Confinement Heterostructure
Small Average Height Dash Group
Scanning Electron Microscopy
Superluminescent Light Emitting Diode
Semiconductor Optical Amplifier
Short Pulse Width
Single Stack Quantum Dash
Short Wavelength Group
Transmission Electron Microscopy
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Wetting Layer
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(a) Room temperature L-I characteristics of 15×1600 µm2 CQD oxidestrip laser at different pulsed operation. The corresponding progressive lasing spectra with increasing injection current density in the (b)
QCW and (c) SP W operation. The top inset of (a) shows the modal
gain of the W = 15 µm versus the threshold current density, obtained
with devices of different cavity lengths (L = 0.25 to 3.0 mm), and the
bottom inset correspond to the SEM image of the laser diode. The
ideality factor and internal loss are fixed at γ = 3 and αi = 11 cm−1 ,
respectively. In all the cases, the injection current density is varied
from 1.0Jth , 1.1Jth , and 1.25Jth to 5.0Jth in steps of 0.25Jth . Similar
single spectral lobe lasing operation is observed from all the cavity
lengths tested in the both the pulsed operation. . . . . . . . . . . . . 125
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Chapter 1
Introduction
The chapter summarizes the semiconductor light emitters, in general, and highlights
the progress made in the broadband semiconductor devices technology. The chapter begins with an overview of the available light source technology in Section.1.1
highlighting the requirements of a broadband source. Later, various applications
in the multidisciplinary fields that are of scientific significance and impact, which
could be achieved from these semiconductor light sources, are briefly elucidated in
Section.1.2. The basics of semiconductor heterostructure device, developments in
the active region design, are discussed in Sections.1.3 and 1.4 particularly concentrating on the fabrication, properties and carrier emission process of quantum dash
active region. Finally, the contents of this study and its organization is mentioned
in Section.1.5.

1.1

Semiconductor Broadband Emitters

Semiconductor light sources are forming an integral part of our global society, continuously enhancing our standard of living. To name a few, medical laser surgery,
atmospheric metrology, internet and mobile phone connectivity, etc., all relies on
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Figure 1.1: Comparison between different broadband light source technology. Taken
from [1].

light emitters. Because of their compact size, light weight, and inexpensive, apart
from being energy efficient and environmental friendly, semiconductor light sources
in the form of light emitting diodes (LEDs) and laser diodes (LDs) are promising and have shown tremendous improvement in their performance. Conventional
semiconductor LEDs and LDs spectrum profile is relatively narrowband (typically,
few tens of nm and < 5 nm, respectively), operating in the spontaneous and stimulated emission regime, respectively. On the contrary, broadband semiconductor
emitters crosses multiple wavelength bands of the electromagnetic spectrum, particularly near infra-red (NIR) regime, have received immense attention in the last two
decades because of their unprecedented practical applications in multi-disciplinary
fields, in addition to optical communications.
Ultra-broad and continuous spectrum generation or supercontinuum generation
is an interesting physical phenomenon and an attractive technology. To date, most
ultra-broadband sources are generated using nonlinear-optical transformations of
ultra-short laser pulses, and photonic crystal fiber or erbium doped fiber based
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approaches, known as supercontinuum or amplified spontaneous emission (ASE)
sources, as shown in Fig.1.1, and covering visible to NIR spectrum, in general. Ultrabroadband generation using these techniques often involves expensive and bulky
high-power laser as pump source, and complex filtering systems to generate a flat-top
or Gaussian shaped broadband spectrum [13, 14]. On the other hand, incandescent
light sources, which covers ultra-violet to mid infra-red (MIR) spectrum, were mostly
used since early 1950s in general lighting and spectroscopy in particular; however,
are inefficient with poor luminous efficacy of ∼ 16 lumens per watt. Therefore,
various assessments of these technologies and their implications calls for an urgent
need of a highly compact, high quantum efficiency, low power consumption, and
cost effective broadband emitters for many practical applications. In this respect,
semiconductor based light sources stands tall encompassing the above requirements,
and offers the added advantage of portability. The existing superluminescent diode
(SLD) technology, which came into existence more than a couple of decades ago,
and operating in the ASE regime, has already being commercialized (see Fig.1.1)
and is serving as a key component in state-of-the-art Optical Coherent Tomography
(OCT) system [15]. However, the low output power and poor quantum efficiency
still hinders the device and OCT performance. Therefore, active research is going
on in this field to address the issue of power-bandwidth product with the viewpoint
of improving the parameter.
Other Semiconductor based competing technologies for providing multiple wavelength tunable light are also reported in literature. In general, they depends either
on non-linearity in photonic bandgap waveguide, frequency conversion [16, 17], or
lately, frequency comb generation [18, 19] for light generation. However, these approaches again suffers with with the requirement of pump source, complex optics
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and filtering system ,large size and bulky, similar to the supercontinuum and ASE
sources discussed above and possibly affects their utilization in different practical
applications.
Recently, a new class of broadband semiconductor sources operating in the stimulated emission regime, was proposed. The first approach was based on multi-stage
quantum cascade principle consisting of asymmetric intersubband transitions, and
operating in the MIR regime [20]. However, this approach suffers with complex semiconductor material growth, epi-structure design, and the laser fabrication steps, in
addition to low quantum efficiency (< 0.1 %). The second approach, demonstrated
very recently, is based on interband transitions from a highly inhomogeneous active region of a semiconductor laser, concentrating in the NIR region [21, 22]. This
approach is highly attractive due to its compatibility with the other optical components for monolithic photonics integration, besides satisfying the above broadband
source requirements.
Two III-V material system covers the NIR emission window; GaAs and InP,
with their ground state (GS) emission spanning from ∼ 1.1 to ∼ 1.31 µm and
from ∼ 1.5 to ∼ 2.0 µm, respectively, and makes them highly attractive since they
cover over six important international telecommunication union bands from O− to
U− Bands (i.e., 1.26−1.36 µm (O−Band), 1.36−1.46 µm (E−Band), 1.46−1.53 µm
(S−Band), 1.53−1.565 µm (C−Band), 1.565−1.625 µm (L−Band), 1.625−1.675 µm
(U−Band)). Recent demonstration of self-assembled broadband lasers and SLDs on
GaAs covering the O-band provided a benchmark for these novel devices [21, 22],
which later was investigated on the InP platform covering the C−L−U bands [8].
These long wavelength devices became the center of attraction and a viable platform for their various non telecommunication field applications, for instance, at-
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mospheric pollution monitoring, biological tissue imaging, etc., in addition to the
optical communications. These applications has been summarized in the next section. Therefore, further insight into the device physics of these broadband emitters
utilizing numerical models, advancements in the device design with the objective
of improved performance and extended emission bandwidth, thus, becomes important. Investigation of one such new active region device design is the aim of this
work. These practical broadband devices possess high impact thus contributing to
the advancement of science by:
• offering novel solutions for optical communications,
• help to achieve an unprecedented precision in optical metrology,
• serve to probe the atmosphere of the earth,
• suggest new strategies for the creation of compact multiplex light sources for
microscopy, and laser bio-medicine, and
• lay a foundation towards designing broadband semiconductor devices with
high power-bandwidth, operating at practical operating conditions, and integrable and scalable to other photonics devices.

1.2

Applications

Some of the significant developments and impact in various multi-disciplinary fields
in highlighted in this section and shown in Fig.1.2 which could be achieved from the
ultra-broad interband semiconductor LDs and SLDs, based on broad gain material
platform, and covering 1.15−1.65 µm wavelengths.
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Figure 1.2: Applications of NIR broadband light emitters (LDs and SLDs) and their
bandwidth coverage. Taken from [2, 3]

1.2.1

Optical Telecommunications

Ultra-broadband optical components
Many compact optical devices can be realized from this broadband source viz. multiple wavelength source, tunable laser, Fabry-Perot (FP) based frequency comb laser.
Moreover, broad gain GaAs or InP material platform will enable the development
of optical components with broadband response, for instance, broadband semiconductor optical amplifiers, electro-absorption moudulator, photodetector, which
are the integral part of the wavelength division multiplexing (WDM) communications [23, 24].

Next-generation terabit communications
The broadband nature of the laser diodes would be a key to generate ultra-short
femto-second pulses based on the passive mode-locked scheme [25] which find impor-
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tant applications particularly in high speed optical time-domain division multiplexer
(OTDM), WDM communications, and optical clocking to replace electronic clocking
for high-speed electronic circuits such as microprocessor.

1.2.2

Medical Diagnostics

A Broadband semiconductor devices would enable a compact, high resolution, low
cost, OCT system for tissue and bio-molecule imaging. It is an emerging non-invasive
imaging technology that produces high resolution images of biological structures
based on their differential reflection of light [26]. OCT is particularly well-suited for
medical diagnosis viz. ophthalmology, endoscopy, dermatology, cardiovascular monitoring for plague detection, dental imaging, etc. [14], and non-invasive diagnostic
tool for the various diseases. For a OCT system, the axial resolution, signal quality
and imaging depth are determined by the bandwidth and the optical power of the
broadband light source. Therefore, utilization of a single broadband laser or a high
power SLD should produce a significantly larger imaging depth [27].

1.2.3

Spectroscopy and Sensing

Material spectroscopy, atmospheric and planetary gas sensing, and general sensing
A compact high-power broadband laser diode source could be used as an efficient
light source for various spectroscopy methods such as absorption, transmission, luminescent, etc., for material and molecular characterizations [28]. Broadband laser
source with emission from 1.1 µm to 1.65 µm would enable compact hand-held
chemical sensor capable of in-situ multicomponent analysis of broad range of atmo-
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spheric and planetary gases such as CH4 , CO, CO2 , H2 S, HCl, NH3 , C2 H4 , C2 H2 ,
C2 H6 , C6 H6 , etc. The broadband laser could also be used to monitor the process dynamic of multiple gas components from agro-industry activities, energy production
and environmental health diagnosis [20].

Near-infrared Lidar (LIght Detection And Ranging)
The LIDAR or LADAR (LAser Detection And Ranging) technique has become a
routinely employed tool for providing atmospheric pollution monitoring [29]. The
technique is, however, limited to the measurement of one poll at a time, since the
laser wavelength if tuned to an absorption line of the species being measured. A
broadband laser could effectively increase the efficiency of the pollutant monitoring
system.

1.2.4

Metrology

Many high precision optical metrology system require light sources emitting broad
spectrum of wavelength in the NIR [30] regime. These include optical time-domain
reflectometry (OTDR) for optical fiber fault measurements and dense-WDM (DWDM)
component characterizations, optical instrumentation, etc. Specifically, the sensitivity and resolution of the OTDR system will be greatly benefited from the ultrabroadband light sources. Other optical systems that would benefit from the broadband and high power characteristics of LDs and SLDs includes fiber gyroscope, etc.
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1.3

Semiconductor Devices

Since, the present work is related to the characterization of semiconductor light
sources in the form of LDs and SLDs, a brief fundamental principles behind the
laser and SLD operation is presented below.

1.3.1

Semiconductor Lasers

The term ”Laser” is an acronym for ”Light Amplification by Stimulated Emission
of Radiation”. The process is based on the stimulated emission of photons in the
active region of the semiconductor device where a photon is emitted by an impinging photon acquiring its characteristics i.e. identical direction, energy, phase and
polarization of the impinging photon. This process, being opposite of (stimulated)
absorption, leads to directional beam of light and small wavelength bandwidth.
In thermal equilibrium, the conduction band of the active region material is
almost empty while the valance band is almost completely occupied by electrons with
the rate of absorption process being balanced by the reverse radiative stimulated
and spontaneous emission process (random photon generation due to recombination
of electrons from the conduction band and hole from the valance band), thus, in a
macroscopic view, this is given by:

stim
sp
Bcv
+ Bcv
= Aab
vc

(1.1)

stim
sp
Bcv
and Bcv
denotes the rate of stimulated and spontaneous emission, respectively,

Aab
vc is the rate of stimulated absorption. From Eq.1.1, the well known Einstein’s relations can be derived [31]. Once an external energy is provided to the active region,
so called pumping, the electrons subsequently starts to occupy the conduction band
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while some of them recombine with the holes in the valence band leading to spontaneous emission of photon. These generated photons move back and forth through
the active material and are the starting point to trigger lasing once the population
inversion occurs in the material (i.e. the population of electrons in the conduction band overcomes their population in the valence band). Therefore, from the
above discussion it is clear that three entities are required for the lasing to occur;
population inversion (achieved by external pumping), amplifying medium (active
region material where light is created), and an optical cavity or resonator (for reflecting the generated photons back and forth). These requirements are easily met
by a compact semiconductor LD on a chip, thus making it superior over other gas
lasers, solid-state lasers, etc. In general, once the pumping starts, the spontaneously
emitted photons are generated from which fraction β (known as spontaneous emission factor) of photons move parallel to the laser axis which are reflected back and
forth by the resonator, moves through the active region material, and results in the
coherent emission of laser light once the population emission is achieved. This is
schematically shown in Fig.1.3 considering a p-i-n double heterostructure semiconductor laser (briefly discussed later in Section.1.4). Note that, in the absence of any
optical feedback mechanism, the spontaneous emission process dominates, which is
the mechanism used in LEDs and SLDs.
Again, at macroscopic level, in order to attain stimulated emission, the rate of
transitions from the conduction band to valance band must be larger than that of
the transition from the valance band to the conduction band, as written below:

stim
Bcv
Nc > Aab
vc Nv

(1.2)
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Figure 1.3: (a) Schematic band structure of a semiconductor p-i-n double heterostructure laser diode under forward bias. (b) Amplification mechanism in the
semiconductor active region material via formation of Fabry-Perot optical cavity
between two facet mirrors. Adapted from [4]
.

In other words, the condition of inversion is reached when more electrons occupy
the conduction band than the valance band so that emission dominates over the
absorption, i.e. Nc > Nv where Nc and Nv corresponds to the carrier population in
the conduction band and valance band, respectively. In general, carrier population
depends on the density of states (DOS) Dc (Ec ) and Dv (Ev ) of the carriers in the
respective bands, and the corresponding quasi Fermi energy levels:




fc (Ec ) = 1 + exp


fv (Ev ) = 1 + exp



Ec − EFc
kB T

−1

Ev − EFv
kB T

−1

(1.3)

(1.4)

Here kB and T are respectively, Boltzman’s constant and the temperature, and Ec
and Ev corresponds to the lowest conduction band energy level and the highest
valence band energy level. EFc and EFv are the quasi Fermi energy levels in the
conduction and valance bands. Re-writing Eq.1.2 in terms of Fermi functions and
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DOS leads to:
fc (Ec ) > fv (Ev )

(1.5)

EFc − EFv > Ec − Ev = Eg

(1.6)

which finally reduces to:

From Eq.1.6 it is clear that the stimulated emission rate becomes larger than the
absorption rate when the quasi-Fermi levels separation is more than the bandgap
energy (Eg ). Hence the lasing photon wavelength will be larger than the bandgap
energy of the active region material.
As outlined above, a laser also require a gain medium and an optical feedback.
This is provided by the semiconductor active region material and the two cleaved
facets with a distance L between them, serving as plain mirrors and posing a simple
FP resonator of length L. The refractive index contrast at the mirrors (one region
being semiconductor material and other air with refractive index step ≈ 3.5/1.0)
provides reflectivity of R1 =R2 ≈ 0.31 per facet. The remaining photons getting
out of the mirror constitutes the usable laser light. In general, the amplification of
photons along the cavity is characterized by the material gain gmat or modal gain
g=Γgmat if the overlap of the lateral optical mode of the laser waveguide with the
active region volume is considered. The gain first compensate for the various losses
occurring within the cavity (i.e. losses due to emission at the mirrors (αm ), and
losses due to scattering within the cavity (αi ) which comprises of free carrier absorption, absorption due to crystal defects and dopants, etc). If the photon increment
(decrement) equals to eΓg (e−αi ) then the round trip condition to sustain laser action
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given by:



p
2πna
R1 R2 −2i
L exp [(Γg − αi ) L] = 1
λ

(1.7)

where na is the refractive index of the active region material and λ is the wavelength
of the emitted photons (laser light). Simultaneously solving the real and imaginary
parts of Eq.1.7 yields the gain threshold requirement i.e. the gain needed for lasing,
given below:


1
1
Γgth = αi +
ln
2L
RR
|
{z 1 2 }

(1.8)

αm

where the second term on the right hand side represents the mirror loss αm . The
periodic solutions to Eq.1.8 provides the wavelengths of the resonant longitudinal
cavity modes of the FP cavity λm = 2na L/m with mode spacing λ2 /2na L and m
being an integer. Active material gain is a function of pumping current and if the
gain is smaller than gth then no lasing occurs. Therefore, a minimum pumping level
is required to initiate lasing which is known as threshold current Ith . Furthermore,
transparency current Itr is also defined for a semiconductor LD which is the level
of injection at which the material absorption is compensated (g(Itr ) = 0). It marks
the number of carriers required to establish population inversion in the active region
material. Contrary to the other type of lasers, semiconductor lasers has continuous
interacting energy levels over certain range of wavelengths. This is due to the
inherent semiconductor crystal structure and the dispersion relation of electron and
holes in the active semiconductor material. In addition, the energy levels can be
engineered to broaden for realizing broad gain semiconductor materials and eventual
broadband semiconductor light emitters which is the subject of this study.
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Figure 1.4: Lattice constant and bandgap energies of various compound semiconductors. Adapted from [4, 5]
.

1.3.2

Superluminescent Diodes

Semiconductor SLDs operate under the ASE region. These devices are similar to the
LDs except that the optical feedback mechanism is absent, and allows only singlepass amplification of spontaneous photons along the device length, hence the name
amplified spontaneous emission, which is collected either at one facet or both facets
of the device depending on the SLD configuration utilized. Different techniques have
been reported to eliminate this optical cavity formation in order to realize a SLD,
and is discussed comprehensively in Chapter.5.

1.4

Semiconductor Device Structure

III-V compound semiconductors are of particular relevance to researchers due to
their opto-electronic properties and broad wavelength coverage from visible to MIR
range. This is shown in Fig.1.4 where the energy bandgaps of III-V semiconductors are plotted as a function of lattice constant, at room temperature. A variety
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of material combinations forming ternary and quaternary alloys is possible which
allows controlled bandgap-structure engineering. These features have attracted the
scientific community thus becoming the dominant group in the periodic table with
proven superior characteristics compared to their II-VI counterpart. This was possible only due to the breakthroughs in the growth of semiconductor device structures
and efficient active region design that are summarized below.

1.4.1

Heterostructures

Semiconductor devices utilizing heterojunction is considered an important step forward, bringing significant advances to the lightwave communications. Heterojunction is simply an interface between two deposited high crystalline quality semiconductor materials with different optical and electronic properties. Such a structure
which is made of more than one material is referred as heterostructures. Thanks
to the progress in the crystal growth technology such as molecular beam epitaxy
(MBE) and metal organic vapor phase epitaxy (MOVPE) which made growth of high
quality and ultra-thin layers (in nano-meter range) feasible. Moreover, controlled
growth of ternary and quarternay alloys utilizing these epitaxial growth techniques
offered a large degree of freedom in bandgap engineering which led to tremendous
improvements in the performance of all kinds of opto-electronic devices, particularly
LEDs and LDs.
Apart from bandgap engineering of individual materials in a heterostructure, the
relative band alignment is crucial since this defines the electronics properties of the
interface, and hence the heterostructure. This usually leads to band offset which is
the discontinuity in the valance and conduction band edges at the interface of two
materials. In general, the bandgap of second semiconductor is designed to be com-
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Figure 1.5: Illustration of the effect of reduction of carrier motion from bulk to a
Qwell, to a Qwire, and a Qdot, on the respective density of states.

pletely within the bandgap of the first semiconductor, or vice versa, known as Type
I band alignment. This concept was taken to the next level with the demonstration
of double heterostructure (DHS) in the 1960’s [32,33]. In this case, the middle semiconductor material bandgap (bulk active region) is selected to be completely within
the bandgap of the two surrounding material. In other words, a smaller bandgap
material is sandwiched between two different large bandgap semiconductor material. This naturally provided carrier confinement and the inverse relation between
the bandgap and refractive index of the material provided optical confinement since
the surrounding material acts as cladding layers while the active region is the waveguide core. This became the groundwork for more advanced type of semiconductor
devices discussed below.

1.4.2

Quantum Confined Active Region

Further improvements to the opto-electronic properties of the semiconductor devices
was achieved by exploiting the quantum mechanical behavior of carriers. This was
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demonstrated in the mid 1970’s by confining the carriers in one direction by utilizing
a thin layer of small bandgap GaAs sandwiched between the large bandgap AlGaAs
barrier layers following the Type I double heterostructure (DHS) concept, the so
called quantum well (Qwell) laser [34]. In general, charge carriers in a bulk material
move freely in all three directions and the band structure consists of a continuous
dispersion of energy as a function of momentum. The DOS increases proportionally
√
to the square root of the band energy; D (E) ∼ E ; schematically illustrated in
Fig.1.5. If the carrier motion is hindered in one direction in the order of the carrier
deBroglie wavelength,
λd =

h
h
=√ ∗
,
p
3m kB T

(1.9)

using heteroepitaxial techniques, they experiences quantization effects in that direction. h and m∗ corresponds to Planck’s constant and effective mass of carrier, respectively. For a GaAs material, the deBroglie wavelength of electrons and holes is 25
nm and 9 nm, respectively, at room temperature [9]. The limited carrier motion in
one direction leads to the formation of quantum well with a discrete energy levels in
that direction and the DOS of such system (two dimensional) is a step-like function
as shown in Fig.1.5. This infers that the DOS remains constant to a certain energy
and increases step-like to the next sub-band, i.e. DQwell (E) ∼ constant. Therefore, in comparison to the bulk active region, the step-like function improves the
carrier density at the transition energy which significantly improves the device performance, for instance, reduced threshold current density. This rapid development
and improvements of Qwell active region by introducing step/graded index separate confinement heterostructure (SCH) [35], which provides separate confinement
of charge carriers in the central narrow bandgap region and photons by surrounding
lower refractive index layers, stimulated interest in further reducing the active re-
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gion dimensionality. In 1980’s it was theoretically predicted that spatially localizing
carriers in two (2D) and three (3D) dimensions, known as quantum-wire (Qwire)
and quantum-dot (Qdot), promotes improvement in device performance [36,37]. For
instance, they predicted a weaker temperature sensitivity, narrow lasing linewidth,
and reduced threshold current density. Later, these low dimensional nano-structure
active regions are experimentally demonstrated, thanks to the continuous improvements in growth as well as device fabrication process [38]. In these one-dimensional
(Qwire) and zero-dimensional (Qdots) systems, the increase in the charge carrier
localization resulted in complete breakdown of the band structure with digital electronic states in two and three directions, respectively, shown in Fig.1.5, with quasi
delta-like and pure delta DOS:

DQwire (E) ∼

(1.10)

δ (E − En,m,l )

(1.11)

p
n,m

DQdot (E) ∼

1
(E − En,m )

X

X
n,m,l

where En,m and En,m,l are the allowed energy level in the confinement directions
in Qwire and Qdots, respectively. In addition to SCH device design, Qdot-in-aQwell structures know as DWELL structures has also been realized and shown to
improve the device performance [39]. In this case, the dots are incorporated in a
compressively strained Qwells that improves the carrier capture efficiency because
the carriers that are captured in the Qwell would spread all over in the 2D plane.
Therefore, the possibility of eventually getting captured in the Qdots increases as
their coverage is ∼ 30% of the 2D plane, depending on their dimensions and the
DOS [6–8].

39

Figure 1.6: Atomic force microscopy images of quantum wires, quantum-dots, and
quantum-dashes. From [6–8].

1.4.3

Quantum Dashes

Quantum dashes (Qdashes) are asymmetric and elongated two-dimensional nanostructures, resembling a combination of Qdots and Qwires, as depicted in Fig.1.6.
The dimensions i.e. width, height, and length, are generally in the range of ∼
10−20 nm, ∼ 1−4 nm, and ∼ 30 to hundreds of nm, respectively. Such a quasizero dimensional DOS low-dimensional heterostructure is shown to behave like a
dense assembly of Qwires and hence acquire the electronic and optical properties of
Qwires [40, 41]. This type of quantum confined system was first demonstrated in
late 1990’s on InP based material system [42] and since then attracted the scientific
community because of their access to longer wavelengths, particularly the fiber optics
communication wavelength [10]. In addition, these nano-islands exhibits larger gain
than Qdots due to the large material coverage, a result of inherited intermediate
properties between Qwells and Qdots. The dot-like and wire-like nanostructures
can be seen in Fig.1.6.

Fabrication and Properties
The fabrication of Qdash nano-structure relies on the self-assembled growth technology, utilizing the Stranski-Krastanov (S-K) bottom-up growth mode technique.
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A brief introduction to the S-K growth method is provided, which have already
shown maturity in obtaining outstanding InAs/GaAs Qdot device performance on
the GaAs platform spanning the 1.3 µm NIR communication window [43]. The technique is based on growing a larger lattice constant (e.g. InAs) material on a high
quality material with a smaller lattice constant (e.g. GaAs). The induced strain due
to lattice mismatch, under certain conditions, allow formation of 3D islands (Qdots)
on the top of a thin 2D wetting layer, to relief the build-in strain. The size of these
high quality islands continues to grows with the ongoing growth process up to a
certain point. This high quality 3D nanostructures has been the center of attraction for researchers, enhancing the performance of electronic and opto−electronic
devices. The islands are later covered by an overgrown lattice matched material and
the lattice constant of the structure adapts to this lattice constant, thereby, growing
smooth and defect-free subsequent layers [9].
When the S-K growth technique is applied on InP(100) platform, i.e. growing
InAs material on InP, instead of pure formation of 3D Qdot islands, elongated (in the
[1-10] direction) and asymmetric dot-like and wire-like nano-structures are formed,
commonly known as Qdashes (Fig.1.6). This self-assembled growth process is more
complicated in this material system, however, one of the main reason behind this
observation was attributed by several groups to the relatively small difference in the
lattice mismatch in this case (3.2 %) compared to the well studied InAs/GaAs case
(7.2 %), which reduces the isotropic strain. Thus, the anisotropic surface strain
dominates and InAs forms elongated nano-structures rather than 3D dot islands
(InAs/GaAs case). This limits the Qdash’s confinement of carriers to only two
directions whereas the direction of elongation is not confined, thus preventing from
exhibiting the benefits of zero-dimensional confinement [9].
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Figure 1.7: Sketch of the inhomogeneously broadened gain/DOS profile of Qdash
ensembles each represented by a Lorentzian homogeneous line and the envelope
constitutes a Gaussian inhomogeneous broadening term with E0 mean transition
energy value and FWHM Γinh . Adapted from [4]

Self-organized growth is a random phenomenon and hence the transition energy
states of each dash varies with size, shape and composition, besides the internal
strain distribution. Due to these factors, the variation in each dash’s confinement
potential varies and hence the concept of ensemble is utilized. In a dash ensemble, all the dashes are assumed to be equal in nature thus represented by a single
electron-hole transition state which is homogeneously broadened. A collection of
these homogeneously broadened lines of different dash ensembles is characterized by
a Gaussian profile which indicates the inhomogeneous broadening. These characteristics of Qdashes, which are very similar to Qdots, is in contrast to Qwells wherein
the carriers interacts with each other within the conduction band. In Qdashes or
Qdots, the recombination takes place inside them, at fixed dash positions, hence the
gain is spatially distributed. In addition, the carriers of one dash cannot interact
with the carriers of other dash at a larger distance if the transition energies are
outside the homogeneous linewidth of the corresponding dash ensemble. This is
illustrated in Fig.1.7 where the broadening of the GS energy level of different dash

42
groups is shown. The width of the Gaussian envelope is indicative of the spread in
the interband transition energies of the dash assemblies.
In principle, the size fluctuations hinders in achieving high performance from the
Qdash/Qdot based semiconductor devices and reducing the inhomogeneous broadening is thus an important issue that has been addressed by several groups by modifying the growth conditions [7,44], or the substrate orientation [45], or both. In fact,
with continuous advancements in the growth technology, Qdots on (100)InP has also
been demonstrated recently with improved device characteristics [46]. However, exploiting the cons of this spatially-isolated nano-structure technology made possible
the realization of new class of spectrally broad gain material and broadband devices. For instance, InAs/GaAs Qdot broadband SLDs and LDs have already been
demonstrated, covering the ∼ 1.3 |mum wavelength window, and later, utilizing
Qdashes on InP material platform. In the latter case, broadband semiconductor optical amplifiers (SOA), SLDs and LDs has been demonstrated very recently, covering
the C-L-U communication bands [47]. Since then, there has been increased interest
in these quasi-zero dimensional DOS nano-structures and their devices because of
their radiative emission wavelength spanning the vital optical telecommunication
bands [48, 49].
Since, the optical gain spectrum is altered due to the statistical size fluctuations
in Qdots/Qdashes active region [50–52], a modified linear gain expression is required
to represent Qdot/Qdash ensemble. This is briefly discussed below and later utilized
in Chapter.2. Consider a general expression for the optical material gain gmat (E) at
transition energy E [31] as given below:
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1
gmat (E) = C |MT |2 D(E) (fc (E) − fv (E))
| E {z
}

(1.12)

gmax

where MT is the transition matrix element representing the overlap integral of the
interacting electron and hole envelope wave functions, in addition to incorporating
the polarization dependence of the electron/hole states on the polarization of the
produced light, D(E) is the DOS of the active region (DQwire (E) for Qdash active
region) that gives the number of possible recombination transitions per unit energy,
and C is a constant [31]. The product of these single properties is the maximum
material gain gmax (E). This is a reasonable definition, since (fc (E) − fv (E)) corresponds to the pumping level and assume values between −1 and 1. From the above
equation it is obvious that gmat (E) can directly be influenced by the geometry of
the active material . Considering an ensemble of Qdot/Qdash active region, Eq.1.12
further modifies to:
Z
g(E) =

gmat (ε)G (ε − E0 ) B (E − ε) dε

(1.13)

and hence incorporate the inhomogeneous broadening of the DOS function (available
energy states) G (ε − E0 ) as a Gaussian envelope with full width at half maximum
(FWHM) Γinh = 2.35ξ0 with mean energy transition E0 , and the homogeneous
linewidth of the energy states within the ensemble as a Lorentzian profile B (E − ε)
with linewidth Γhom . The expressions of both these broadening terms are:

G (ε − E0 ) =

1
√

ξ0 2π


 
exp −(E − E0 )2 2ξ02

(1.14)

44
B (E − ε) =

Γhom /π
(E − ε)2 + Γ2hom

(1.15)

The modal gain can be obtained once the optical confinement factor, Γ, is taken into
consideration, as the product of Γ and g(E), in general. Note that the Gaussian term
in Eq.1.13 broadens the gain spectrum of Qdash nano-structures and exploiting this
inherent nature of Qdashes resulted in ultra-broad gain material and devices [50].

Materials
Of particular interest to this work is the InP based material which relies on ternary
and quaternary compounds as there is no binary compound lattice-matched to InP.
Therefore, In0.53 Ga0.47 As and In0.52 Al0.48 As are the two indispensable semiconductor
material widely utilized in designing the device structure which are lattice matched
to InP, as shown in Fig.1.4. Varying the composition in this ternary materials is
not enough for bandgap engineering while maintaining the lattice matched conditions. Hence, quaternary compounds are employed for designing the device structure, particularly the active region, and In1−x−y Gax Aly As is the first choice, which
is a combination of three binary compounds (InAs, GaAs, and AlAs). By varying
the compositions x and y, the electronic bandgap and band offsets of this material
can be adjusted and utilized for the Qwell as well as barrier growth while the lattice
matched ternary compounds serves the guiding layers [42].

Carrier Emission Process
In a self-organized Qdash active region, the carriers can be captured by the dashes
by different processes since the number of possible recombination transitions are
spread over a band of energies. Moreover, the high energy tail of the dash DOS
increases the number of available states of a particular energy transition, a unique
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Figure 1.8: The possible carrier emission processes under forward bias (applied electric field); (a) thermal activation and phonon-assisted tunneling, and (b) tunneling
and optical activation. These processes are shown for an electron escape from a
confined state in Qdash into the conduction band. Adapted from [9].

feature of Qdashes compared to Qdots. These features, in addition to the dash
properties discussed in the previous sections, complicates the carrier dynamics processes, in part. Although, there have been many studies on the carrier dynamics of
Qdot structures, the mechanism of carrier dynamics in the Qdot/Qdash nanostructures with a broad gain profile and lasing bandwidth is still not well studied with
very few reports showing retarded carrier relaxation process and atypical homogeneous linewidth variation with injection current [53], in these broadband devices.
For instance, a fast component of gain recovery, in typical Qdash structure, which
is generally attributed to the relaxation process of free carriers, is reported in the
order of 1−2 ps, with intermediate nature of performance (i.e. between Qwell and
Qdots) [54, 55]. In another study on the broadband Qdash material, monotonic increase in the excitation wavelength from 1.25 µm to 1.6 µm retarded the free carrier
relaxation time from ∼ 30 ps to ∼ 60 ps attributing to the Qdash size-dependence
(which are in the range of 24 nm in height) i.e. the longer the wavelength is used,
the larger size of Qdashes is excited and the longer relaxation time is measured [56].
This indicates that the carrier dynamics further complicates when chirping is ap-
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plied to the multi-stack Qdot/Qdash structures in order to intentionally increase
the inhomogeneous broadening. Therefore, this study deals with the Qdash carrier
dynamics qualitatively, and sheds light on the physics behind various atypical observation in the broadband Qdash devices utilizing the carrier emission processes
discussed below.
Carriers can escape from a Qdash by possibly four mechanisms viz. thermal
activation, tunneling, phonon-assisted tunneling, and optical activation. These processes are schematically sketched in Fig.1.8 for a simple electron escape from a Qdash
confined state into the top of the barrier, in the conduction band. This can readily be extended to a carrier escape from one dash group to another dash ensemble
either by one process or a combination of processes depending on the average dash
size (i.e. the mean electron-hole transition energy). In addition, these processes
also affects the carrier emission mechanism among the dashes within a dash group,
thus making the emission process interpretation rather difficult. These processes
are summarized below:

Thermal Activation
In this process, an electron can escape from the Qdash deep confined state (E0 ) to
shallow (E1 ) confined state, or to the top of the barrier, in the conduction band,
by acquiring a thermal activation energy EA or EA + EB , respectively, as shown
in Fig.1.8(a). Note that the thermal activation energy need not be same as the
binding energy of the Qdash state, thus making this process more complicated. The
net emission rate of carriers out of a dash state would be equal to the net rate of
capture, under thermal equilibrium and hence a simple expression can be deduced
from this principle of detailed balance in steady state (discussed briefly in Chapter.2.
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The emission rate of electrons e(T ) from the E0 sate to E1 state is given by:
De
e (T ) ∼
exp
Do



−EA
kB T


(1.16)

where De (Do ) are the degeneracy of the empty (occupied state). A similar expression
can also be written for the holes within the valence band of the Qdash material.

Tunneling
This is a well-known quantum mechanical effect by which the carriers in a Qdash
confined state (E0 ) can tunnel through the barriers and to the top of the barrier,
in the conduction band (see Fig.1.8(b)). In the presence of electric field F , under
forward bias condition, the potential barrier is lowered or tilted (δE and forms
a triangular barrier) which enhances the tunneling rate. A simple tunneling rate
1/τtun of a one dimensional potential with a height EB , width L (barrier thickness
in the present case), in a perpendicular electric field, is given by [57]:
1
τtun

"

=

~π
4
−
∗
2
2m L
3

r

2m∗

3/2
EB

~2 eF

#
(1.17)

where ~ is the normalized Planck’s constant. Furthermore, in a multi-stack Qdash
active region, tunneling of carriers among adjacent stacks is also possible without
reaching the top of the barrier, in the conduction band. In this case, the electrons/holes residing in a Qdash energy state, can purely tunnel through the barrier into
a similar confined energy state of other Qdashes belonging to the adjacent stack.
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Phonon-assisted Tunneling
This is a combination process of thermal activation and pure tunneling, illustrated in
Fig.1.8(a). For a deep confined energy state E0 of Qdash, under applied electric field,
first the carriers can be thermally activated to a higher confined energy state E1 of
the dash ensemble and then subsequently tunneling through the barrier either into to
the top of the barrier within the conduction band, or into the adjacent stack Qdash
ensembles. The emission rate for this combined process depends on temperature,
the depth of confined state, the barrier thickness, and the electric field [58, 59]. In
a simplified approach, the carrier emission rate due to phonon-assisted tunneling is
the product of the pure tunneling rate (Eq.1.17) and the thermal activation rate
(Eq.1.16) [58].

Optical Activation
As shown in Fi.g1.8(b), carriers can escape from the confined state of a Qdash E0 by
optical activation (interband absorption) if photons of sufficient energy are generated
within the active region, or irradiated externally. The former mechanism usually
happens under electrical injection, which plays an important role in this work since
broad gain materials are subject to this type of emission process. The source of
photons can be the high energy photons emitted from a dash ensemble with shallow
confining potential, which in turn activates the carriers of deep confined state dashes.
This is termed as carrier feeding mechanism via optical pumping in this work. The
latter mechanism occurs under optical injection which is the fundamental principle
behind photoluminescence spectroscopy.
In general, it is possible that all the above carrier emission process are assisted by
emission via phonons, namely, longitudinal-optical (LO) and longitudinal-acoustic

49
(LA) phonons, particularly, at high injections and long-pulsed current operations,
which increases device heating and hence increases phonon generation. The calculated LO and LA phonon energies in an InAs material Qdash surrounded by
InGaAlAs material Qwell is ∼ 30 meV and ∼ 0.8 meV , respectively [60]. Moreover,
phonons are predicted to play an important role in the carrier relaxation and escape
process in a Qdash system [56, 61].

1.5

Contents of the Study

In this study, the broadband lasing signature from the Qdash lasers is investigated
via modeling of the laser active region electronics states by coupled carrier-photon
rate equations. Different experimental observations are confirmed with the model,
and helped in qualitatively understanding the device physics. Later, a new active
region design is characterized at material and device level showing improved broadband characteristics, thus, being a potential platform for further advancements of
this class of ultra-broad semiconductor devices.
In Chapter.2, the rate equation model based on carrier-photon dynamics is derived for the Qdash active region assuming a single confined energy state in the
dashes. The model is then applied to study the effect of increasing the active
region inhomogeneity explicitly, on the lasing operation of the LDs. Later, the
chapter focuses on comparing the cavity length and the stacking layer dependence
experimental studies (implicit increase in the inhomogeneous broadening) to the
simulation results, and explaining the device physics behind the red shift in the lasing wavelength on increasing any of the above parameters. The chapter concludes
with a qualitative model enlightening that the red shift phenomenon is inherent to
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inhomogeneous nature of Qdash nano-structures.
Following Chapter.3, experimental results of the chirped active region Qdash
devices are summarized. While Chapter.3 is dedicated for material characterization and ridge-waveguide laser investigations, Chapter.4 deals with the effect of
varying the geometrical parameters of the LD on the spectral characteristics. Experiments are carried under both, pulsed and quasi-continuous wave operation. The
results highlights that varying the thickness of the barrier layers in a multi-stack
InAs/InGaAlAs Qdash structure indeed enhances the active region inhomogeneity,
supported by Atomic Force Microscopy (AFM), Transmission Electron Microscopy
(TEM), and Photoluminescence (PL) studies of the sample. At device level, a broad
spectral linewidth with improved device performance is demonstrated.
Superluminescent diodes were fabricated and tested at room temperature, from
this chirped Qdash device structure. The results are discussed in Chapter.5 with two
substantial outcomes; quantitative evidence of simultaneous emission from Qdash
and Qwell, in a dash-in-a-well device structure, and an extraordinary ASE bandwidth, spanning the entire O− to U− communication bands, under continuous wave
operation. On the other hand, the pulsed operation underline the high performance
characteristics of this device structure, particularly, concurrent achievement of high
optical power and bandwidth.
Finally, the outcomes of this work are reiterated in the concluding remarks section of Chapter.6 with some suggestions on further steps in the direction of achieving
high power-bandwidth-product semiconductor lasers and SLDs are discussed.
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Chapter 2
Quantum Dash Laser Modeling
This chapter deals with the numerical work that was carried out in this study. The
chapter starts with literature review (Section.2.1) underlying various numerical tools
utilized for realization of Qdot/Qdash based semiconductor lasers. In Section.2.2,
the coupled carrier-photon coupled rate equation model is derived for a multi-stack
InAs/InP Qdash laser and then applied to investigate the effect of active region
inhomogeneity on the laser static and spectral characteristics. While Section.2.3 the
effects on explicit increase in the inhomogeneous broadening, Sections.2.4 - 2.7 deals
with an implicit increase, which is accomplished by varying laser cavity length and
the stacking layers, and comparing with experimental results. Finally, a qualitative
model shedding light into the carrier dynamics of a highly inhomogeneous Qdash
active medium is introduced in Section.2.5 with major outcomes from the numerical
model summarized in Section.2.8.

2.1

Introduction

Long wavelength emission from InAs/InP Qdashes, together with a wide gain spectrum and tunable spectral range, has attracted Qdash devices as a potential candi-
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date in long haul fiber-optic communications and networking. These achievements
are a result of extensive experimental studies on Qdashes from the last decade by
several research groups. At device level, Qdash SOA, LDs, and SLDs, with superior characteristics are demonstrated [47, 48]. This may be attributed to the near
singular DOS of dahses, experimental optimization of design/fabrication process
parameters [44, 62], and intensive theoretical research [41, 63–66]. Recently, some
unusual observations in InAs/InP Qdash lasers, unlike in Qdot lasers, have been experimentally reported. For instance, lasing emission typically from the dash ground
states (GS) [47, 48], and dependence of the lasing wavelength on laser structural
parameters i.e. a red shift in the lasing wavelength is observed on increasing the
number of stack layers [12] or the laser cavity length [7, 11]. These features have
been attributed to the quasi delta DOS of dashes and their high-energy tail.
Nevertheless, further investigations are required to understand the reason behind
these observations in a more comprehensive manner, in particular, the red shift
phenomenon. In this respect, a simple theoretical assessment of a Qdash laser
would serve as a decent tool to understand the physics behind these observations
and thus forms a vital constituent in further improvements of these devices, as
already achieved for Qdot devices [53,67]. Various numerical techniques for modeling
the Qdash nano-structures at material level are reported in literature, particularly
concentrating on the energy band calculation and emission characteristics [40,63–66].
On the other hand, few device simulation models are available which looked into
Qdash SOA [52] and dynamic characteristics of a Qwire laser [41] but no research
has been done to investigate the lasing emission of Qdash lasers, probably due to
the lack of these models in simulating a laser medium.
The objective of this chapter is to deduce a theoretical model that can be utilized
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to study both the lasing emission and dynamical characteristics of InAs/InP Qdash
lasers, in general. Later, the model is applied to gain a further comprehensive understanding of the red shift phenomenon in Qdash lasers, which has been observed
experimentally. The model is based on the multimode carrier-photon rate equations
and the density matrix formulation. Through numerical calculations, we validate
that the red shift phenomenon is partly associated to the increase in laser active
region inhomogeneity together with the quasi zero dimensional DOS of Qdashes.
We confirm this relation first by explicitly increasing the inhomogeneous broadening, and later, implicitly, by varying the laser structure parameters (specifically, the
cavity length and the number of stacking layers) and comparing with the experimental results. Overall, a good agreement between the numerical and experimental
results are observed. Later, selection of critical parameters values viz. the DOS
and the inhomogeneous broadening, in the numerical model is highlighted for the
proper realization of Qdash lasers. Finally, we explore the inhomogeneity effect on
the lasing bandwidth (calculated at FWHM) of the Qdash lasers, as this feature
has been exploited in the experimental demonstration of broadband Qdash/Qdot
lasers [8, 21]. Our results predict an increase in the threshold current density and
lasing bandwidth with increase in the active region inhomogeneity, which supports
the experimental results. We make an attempt to explain these observations qualitatively and proposed a model for the same.

2.2

Single State Rate Equation Model

The model, which is applicable to InAs/InP Qdash lasers, is based on solving the
multimode photon-carrier rate equations to obtain the steady state photons and
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Figure 2.1: Energy band diagram of the conduction band of the Qdash laser including the SCH, WL and GS energy levels with their respective time constants.

carriers in each energy state of the conduction band. In addition, the model incorporates the density matrix formulation of the Qdash gain medium, and unique
features of the dash density of states, similar to the work reported [53, 67, 68] for
InAs/GaAs Qdot lasers and Qdash SOA [52]. Fig.2.1 illustrates the energy band
diagram of our model which shows the energy states of the laser active medium
and the relaxation (re-excitation) process of carriers into the Qdash GS. We assume
that only a single GS is formed inside the Qdash, which is characterized by the
DOS function, and that charge neutrality always holds in each Qdash. The injected
carriers diffuse through the SCH layer, relax (capture) into the wetting layer (WL),
and then relax into the dash GS. The associated time constants are τSW (relaxation
from SCH to WL), τW D (relaxation from WL to dash GS), τDW (re-excitation from
dash GS to WL), τW S (re-excitation from WL to SCH), and τS , τW , τD (recombination in the SCH, WL and dash GS layers, respectively), and also shown in the
figure. In addition, the model follows similar assumptions as reported in [67] for the
Qdot laser model.
We group the dashes into j = 0, 1, 2, ...2Md groups according to the interband
transition energy and consider N intra-dash energy levels in each dash group char-
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acterized by the DOS function ND [69]. Therefore,

Ej,k = Ecv − (Md − j)∆Ej + k∆Ek

(2.1)

represents a generic energy level of the system with Ej,0 and Ej,N being the lowest
and highest ground state energies of the j th dash group, and j = Md corresponds
to the central transition energy Ecv dash group. In addition, a series of longitudinal
photon modes

Em = Ecp − (Mp − m)∆Em , m = 0, 1, 2, ...2Mp

(2.2)

with central mode energy Ecp and mode separation

∆Em =

ch
2na L

(2.3)

is considered to describe the interaction between the dashes with different resonant
energies through photons. Note that Mp and Ecp need not be identical to Md and
Ecv , respectively.
Based on the density matrix formulation, the linear optical gain of the Qdash
active region is given by [67]

j,k
gm
=

2πe2 ~ND |Mcv |2
(2Pj,k − 1) Gj,k B (Em − Ej,k )
cna ε0 m20 Ecv

(2.4)

q
p

ND = Ndh 2m∗e π 2 ~2 Ej,N +1 − Ej,0

(2.5)

where

2
is the volumetric DOS with Ndh =A−1
ef f being the cross section dash density; |Mcv |
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Figure 2.2: Gaussian weighted DOS of the Qdashes corresponding to Γihm =25 meV ,
Md =201, and N =50.

is the transition matrix, and

Pj,k = Nj,k /2Dg ND VA Gj,k

(2.6)

th
is the carrier occupational probability (including the spin) of the Ej,k
dash group

with Nj,k carrier population.
th
The optical gain of Eq.2.4 which the Ej,k
dash group give to the mth mode

photons, takes into account the Lorentzian homogeneous broadening term

B (Em − Ej,k ) =

with FWHM of ~Γhom .

~Γhom /2π
(Em − Ej,k )2 + (~Γhom /2)2

(2.7)
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Gj,k

1
exp
=√
2πξ0

(Ej,0 − Ecv )2
2ξ02

!

p
p
Ej,k+1 − Ej,0 − Ej,k − Ej,0
p
dEj
Ej,N +1 − Ej,0

(2.8)

is fraction of energy states available at the Ej,k energy level. The first term on the
right hand side of Eq.2.8 correspond to the Gaussian inhomogeneous broadening
(GIB) due to dash size fluctuation, particularly the height, with FWHM of Γinh =
2.35ξ0 , while the second term is the ratio of two integrals which deals with the
DOS high energy tail. This is illustrated in Fig.2.2 for typical values of different
P
parameters. Note that we have normalized Gj,k as j,k Gj,k = 1. The rate equations
are as follows:

dNS
ηi I
NS
NS
NW
=
−
−
+
dt
e
τSW
τS
τW S

(2.9)

X X Nj,k
NS
NW
NW
NW
dNW
=
+
−
−
−
j,k
dt
τSW
τW D τW S
τW
τDW
j
k

(2.10)

dNj,k
NW Gj,k
Nj,k
Nj,k cΓ X j,k
−
=
−
−
g Sm
j,k
j,k
dt
τD
na m m
τW
τDW
D

(2.11)

XX
dSm
Nj,k cΓ X X j,k
Sm
=β
B (Em − Ej,k )
+
gm S m −
dt
τSp
na k j
τp
j
k

(2.12)

The first three rate equations refer to the carrier dynamics in the SCH, WL and
dash GS energy levels with carrier populations NS , NW and Nj,k , respectively. I
is the current injection, ηi is the internal quantum efficiency, τW D (average carrier
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j,k
relaxation lifetime from WL to GS) and τW
D are calculated according to:

(τW D )−1 =

XX
j

j,k
τW
D

−1

Gj,k =

XX
j

k

−1
τW
D0 (1 − Pj,k ) Gj,k

(2.13)

k

τSp is the spontaneous emission life time and τp is the photon lifetime. τp can be
calculated utilizing the total loss of the laser, according to the the following equation:

τp−1


=

c
na



ln (1/R1 R2 )
αi +
2L

(2.14)

where na = 3.5 correspond to the refractive index of the active region and c is the
velocity of light in vacuum. The thermoionic carrier emission τDW is calculated
through the condition of detailed balance, discussed in the previous chapter, as:



j,k
τDW
0

j,k
τDW

−1


=


= 1−

DG ND VA
DW VW

NW
2DW VW






τW D0 exp

j,k
τDW
0

−1

EW L − Ej,k
kT

(2.15)


(2.16)

DG , DW , and EW L represent the GS degeneracy of the Qdash, the volumetric DOS
of WL and the WL energy level, respectively.

VA = 0.75hDh dLNlyr , VW = wW L dLNlyr

(2.17)

correspond to the volume of the active region with 75% coverage, and the volume of
WL. Nlyr is the number of stacking layers in the active region. Eq.2.12 corresponds
to the multimode photon dynamics with photon population Sm , where the second
and third terms on the right hand side represent the stimulated emission term and
the photon loss, respectively.
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Table 2.1: Qdash laser parameters used in the model
Parameter
L
d
wW L
wDh
hDh
Nlyr
Aef f
ηi
m∗ e
Γ
R1 =R2
αi
β
ND
DG
DW
ECV
EW L
~Γhom
Γinh
τSW
τW S
τW D0
τS
τW
τD
τSp
na

Description
Cavity length
Stripe width
Wetting layer thickness
Qdash width
Qdash height
Number of Qdash layers
Qdash effective crossectional area
Injection efficiency
Electron effective mass
Confinement factor
Cleaved facet reflectivity
Internal modal loss
Spontaneous emission factor
Qdash density of states
Qdash ground state degeneracy
WL density of states
Central transition energy
WL ground state energy
Homogeneous broadening
Inhomogeneous broadening
Relaxation time from SCH to WL
Re-excitation time from WL to SCH
Initial capture time from WL to GS
Recombination lifetime of SCH
Recombination lifetime of WL
Recombination lifetime of Qdash
Spontaneous lifetime
Refractive index of active region

Value
1
40
1
20
1.5
4
1.0e−12
1
0.04m0
0.03
0.3
10
1e−4
5e17
1
1.8e19
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916
10
15−105
500
1
2
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−
−
−
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meV
meV
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ps
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−

The steady state carrier and the photon population are obtained by solving the
rate equations (Eqs.2.9-2.12) with the fourth-order Runge-Kutta numerical method
by applying an input step current at t = 0 . Subsequently, the laser output power
of the mth mode photon of energy ~ωm from one cavity facet is obtained by:

Im = ~ωm cSm ln (1/R)/(2Lna )

(2.18)
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Figure 2.3: Calculated (a) threshold current density and central threshold wavelength at various values of Qdash inhomogeneity and (b) lasing spectra at low injection current (1.1Jth ) for three different inhomogeneous broadening values, corresponding to the Qdash laser reported in [10]. POut,N orm is the calculated normalized
output power.

The parameters used in the model are shown in Table.2.1 which are mostly taken
from [10,52,67] The separation between the dash groups is fixed at ∆Ej = 0.354 meV
and Md varies from 101 to 701 according to the inhomogeneous broadening value
(Γinh = 15–85 meV ). These are the converged values of the dash groups that were
obtained by a series of simulations monitoring the stabilization the output power
and lasing spectra in each case.

2.3

Effect of Inhomogeneous Broadening

Fig.2.3(a) shows the room temperature calculated results of the threshold central
lasing wavelength (λc,th ), calculated by identifying the central wavelength at the
FWHM, and the threshold current density (Jth ) as a function of active region inho-
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mogeneity (Γinh ) which is varied explicitly by fixing entire laser structure parameters. A red shift in λc,th and a substantial increase in Jth is observed on increasing
the inhomogeneous broadening. The threshold current density approximately doubles in value and the central threshold wavelength shifts ∼ 20 nm towards the
longer wavelengths when Γinh is increased by five times. In the following we make
an effort to explain this observation qualitatively [70]. In the case of the smaller
inhomogeneous broadening, the dash sizes would preferably be similar due to their
comparable heights. Therefore, population inversion might occur in most of the
Qdashes simultaneously at low current injection owing to their moderately confined
structures and similar band transition energies. However, Qdash assembly with
dispersive sizes (fluctuating heights) would not satisfy the lasing conditions at the
same low current injection. Dashes with sizes that are comparable to the electron
wavelength acquire dot-like features with relatively tight confinement in all directions. Hence, lower modal gain and DOS of these small dashes require a smaller
number of carriers to achieve lasing conditions. The generated high-energy photons
from these small dashes would then be absorbed by large dashes with shorter band
transition energies because of their comparatively large height. To facilitate lasing from the highly inhomogeneous Qdash laser structure, high injection of carriers
is necessary to populate sufficient carriers in large dashes, and drive them to lase.
Therefore, larger dashes prominently dominate the lasing condition of the structure
due to their higher modal gain and DOS, in general. Because of their smaller band
transition energy, lasing occurs in the longer wavelength region, thus contributing
to a red shift in the central lasing wavelength.
Fig.2.3(b) shows the calculated lasing spectra above threshold (1.1Jth ) at three
different inhomogeneous broadening values. Note that the lasing bandwidth (∆λ)
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increases by four times, attaining a value of ∼ 4.5 nm at Γinh = 85 meV , compared
to ∼ 1.1 nm at Γinh = 15 meV . On the other hand, the peak output power decreases
and the total output power increases for a large Γinh system. This observation is
consistent with recent experimental studies on the broadband Qdash laser [8, 71].
This might be due to an insufficient lower energy DOS for the carriers to occupy in
the case of a highly inhomogeneous active region. Hence, they move to the highenergy region of the DOS, thereby enhancing the lasing bandwidth even at lower
current injection. Moreover, the large dispersion in dash sizes essentially isolate
various dash groups. Thus, each group starts lasing independently and concurrently
because they are widely separated from the central lasing mode. As a consequence,
less peak optical power can be emitted under the same current injection and with
enhanced FWHM of the lasing spectra.

2.4

Comparison with the Experimental Results

In the above section, we have discussed the dependence of the lasing wavelength on
the active medium inhomogeneity by varying Γinh in Eq.2.8 explicitly by fixing the
entire laser parameters. In practice, we show how these results might be related
to various experimental studies on InAs/InP Qdash lasers reported in literature
[7, 11, 12]. In general, the active region inhomogeneity also depends inherently on
the laser structure parameters such as the cavity length and the number of stacking
layers. Therefore, we consider their dependence on the lasing wavelength by fixing
Γinh and varying these parameters instead. Such an alteration of Γinh due to the laser
parameters is termed as implicit increase in inhomogeneous broadening. Increasing
the cavity length increases the planar area of the laser active region (and hence the
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Figure 2.4: Comparison of the lasing spectra between (a) the experimental data and
(b) the calculated results corresponding to the Qdash lasers of [11] and [10], respectively, at low (1.1 Jth ) injection current and different cavity lengths; L=0.3, 0.5, and
1.0 mm. OIN orm and POut,N orm correspond to the normalized optical intensity and
normalized calculated output power.

volume) and subsequently incorporate relatively more dashes as compared to the
smaller active region volume (shorter cavity with small planar area) laser. Hence,
the probability of size dispersion might be higher in the longer cavity laser than the
shorter cavity laser. We have also taken into account that the cavity length alters
the total loss of the laser and the lasing wavelength, hence, a series of simulations
at fixed cavity but different inhomogeneous broadening is carried out to disregard
this effect. Similarly, increasing the number of stacking layers increases the active
region volume by including a larger density of dashes with larger size fluctuation
thus, enhancing the active region inhomogeneity. In this case also, the the change
in the confinement factor is taken into consideration during the simulations in order
to remove its effect of the lasing wavelength.
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Figure 2.5: (a) Calculated central lasing wavelength at different cavity lengths for
low (1.1 Jth ) injection current. (b) Experimental results of the lasing wavelength
at different cavity lengths of a similar laser structure [12]. The numbers in (a)
correspond to the inhomogeneous broadening value.

2.4.1

Cavity Length Dependence

Fig.2.4(a) shows the room temperature lasing spectra of an InAs/InP Qdash laser
structure observed experimentally [11] as a function of cavity length (L), while
Fig.2.4(b) shows the central lasing spectra (λc ) of a similar InAs/InP Qdash laser
structure calculated by our model. The injection current density is 1.1Jth in both
cases. The red shift in λc at different cavity lengths, as predict by the model, is in
good agreement with the experimental data, thus, showing the effectiveness of the
numerical technique. Note that the lasing wavelength at different L of Figs.2.4(a)
and 2.4(a) are comparatively different. For instance, considering L = 0.3 mm, the
experimental data show λc ∼ 1.523 µm, while the calculated result is ∼ 1.533 µm.
This is expected because the two laser structures are different in terms of growth
and fabrication. Therefore, the average size of the dashes, particularly the height is
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different. Our objective here is to predict the spectral characteristics of commonly
grown Qdash lasers and not to model accurately the energy states of the Qdashes.
Therefore we utilized the staircase approximation to calculate the high energy tail
of DOS ND of Qdashes according to Eq.(2.8), and fixing N = 50. The total red
shift observed experimentally by increasing L from 0.3 mm to 1.0 mm is ∼ 20 nm,
while the calculated results show a red shift of ∼ 10 nm.
In another comparison, Fig.2.5(a) shows the calculated results of λc as a function
of L, and at various inhomogeneous broadening values, for the Qdash laser reported
in [10]. The experimental study of this effect on a similar InAs/InP Qdash laser
is taken from [12] and plotted in Fig.2.5(b) which again depicts similar red shift
behavior on increasing the cavity length. This phenomenon is well reproduced by
our model at different Γinh values. We attribute the observation of the red shift
phenomenon partly to the increase in Jth as L decreases which might blue shifts the
lasing wavelength and thereby providing an impression of red shift phenomenon, as
was the case with quantum well lasers [72, 73]. In addition, this observation may
partly be ascribed to the implicit increase in inhomogeneous broadening, as the
cavity length increases, thus red shifting the lasing wavelength. In order to demonstrate this possible attribution, we utilized an indirect approach of plotting the red
shift phenomenon at different Γinh values, as shown in Fig.2.5(a). We observed that
increasing the inhomogeneous broadening enhanced the red shift phenomenon substantially. For a smaller inhomogeneous broadening (Γinh = 15 meV ) the total red
shift constitutes ∼ 5.3 nm when L is varied from 0.5 to 2.0 mm while the experimental results show ∼ 47 nm. However, for the case of Γinh = 45 meV , the red
shift phenomenon is ∼ 18.5 nm which is more than three times that of the smaller
inhomogeneous broadening. Therefore, the enhancement in the total red shift val-
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Figure 2.6: (a) Experimental [7, 12] and (b) Calculated threshold current density
versus the number of stacking layers for the Qdash lasers reported in [10], respectively. The three curves in (b) correspond to various inhomogeneous broadening
values.

idates that the red shift phenomenon is partly attributed to the increase in Γinh
implicitly incorporating the unique DOS of Qdashes, and perhaps seems to be a
dominating parameter. As a final point, the above statement is substantiated by
the fact that the model does not consider any growth/processing parameters that
affects the lasing wavelength.

2.4.2

Stacking Layer Dependence

Fig.2.6 illustrates the effect of the number of stacking layers (Nlyr ) on the Jth of the
Qdash lasers [74]. The experimental data is obtained from [7, 12] and is plotted in
Fig.2.6(a) for comparison. Fig.2.6(b) corresponds to the simulation results at various
inhomogeneous broadening values. A non monotonic increase in Jth is observed on
increasing the stack number, which is in good agreement with the experimental
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data except that the Jth values are different in Fig.2.6(a) and (b). This is again an
anticipated discrepancy owing to two different laser structures considered here. Our
aim is to numerically address the trend of Jth and the central lasing wavelength λc as
a function of Nlyr and explain the behavior qualitatively. An almost linear increase
in Jth is seen when Nlyr > 2 as show in Fig.2.6(b), at all inhomogeneity values. This
may be attributed to the active region volume VA , the optical confinement factor
Γ, and the inhomogeneous broadening. Increase in VA due to stacking of the dash
layers may enhance internal absorptions, thus affecting the threshold current density.
On the other hand, a lower Γ (due to increase in VA as a result of increase in Nlyr )
probably assists in attaining the modal gain (Γgth ) relatively fast, thereby decreasing
the threshold current density [7, 75]. However, the results show an increase in Jth
for Nlyr > 2 which suggests that VA dominates. Moreover, increase in Jth could be
due to an increase in modal gain as a result of stacking of the dash layers which
has been reported experimentally [7, 75]. Nevertheless, our model considers a fixed
modal gain (Γgth = αi + αm ≈ 22 cm−1 ) independent of the number of stacking
layers in spite of varying Γ accordingly (0.009 per layer) and therefore, probably,
does not affect the threshold current density numerically.
Increase in Jth due to Nlyr has also been attributed to the increase in Γinh by
various experimental work as a result of change in dash sizes and density due to
subsequent growth of dash layers [75, 76]. However, in our analysis we assume an
identical dash density per layer and fixed the inhomogeneous broadening for all the
values of Nlyr . Therefore, to understand the effect of Γinh we plot the trend of Jth at
different Γinh in Fig.2.6(b). A further increase in Jth for the entire values of Nlyr is
observed when Γinh increases from 15 meV to 45 meV . This observation is relatively
consistent with the results from literature that are based on Qdot model [77] since
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Qdashes may be thought of an elongated Qdots with quasi zero dimensional DOS.
Here, we make an effort to explain this observation qualitatively in a generalized
manner. Increase in Jth may be ascribed to the increase in size dispersion of the
dashes, particularly the height, which possibly increases the internal absorption
(due to dispersion in energy states of dashes resulting in overlapping states). Higher
energy photons from smaller dashes which acquire lasing conditions first (due to
their dot like features) get absorbed by the longer dashes (with relatively smaller
band transition energies) which eventually dominate due to their higher modal gain
and DOS.
For a Qdash laser with a single stack layer, no lasing is observed experimentally and Jth reaches an infinite value, as depicted in Fig.2.6(a). This has been
attributed to the very small Γ and low dash density [12]. However, the numerical
results show that besides the above mentioned parameters Γinh strongly affects the
lasing condition and is an important parameter when Nlyr ≤ 2. In Fig.2.6(b), less
inhomogeneous Qdash lasers (Γinh = 15 and 25 meV ) show lasing even for a single
stacking layer and small Γ (0.009), attaining Jth values of 115 and 233 A/cm2 , respectively, unlike for Γinh = 45 meV which does not lase (even at 1250 A/cm2 ). This
observation may again be ascribed to reduced internal absorptions due to relatively
similar energy states of dashes in the less inhomogeneous system, thus being able to
attain lasing from the low density single dash layer with small Γ. Our model also
predicts a minimum of Jth for the two and three layer stack structures irrespective of
the active region inhomogeneity values. This supports the experimental observation
of Fig. 1(a) and also the numerical study of the Qdots [77]. In general, based on
our observation we may write a relation for Jth in a similar manner reported for
Qdots [75], as Jth ∝ Γinh VA /Γ, where Γ,Γinh , and VA dominates at the two extreme
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Figure 2.7: (a) Calculated central lasing wavelength at different stacking layers for
low (1.1Jth ) injection current. (b) Experimental results of the lasing wavelength at
different number of stacking layers of a similar laser structure [12]. The numbers in
the inset of (a) correspond to the inhomogeneous broadening value.

values of stack number (1 and 8, respectively). However, for Nlyr = 2 and 3 these
parameters probably balance each other thus attaining a relatively small value of
threshold current density.
The experimental results [12] of lasing spectra as a function of the stack number
are shown in Fig.2.7(a) and the results obtained from the model in Fig.2.7(b). A
red shift trend in λc is observed experimentally on increasing Nlyr , which is well
reflected by our calculation. The behavior is seen to be consistent with increasing
inhomogeneity and a total red shift of ∼ 7.5 nm is observed on increasing the stack
number from 2 to 8, corresponding to Γinh = 15 meV . Since, the model does not
take into consideration the growth and processing parameters that affect the lasing
wavelength, we may attribute this observation to the optical confinement factor
(lowers with increase in Nlyr ) which probably assists in achieving the modal gain

70
rather early. Therefore the lasing condition might be achieved with occupation of
carriers in relatively lower energy states, thereby lasing at longer wavelength. Note
that the emission at shorter wavelength due to increase in Jth with Nlyr is suppressed.
Interestingly, our results show that the red shift phenomenon may also be attributed to active medium inhomogeneity. To support this statement we compare the lasing spectra of Qdash lasers at various explicit values of Γinh in Fig.
2.7(b).Considering Nlyr = 6 at Γinh = 15 meV , we observe λc = 1.542 µm and at
Γinh = 45 meV , we have λc = 1.558 µm. These values correspond to a red shift of
∼ 17 nm when Γinh is increased three times. Moreover, a total red shift of ∼ 26
nm is observed for Γinh = 45 meV on increasing Nlyr from 2 to 8, which is more
than three times the value of less inhomogeneous system. This unique observation
is a consequence of a quasi zero dimensional DOS of the Qdashes which exploits the
increase in the higher energy tail states due to dispersion in dash sizes as a result of
increase in Γinh . In general, dispersive dash sizes result in overlapping DOS which
probably increases the states in the high energy tail of the dashes DOS. Therefore,
higher energy photons from shorter dashes (smaller height and larger band transition energies) which lase first probably get absorbed in the high energy tails (now
incorporating more electronic states due to overlap) of longer dashes (larger height
and smaller band transition energies) which lase later and eventually dominate.
Therefore, lasing occurs at longer wavelengths due to the small energy photons of
the longer dashes. As Γinh increases, the dashes with least band transition energy
subsequently dominate and the lasing shifts to longer wavelengths (red shift of λc ).
In general, we may then deduce the relationship λc ∝ Γinh Γ.
In our earlier analysis, we have fixed the modal gain Γgth irrespective of increasing
Nlyr , although experimentally it is shown to increases with the number of stacking
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Figure 2.8: Calculated (a) threshold current density and (b) central lasing wavelength (at 1.1Jth ) for different internal loss values for the Qdash laser reported
in [10]. The inhomogeneous broadening is 45 meV .

layers [7,75]. Therefore, we now explore the effect of Γgth by varying the internal loss
αi on the threshold current density and the central lasing wavelength as a function
of Nlyr . The results are shown in Figs.2.8(a) and (b), at fixed Γinh . We observe that
lower αi (7 cm−1 ) decreases Jth and enhances the red shift phenomenon irrespective
of the number of stacking layer. This is typically the practical case for few stacks,
where the lasing condition is achieved rather fast due to lower Γgth (≈19cm−1 ).
Hence, further shift to the longer wavelengths is predicted theoretically. However,
an increase of Jth and a reduction of red shift phenomenon is observed at large αi
(14cm−1 ) as illustrated in Fig.2.8(b). This is again consistent with the number of
stacking layers. The observation may again be related to the practical case of a
large stacking layer structure which improves the modal gain ( Γgth ≈ 26 cm−1 )
but with the expense of an increased Jth and a shift of λc to shorter wavelengths.
Besides, Fig.2.8(b) show that Γinh is still the dominant parameter of the red shift
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Figure 2.9: An energy band model sketch describing the process of the red shifting
of the central lasing wavelength on increasing the active region inhomogeneity of
the Qdash laser.

phenomenon.

2.5

The Qualitative Model

Fig.2.9 gives a sketch of the energy band model to explain the behavior of red shift
phenomenon, either implicitly (by varying the cavity length or the number of stacks)
or explicitly, qualitatively by considering the Qdash DOS together with the inhomogeneous broadening of the active region. The model consists of three arbitrary
groups of Qdashes labeled A, B and C with respective GS energies EA0 , EB0 and
EC0 . For simplicity, the model assumes transition only to the heavy holes. Consider
group C to be the central peak lasing wavelength Qdash group at low current injection 1.1Jth . Now, if the inhomogeneity of the laser active medium increases (either
implicit increase due to cavity length or explicit increase), another two Qdash groups
(A, B) may be assumed with GS energies obeying EA0 < EB0 < EC0 . The Qdash
groups with transition energies > EC0 are redundant as all generated photons in
those groups will probably be absorbed by the Qdash groups with lower transition
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energy < EC0 . It is worth mentioning that the probability of carriers occupying any
energy region of Qdash energy states increases because of an overlapping DOS, particularly in the high energy regions, owing to the spread of energy levels in Qdashes
caused by large size fluctuations (i.e. increase in inhomogeneous broadening). The
photons generated from the carrier capture in the high energy band (represented
by ECY ) of group C Qdashes, bearing energy ~ωCY may witness lower transition
energy gap EAY , EBX and EBY corresponding to groups A and B. Therefore, the
photons (with energy ~ωCY ) may probably be absorbed by exciting the carriers to
the higher energy band EBY (shown as yellow shaded region in Fig.2.9) or may be
absorbed at the higher energy band edges of EBX (overlapping green and yellow
shaded region of group B) and EAY (transparent green shaded region of group A)
due to their overlapping DOS, thus occupying more carriers than usual. Similarly,
the lower energy photons ~ωCX generated by carrier capture in the ECX band most
probably get absorbed either in EBX (green shaded region of group B) or in EAX
and EAY (orange and green shaded regions of group A, respectively). However, the
available DOS in EBX is quite large compared to EAY (which has only the DOS tail
in that energy region). Thus, most of the photons (with energy ~ωCX ) get absorbed
in group B Qdashes and few in group A. Notice that regardless of a large available
DOS in the EAX band, negligible carriers may reside in this band because the acquired energy of the carriers (either from ~ωCX or from ~ωCY photon absorption)
are larger or equal to the high energy band edge of EAX .
Therefore, the above discussion may imply that group B Qdashes subsequently
become dominant and the peak lasing wavelength shifts to longer wavelengths due
to reduction in the GS transition energy characterized by EB0 . Increasing the inhomogeneity value further may shift the dominant Qdash group from B to A in a
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Figure 2.10: Calculated (a) central lasing wavelength and (b) threshold current
density at different cavity lengths, as a function of active region inhomogeneity, and
at low (1.1 Jth )injection current density.

similar manner as mentioned above and, hence, the peak lasing wavelength shifts to
the red. This is a unique feature observed only in Qdash laser structures.

2.6

Conditions to Achieve Red Shift Phenomenon

We have seen in the previous sections that the inhomogeneous broadening is possibly
the dominating candidate for the observation of red shift phenomenon which we have
demonstrated through our rate equation model. However, care must be exercised
in selecting proper parameter values because, through a number of simulations, our
model revealed occurrence of critical parameters for this observation. These are the
total loss of the laser structure α = αi + ln(1/R1 R2 )/2L that includes the cavity
loss, and the volumetric DOS value ND [70]. In order to understand the influence
of these parameters comprehensively, we show the effect of λc as a function of Γinh ,
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and at different cavity lengths, in Fig.2.10(a). The remaining laser parameters are
unaltered (including ND ). Note that, for the case of 1.0 mm and 0.5 mm cavity
lengths, increasing Γinh first shifts λc to longer wavelengths and later, to shorter
wavelengths. However, for the case of L = 0.3 mm, no red shift phenomenon is
observed and instead increasing Γinh shifts λc to shorter wavelengths. In order to
understand this unusual observation, we relate this to the total loss of the laser
which decreases with increase in cavity length. The calculated α for L = 1.0, 0.5,
and 0.3 mm is 22, 34, and 50 cm−1 , respectively. Considering the longer cavity laser,
the selected value of ND might be large enough to compensate for the total loss at
the inhomogeneous broadening values of Γinh ≤85 meV and thus showing the red
shift phenomenon. In other words, the weighted DOS (the fraction of the energy
states available from the total ND energy states) of the larger dashes were enough
to compensate for the total loss when Γinh increases from 15 meV to ≤ 85 meV ,
and hence their dominating nature, when compared to smaller dashes, persists.
Note that the weighted DOS value decreases (flattens) with increase in Γinh
(Eqs.2.5 and 2.8), yet, we observe the red shift phenomenon till Γinh ≤ 85 meV
probably due to the availability of just enough energy states to compensate for the
total loss. However, when the laser active region inhomogeneity is increased beyond
85 meV , the available energy states in the larger dashes might not be enough to
reach threshold and support lasing as a result of decrease in their weighted DOS
value (deficiency in the DOS), and thus, losing their dominating nature. Now, the
smaller dashes come into picture and lasing occurs via them at shorter wavelengths
since they reach threshold earlier than the larger dashes because of their dot-like
features. Therefore, the total loss is now compensated collectively from larger and
smaller dashes with smaller dashes becoming dominant. This probably is the
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reason for the observation of blue shift in the lasing wavelength when Γinh ≤ 85
meV . We define Γinh = 85 meV as the transition inhomogeneous broadening value
(ΓTinh ) below which red shift phenomenon is observed and above which blue shift
is observed. Moreover, the above explanation is substantiated by noticing a sharp
increase in Jth above ΓTinh , as shown in Fig.2.10(b). This might be due to substantial
increase in the high-energy photon generation by the smaller dashes because part of
the photon population gets absorbed in the larger dashes and remaining contribute
to the stimulated emission. In the case of smaller cavity lasers,ΓTinh reduced to 45
meV for 0.5 mm cavity length, and no ΓTinh is observed for L = 0.3 mm. This is an
expected behavior since ND is fixed for all the cases. For instance, considering L =
0.5 mm, more number of energy states (higher weighted DOS) are required in the
larger dashes to compensate for the total loss of 34 cm−1 ( ∼ 1.5 times the loss of
longer cavity laser) thus leads to the decrease in the ΓTinh value.
Next, we explored the second parameter (ND ) that affects the red shift phenomenon observation. In this case, we fixed the total loss by fixing L = 0.5 mm
and varying ND . The remaining parameters are unaltered. The results are tabulated in Table.2.2. As expected, the transition inhomogeneous broadening value
increased with increase in ND and thus enhances the range of Γinh for the observation of red shift phenomenon. This probably is due to increase in the weighted
DOS (more number of energy states available in the larger dashes) due to increase

Table 2.2: Effect of ND on ΓTinh at 1.1Jth
ND (cm−3 )
3×1017
5×1017
7×1017

ΓTinh (meV )
25
45
65
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Figure 2.11: (a) Calculated lasing bandwidth and central lasing wavelength at different Qdash inhomogeneity values, for low (1.1 Jth ) and high (5.0 Jth ) injection
current density of the Qdash laser reported in [10]. (b) and (c) are the calculated
lasing spectra at 1.5 Jth (dash-dot line), 3.0 Jth (dash line) and 5.0 Jth (solid line)
for Γinh = 45 and 75 meV , respectively.

in ND value which enables larger dashes to maintain its dominance at even larger
Γinh values. It is worth mentioning that increasing ND more than two times has
enhanced ΓTinh by more than two and a half times in value. Therefore, a proper
selection of these two parameters becomes important for the correct realization of
Qdash laser performance when utilizing the presented rate equation model.

2.7

Broadening of Lasing Spectrum

Finally, we have applied the model to the InAs/InP Qdash laser [10] to investigate the effect of injection current. For this case, we have fixed the cavity length
to 0.5 mm and other parameters remain unaltered. The results of the variation
of the central lasing wavelength as a function of active region inhomogeneity is il-
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lustrated in Fig.2.11(a) for low (1.1Jth ) and high (5.0Jth ) current injection values.
We have assumed that the homogeneous broadening does not change with the current injection. Apart from showing a red shift with increasing the inhomogeneity
of the Qdash gain medium, the figure also reveals a blue shift in the central lasing
wavelength at high current injection (above threshold) which enhances with inhomogeneous broadening. More prominently, this aspect can be noticed in Figs.2.11(b)
and 2.11(c) where the lasing spectra corresponding to Γinh = 45 and 75 meV are
plotted for different current injections. The blue shift is visible in both cases. This
may be due to the band filling effect where both the lasing bandwidth and λC move
towards higher energy transitions. In general, the carriers fill the lowest GS energy
level of the Qdashes from the available wide energy levels as determined by their
DOS function (which includes a dominant GS followed by a high energy tail) and
contribute to the lasing. With increasing the current injection, more carriers are
forced to occupy higher energy levels once the lower energy states are completely
filled by carriers that constantly recombine in the system. This results in high energy transitions corresponding to a blue shift of the central lasing wavelength and
the lasing bandwidth.
Fig.2.11(a) also illustrates the broadening of the lasing spectra at both low and
high current injection, on increasing the active medium inhomogeneity. This is generally due to a constant recombination of carriers at lower and higher energy levels
in Qdashes. However, the broadening is small in the case of the less inhomogeneous
medium even at high current injection (see Fig.2.11(b)). This is attributed to the
decrease of overlapping energy levels (particularly in the high energy region), and
hence DOS, for the electrons to occupy. Thus, the broadening of lasing spectra
due to active region inhomogeneity, is minute in this case. But it is worth notic-
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ing that under high carrier injection, if the inhomogeneous broadening is increased,
the lasing bandwidth increases substantially, as is shown in Figs.2.11(a) and (c).
The lasing bandwidth attains a value of ∼ 4 nm at 5.0Jth for Γinh = 45 meV . On
the contrary, at the same current injection, the Qdash laser with Γinh = 75 meV
attains a value of ∼ 18 nm and exceeds 20 nm for Γinh = 85 meV , which is approximately five times wider. From the experimental studies on the recently reported
broadband Qdash laser [8,71,78], the lasing bandwidth achieved with 1.0 mm cavity
length is ∼ 50 nm. Therefore, our theoretical results agree with the experimental
observation, although the bandwidths achieved are not similar. The increase in the
lasing bandwidth is due to the availability of highly dispersive GS energy levels of
the Qdashes (due to large fluctuation in size) and nearly complete overlap of their
high energy tail states (determined by the DOS). Therefore, a higher DOS in the
high energy transition region of the dashes might contribute to broadening of the
lasing bandwidth by constant recombination in the system. These combined effects
generally broaden the lasing spectra and lead to blue shifts of the lasing bandwidth
and. Another possible explanation would be simultaneous lasing from both smaller
and larger dashes, resulting in broadening of the lasing spectra.

2.8

Summary

We have developed a model to calculate and analyze the spectral and dynamical
characteristics of InAs/InP Qdash lasers. We have analyzed the inhomogeneous
broadening effect on the laser characteristics explicitly and observed the red shift
phenomenon. We have validated the proposal that this phenomenon is partly connected to the quasi zero dimensional DOS of Qdashes together with the active region
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inhomogeneity, and explained the observation qualitatively from another perspective. We also have analyzed the inhomogeneous broadening effect implicitly by
relating it to the laser structure parameters such as cavity length and stack number,
observing the red shift phenomenon and comparing it to the experiment. Our model
also predicted an increase in the threshold current density and lasing bandwidth on
increasing the inhomogeneous broadening value.
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Chapter 3
Narrow-ridge (2 µm) Quantum
Dash Laser Characterization
The experimental investigation of the present work starts from this chapter wherein
a new Qdash active region design is investigated. Following the literature survey
on various broadband semiconductor lasers that are demonstrated by utilizing various active region, in Section.3.1, a new Qdash active region, based on chirping
the InGaAlAs barrier layer thickness in the multi-stack InAs Qdash structure, is
introduced in Section.3.2 and characterized at material level. In Sections.3.3 and
3.4, the 2 µm wide ridge-waveguide FP laser fabrication and characterization, at
room temperature, and under short pulse width (SP W ) and quasi-continuous wave
(QCW ) operation, is discussed. While an enhanced ultra-broad lasing bandiwdth
is achieved from the intermediate cavity length LD under SP W mode, summarized in Section.3.4, the QCW mode showed anomalous spectral behavior which is
qualitatively elucidated. Finally, the chapter is summarized in Section.3.5.
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3.1

Introduction

InAs Qdash nanostructures based on InP substrate and related technology received
considerable attention in the last one decade because of their wavelength span of
ground state emission in the S−C−L communication bands [47,79,80]. In addition,
exploiting self-assembled Qdash growth, a broad gain bandwidth of ∼ 300 nm from
these nano-structures has already been demonstrated [50], thereby, emerging as a
potential broad gain material system for realizing broadband semiconductor devices.
InAs/GaAs (InAs/InP) ultra-broadband Qdot (Qdash) SLDs, spanning emission
bandwidth (FWHM) of ∼ 80(∼ 140) nm has been reported in the ASE regime,
with output power in few tens of mW [15, 81, 82]. The thrust to achieve high power
and broad bandwidth concurrently, which is rather difficult in SLDs, lead to the
successful investigation of broadband Qdot/Qdash lasers, working in the stimulated
emission region. A broad lasing bandwidth (FWHM) of ∼ 22 nm from both, multistack Qdot and Qdash lasers, with output powers in few hundreds of mW s [8,21,71]
have been reported recently, with wavelength emission at ∼ 1.16 and ∼ 1.64 µm,
respectively.
The drive to further enhance the spectral width of the self assembled Qdot/Qdash
broadband sources advanced to the subsequent exploration of bandgap engineering
of the active region. Manipulating the naturally occurring size or composition fluctuation in the self-assembled multi-stack Qdot/Qdash with the aim of enhancing the
optical transitions, has been an exciting topic of research, with interesting results at
device level, and tremendous improvements in their performance. Different bandgap
engineering approaches have been explored; which includes deliberate increase of
the dot/dash size distribution during growth (pre-growth bandgap engineering),
normally termed as chirped active region, or by post-growth bandgap engineering
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such as intermixing. In general, a substantially broadened SLD emission is reported
spanning ∼ 300 nm in the O−band by monolithic integration of multiple selectively
intermixed active region [15,83,84]. The capability of this technique was established
successfully under the stimulated emission regime by demonstrating enhanced lasing
bandwidth of ∼ 41 nm from InAs/InP Qdash with improved device characteristics
and emission in the C−band [78,85]. The other promising approach for chirping the
emission energies of the Qdot/Qdash stacking layers in the multi-stack device structure is accomplished in various manners. For instance, varying the capping layer
thickness or the spacer/barrier layer thickness [22, 86, 87], changing the amount of
InAs deposition [50, 88] or conditions [89] or both [90, 91], the position of the dot
layer in the dot-in-well structure [27], hybrid Qdot-Qwell [92, 93], tunneling and pdoping of the Qdash active region [62,94]. In general, enhanced broad emission from
both, SLDs (∼> 100 nm) and lasers (∼ 75 nm) have been reported, in addition to
high performance characteristics observed in the latter case.
In this chapter, we explore the chirping technique in InAs/InGaAlAs/InP Qdash
laser diode with the aim of: (i) intentionally broadening the dash optical transitions
across the four dash-in-a-well stacks, and (ii) shed light on the Qdash laser device
physics. The chirping is achieved by varying the InGaAlAs barrier layer thickness
across the stacks which affects the vertical strain, thus leading to different amount
of strain experienced by the overgrown Qdash layer and dissimilar average ground
state emission [95,96]. A broad stimulated emission of >50 nm is achieved from the
W = 2 µm wide ridge FP laser with high average spectral power density (ASPD =
Total output power/lasing bandwidth) and improved device characteristics, which is
> 20% enhancement compared to previous reports. We addressed the Qdash device
physics by comprehensively characterizing the W = 2 µm laser device at two different
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Figure 3.1: Hetero-epitaxial layer structure of the Qdash devices used in this work

pulsed current operations. Contrary to the SP W operation wherein a broadband
and reasonably single lasing spectral lobe is observed, the QCW operation shows an
anomalous lasing behavior (dual lasing lobe) at high injection, dictating presence of
photon re-absorption process, and lasing action from different dash ensembles being
influenced by junction temperature variation. We make an attempt to explain these
observations qualitatively.

3.2

Device Structure

The material was grown by molecular beam epitaxy on (100) oriented n-type S-doped
InP substrate. The active region is dash-in-an-asymmetric-well structure consisting
of four stacks of InAs dashes embedded in AlGaInAs Qwell.The waveguide core is
based on a standard undoped SCH layer of 200 nm In0.52 Ga0.28 Al0.2 As material, lattice matched to InP substrate. Each of the five monolayers (MLs) thick InAs dash
layer is embedded within a 7.6 nm (1.3 nm lower and 6.3 nm upper thicknesses)
thick compressively strained In0.64 Ga0.16 Al0.2 As Qwell separated by varying thickness (20 nm, 15 nm, 10 nm, and 10 nm) tensile-strained In0.50 Ga0.32 Al0.18 As top
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barriers, starting from a 25 nm thick bottom barrier. The InAs Qdash layers were
grown one ML at a time, each separated by 5 seconds growth pauses. The chirped
Qdash (CQD) device structure is completed by 1000 nm thick lower n-cladding of
In0.52 Al0.48 As Si-doped layer, and 1900 nm thick In0.52 Al0.48 As upper p-cladding with
concentrations of 2×1018 cm3 . Finally, a contact layer 250 nm thick In0.53 Ga0.47 As
is utilized with Be-doping at concentrations of 2×1019 cm−3 , which provides a good
ohmic contact. Fig.3.1 shows a graphical representation of the chirped active region
epitaxial device structure used in this study and a qualitative energy band model is
sketched in Fig.3.2(b). In addition to the full chirped device structure, CQD, three
partial structures were also grown for comparison purpose and identification of the
peak emission wavelengths. In the first partial structure, termed as ”fixed barrier
Qdash” (FQD), the top barrier thickness of all the four stacking layers is fixed at 10
nm and the growth was terminated after the top SCH layer. In the second partial
structure, only single Qdash layer is grown, terminated by the top barrier layer,
and named as ”single stack Qdash” (SQD) structure. The third partial structure
is a four stack Qwell (7.6 nm thickness) equivalent structure (QWS) with identical
epitaxy as the chirped structure but without the Qdash layer. The characterization
of this structure is more relevant for Qdash SLDs that is discussed in Chapter.5.
The characterization of other remaining samples are discussed below which includes
Atomic Force Microscopy (AFM), Transmission Electron Microscopy (TEM), and
Photouminescence (PL) spectroscopy measurements.

3.2.1

Basic Material Characterization

The PL measurements are performed with a fiber based PL system at 77K. More
details of the PL setup can be found from [97]. The AFM is carried on the partial
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Figure 3.2: (a) AFM images of Qdashes revealing the in-plane size dispersion.(b)
Illustration of the energy band model of the CQD laser structure.(c) Average dash
height versus the stacking layers as observed from the TEM micrographs, and (d)
TEM micrographs taken along [011] and [011] planes revealing the pyramidal type
of the dashes with average width ∼ 18 nm and average length ∼ 100 nm.

samples while the TEM measurements are done under 002 dark field, 004 bright
field, and scanning TEM (S-TEM), on the CQD sample.

AFM and TEM Studies
Fig.3.2(a) show the AFM images of the Qdashes revealing the island formation with
highly inhomogeneous dash sizes. The dashes are composed of mixture of wire-like
(lower-magnification image) and dot-like (higher-magnification image) feature and
with dispersive heights. The surface density of dashes is ∼ 5 × 1010 cm−2 with ∼
70 % coverage. The dash island formation is revealed by the cross section CQD
TEM micrographs shown in Fig. 3.2(d), taken along the [011] (dash widths) and
[011] (dash lengths) directions. A bright truncated pyramids within the Qwell are
clearly visible in the [011] direction micrograph. The average dash width and length
is estimated to be ∼ 18 nm and ∼ 100 nm, respectively. Since, various experiments
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Figure 3.3: Excitation power dependent 77 K PL spectroscopy of the (a) CQD,
(b) FQD, and (c) SQD structures. FQD and SQD samples result forms a basis for
comparison purpose

have shown that the dash/dot height has the pronounced effect on the ground state
energy transition [88], we statistically estimated average dash height of each stacking
layers from the TEM micrographs, and plotted in Fig.3.2(c). The average dash
height grown with thinnest barrier width (∼ 3.0 nm) is larger than intermediate (∼
2.7 nm) and thickest (∼ 2.5 nm) barrier samples, with an error margin of ± 0.5
nm. Although qualitative, our dash height measurements highlights that reducing
the barrier thickness leads to an increased vertical strain coupling [90, 95], which
results in red shift (increased average dash height) of the mean GS emission of
InAs Qdash stacks, in addition to the localized (in-plane inhomogeneity) energy
dispersion within the Qdash stack. This is depicted in an illustrative energy band
model of the CQD structure in Fig.3.2(b). Note that size dispersion is one of the
factor leading to enhanced inhomogeneity of the active region, not to forget the
compositional variations, built-in strain field, would also lead to dispersive dash
optical transitions.
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Photoluminescence Studies
The PL measurements were carried out on all the three samples i.e. CQD, FQD
and SQD structures, at 77 K, and with different excitation powers utilizing 1064
nm diode pumped solid state laser. Figs.3.3(a)-(c) illustrates the power dependent
PL spectras corresponding to the CQD, FQD, and SQD samples. The degree of
dash height variation can be studied via the PL peak wavelength shift and the PL
linewidth with excitation density, which is plotted in Figs.3.4(a) and (b), respectively. Note that the PL peak wavelength of the CQD and FQD samples coincides
appreciably at both, low (1.5 W/cm2 ) and high (3000 W/cm2 ) excitation power
densities, attaining values ∼ 1540 nm and ∼ 1460 nm. Therefore, we attribute the
first PL peak of the CQD to the emission from the 10 nm barrier Qdash stack (S10
which refers to S10a + S10b), as shown in Fig.3.2(a). We postulate that S10a and
S10b dashes contribute collectively as they correspond to identical barrier thickness,
supported by various studies which show that barrier thickness has a pronounced
effect on the dash/dot formation and hence dash/dot emission energy, although, the
TEM analysis shows different average dash height among these two stacks [90, 96].
Furthermore, these dash ensemble could be regarded as a coupled single dash ensemble system owing to the thin 10 nm barrier between the stacks which promotes
vertical coupling, as has been observed in other reports [95]. The emerging second
dominating PL peak wavelength at ∼ 1410 nm under high excitation (Fig.3.3(b))
suggests a noticeable emission from the 15 nm barrier Qdash layer (S15). Emission from the short average height dashes is not clearly evident from the CQD PL
spectra, however, a vague emission hump is observable at ∼ 1370 nm attributed
to the emission

from 20 nm barrier dashes (S20). In order to substantiate our

attribution, e further performed Gaussian curve-fitting with the known PL peaks
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Figure 3.4: The change in the (a) PL linewidth and the (b)PL peak wavelength as
a function of excitation power density, for the CQD, FQD, and SQD samples.

to identify the Gaussian peak corresponding to the short average height dashes.
The results revealed the fourth Gaussian peak at ∼ 1360 ± 10 nm, which agrees
well with our observation. A broad PL linewidth (Fig.3.4(a)) is noticed from CQD
sample compared to the FQD sample, with increase in excitation power. At a high
excitation of 3000 W/cm2 , ∼ 151 nm broad FWHM is obtained in the former case
compared to ∼ 104 nm in the latter case, which is ascribed to the non-uniform distribution among largely inhomogeneous Qdash ensembles as a result of large degree
of Qdash height variation across different stacking layers. In addition, a small PL
linewidth from the FQD suggests a vertically coupled Qdash system with reduced
ground state energy distribution of the dash states, further supporting our earlier
supposition.
To understand the effect of Qdash inhomogeneity on a single plane (in-plane
or localized), we plotted the power dependent PL, PL peak shift, and FWHM of
the SQD sample in Figs.3.3(c) and 3.4, respectively. The degree of PL peak blue
shift with increasing excitation power which signifies, in this particular case, the
presence of localized transition states from varied dimension dashes of the single
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Figure 3.5: (a) SEM micrograph of the W = 2 µm wide ridge-waveguide laser.
(b)Illustrative sketch of the laser bar showing four laser devices that are wire bound.
Each ridge represents a laser device and the width of the bar defines the laser cavity.

stack, is minimal. The value attain a mere 4 nm compared to > 80 nm in CQD and
FQD samples. In addition, the PL linewidth is relatively independent of excitation
power (at ∼ 39 nm). These observations indicate that in-plane inhomogeneity is
not significant as compared to dash height variation across the Qdash stack, which
shows that multi-stack active region is essential in achieving broad emission devices,
and the localized or in-plane inhomogeneity of an individual stack contributes a
smaller broadening of the PL spectra compared to the inhomogeneity across the
multi-stack. Therefore, in our subsequent sections, we focus our discussion on the
inhomogeneity across the stacking layers for ease in understanding.

3.3

Performance Analysis

Fabry-Perot lasers with ridge-width W = 2 µm are fabricated with the standard
laser fabrication process discussed in Appendix.A. The optical cavity of the lasers
are aligned along [110] orientation and is perpendicular to the Qdash elongation
direction (i.e. dash length) to maximize the optical gain [49,98]. A typical Scanning
Electron Microscopy (SEM) image is shown in Fig.3.5(a). The fabricated CQD
sample piece is cleaved into small laser bars of different cavity lengths, ranging from

91

Figure 3.6: Plot of the inverse external quantum efficiency values for each cavity
length versus the cavity length, (a) and (b), and the threshold current density values
for each cavity length versus the inverse cavity length, (c) and (d), for the SP W
and QCW operation of W = 2 µm ridge laser. The black lines are the linear fit with
the extracted average values of the performance parameters listed in the respective
figures.

L = 0.25 mm to 3.0 mm, as shown in Fig.3.5(b). Since the ridge spreads over one ascleaved facet to the other, the whole active region underneath the ridge is assumed
to be uniformly pumped. Therefore, the pumped area is defined by the ridgewidth and the cavity length W × L. The laser bars are tested on the temperaturecontrolled brass heat sink with an epitaxial p-side up mounting configuration. More
details of the laser diode station setup can be found from [97]. The testing at room
temperature was performed under two different pulsed operation;
• Short pulse-width mode (SP W ): 0.5 µs pulse-width and 0.2 % duty cycle.
• Long pulse-width or quasi-continuous wave mode (QCW ): 100 µs pulse-width
and 0.2 % duty cycle.
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The aim of testing the devices at two different pulsed operation is to understand
the highly inhomogeneous active region behavior under continuous surge of carriers
which is the usually the mode of laser operation in practical applications. The
extracted parameters of the W = 2 µm wide Qdash lasers under both, SP W and
QCW operation, obtained from the measured dependence of the external differential
quantum efficiency and threshold current density on the cavity length, is summarized
in Fig.3.6. An internal quantum efficiency of ηi ∼ 80±3 % in combination with a
moderate internal absorption loss αi ∼ 11±1 cm−1 is achieved in the SP W mode.
As expected, the QCW mode show degraded device performance with ηi ∼ 65±3
% and αi ∼ 13±1 cm−1 . The increase in αi and decrease in ηi values suggests
enhanced loss mechanism in the latter case compared to the former case which can
partly be attributed to the device self heating, in addition to the possible photon
re-absorption process in the system. This is discussed in detail in the subsequent
sections.

3.4

L-I and Spectral Behavior

First, we show the effect of SP W on the lasing operation of the chirped Qdash ridge
laser at fixed cavity length, wherein we observed an enhanced lasing bandwidth from
this class of semiconductor laser spanning > 50 nm lasing bandwidth (-3 dB) and
total output power ∼ 0.18 W. On the other hand, the QCW mode show two color
lasing spectra with the formation of a reduced intensity gap in between. We tested
different devices from the same laser bar and observed identical spectral behavior,
under both pulsed operation. In the subsequent sections, we explain this observation
qualitatively.
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Figure 3.7: Room temperature (a) L-I characteristics of 2×830 µm2 chirped Qdash
ridge laser, (b) Progressive lasing spectra at increasing current injections (× Jth ),
(c) Plot of the lasing bandwidth and ASPD versus the current injection, and (d) Log
IEL of the different dash groups of the lasing spectra versus the current injection.
The L-I characteristics in Log scale (closed symbols) is also shown in (d). The open
(closed) symbols in (d) correspond to the left (right) vertical scale.

3.4.1

SPW Mode: Enhanced Lasing Bandwidth

Fig.3.7 shows the room temperature light-current (L-I) characteristics of 0.83 mm
cavity length and W = 2 µm wide chirped Qdash laser with threshold current density Jth = 3.6 kA/cm2 . The near threshold slope efficiency is estimated to be ∼
0.36 W/A, which is more than two times improvement compared to our previously
reported as-grown Qdash laser [71]. The laser was able to withstand high current
injection up to 11.7Jth without showing any evidence of thermal rollover and the
measured total power at this pumping is ∼ 0.18 W (from two facets), with a characteristics temperature T0 better than our previous reports (∼ 60 K in the temperature
range of 10◦ to 60◦ C). Minor kink in the L-I curve between ∼ 5.0Jth to 8.0Jth is
observed, attributed to the energy exchange between different dash ensembles that
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Figure 3.8: SP W mode (a) Qdash modal gain (closed symbols) and (b) 1.1Jth
lasing wavelength (open symbols) versus the threshold current density at room temperature, obtained from W = 2 µm ridge-width laser devices with different cavity
lengths (L = 0.25 to 3.0 mm). The laser cavity corresponding to each data point is
shown in (b). The solid lines are the theoretically fitted curves using Eq.(3.1), with
non-ideality factor fixed at γ = 3 and internal loss αi = 11 cm−1 and the shaded
regions in (b) vaguely correspond to the emission boundaries of the three Qdash
groups. The inset of (a) illustrate the conduction energy band model of the active
region showing a decoupled Qdash system under W = 2 µm ridge-width. The width
of the Gaussian curve of each Qdash stacks defines the in-plane inhomogeneity.

might create unstable lasing actions from different longitudinal modes and energy
levels [11, 51].
To further evaluate the occurrence of Qdash groups corresponding to the different
stacking layers and emitting at dissimilar wavelength, in the stimulated emission
regime, we tested the lasers at various cavity lengths and the current density (J )
dependent modal gain (gmod ) characteristics is plotted in Fig.3.8(a). Fitting the
data (closed symbols) with an empirical equation [99]:

g mod




(J − Jtr )
= gsat 1 − exp −γ
Jtr

(3.1)
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revealed emission from three distinct dash ensembles instead of four, with derived saturation modal gain gsat (transparency current density Jtr ) of 19 cm−1 (1.8
kA/cm2 ), 37 cm−1 (2.6 kA/cm2 ), and 59 cm−1 (4.1 kA/cm2 ). We attribute these
emerging from S10 (upper), S15 (middle), and S20 (lower) stacks, respectively.
Absence of two gain curves for the two 10 nm barrier Qdash stacks (S10a and
S10b) further substantiate our postulation that these stacks contributes collectively
as they correspond to identical barrier thickness. Qualitative wavelength coverage
of these dash groups are also assessed in terms of lasing wavelength (λ) obtained at
1.1Jth (open symbols), and at different laser cavities. These are shown as shaded
regions in Fig.3.8(b). The emission boundaries between these groups are approximately at ∼ 1622 ± 4 nm and ∼ 1607 ± 4 nm. This analysis shows that the active
region of W = 2 µm ridge laser can be considered as an extremely decoupled Qdash
system, thus, largely exploiting the intentional inhomogeneous broadening across
the stacks.
The progressive room temperature lasing spectra under various pulsed current
density is illustrated in Fig.3.7(b). The corresponding bandwidths measured at
FWHM (-3 dB), -10 dB (∆−10dB ), and -25 dB (∆−25dB ) are shown in Fig.3.7(c),
in addition to the ASPD. The spectra broadens from 1.1Jth (2.7 nm) to 4.9Jth (13
nm) with a single main lobe emission centered at ∼ 1.615 µm (± 1 nm). Moreover,
occurrence of even larger broadening with almost no red shift in the lasing spectra
indicates negligible heating effects. The increase in the FWHM suggests collective
lasing action from dashes with different geometries, attributed to S15 layer since
the ∆−25dB bandwidth of the main lobe is in good agreement with its wavelength
coverage. At J ≈ 5Jth , side lobes at shorter (longer) wavelength appears on the
either side of the main emission lobe implying lasing onset from the S20 (S10) stacks.
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Further increase in current injection drastically enhances the lasing bandwidth, and
the broadening is due mainly from the side lobe contribution. This is characterized
by a sharp increase (decrease) in the slope of the FWHM (APSD) in Fig.3.7(c). The
appearance of kinks in the L-I curve, at those particular current injections, further
corroborates our attribution to the photon re-absorption in the system. The 5.7Jth
spectrum depicts ∼ 44 nm FWHM and ∆−10dB ∼ 51 nm and centered at ∼ 1.614
µm. The lasing spectrum reaches its largest bandwidth between 11Jth − 13Jth , with
the -3 dB bandwidth reaching > 50 nm and ∆−10dB > 60 nm with ASPD ∼ 3.5
mW/nm [100].
The peculiarity of this laser is the observation of three distinct emission humps
in the lasing spectra, emerging from the three Qdash groups, as seen in Fig.3.7(a).
The progressive increase in the pumping current appreciably overlaps the GS emissions of the S15 and S10 dash ensembles suggesting uniform distribution of dash
electronic states among these highly inhomogeneous stacks. However, the distinct
spectral modulation from the S20 layer persists even at higher current injection,
and with visible FP resonances. This implies large absorption happening in the
active medium that prevents this dash group to compete evenly with other dash
groups. To further assess this observation, the integrated electroluminescence (IEL)
of these three dash groups are plotted separately, as a function of current injection in
Fig.3.7(d), following the emission boundaries discussed earlier. For injection current
density < 5Jth , the lasing emission from S15 dominates, attributed to the non-ideal
gain clamping in the inhomgeneously broadened gain of the other Qdashes. Increasing pump current beyond 5Jth clearly show initial lasing from S10 and S20 dash
groups, characterized by the sharp increase in the slope of IEL curve. Note that the
intensity of S15 tends to saturate at the onset of lasing of the other groups and with a
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Figure 3.9: Room temperature (a) L-I characteristics of 2×830 µm2 chirped Qdash
ridge laser at QCW and SP W operations. Progressive lasing spectra (Log scale)
at increasing current injection of (b) QCW and (c) SP W operations. The square
brackets in (b) and (c) show the various pumping regions, and the numbers on the
vertical scale in between (b) and (c) correspond to the current injection value (×
Jth ). The broken lines in (a) roughly indicate the kinks and the injection range of
Regions A, B, and C. The olive, orange, and violet dashed lines in (b) and (c) are
the guide to the eyes indicating the S20, S15, and S10 dash groups, respectively.
Note that Region C is at the verge of optical power roll-off.

constant FWHM (Fig.3.7(a)). Now, the carriers are more effectively captured by the
other dash groups and the IEL indicates that S10 eventually dominates the lasing
emission and competes with S15 dash group at > 7Jth (Fig.3.7(d)). This is possible
in a Qdash system with dispersive geometries. Population inversion preferentially
occurs in small average height S20 dashes acquiring dot-like features (tight lateral
confinement, lower modal gain and DOS) that require smaller number of carriers.
The generated high-energy photons from S20 dashes gets absorbed by large average
height S10 dashes (weak lateral confinement, higher modal gain and DOS). In other
words, S20 dashes behave as carrier feeders in this Qdash system, demonstrated
by six times less intense IEL. Nevertheless, a gradual increase in the intensities of
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both S10 and S20, with increasing pumping current, suggests no saturation level
observed, even at 11.7Jth .

3.4.2

QCW mode: Anomalous Lasing Operation

Fig.3.9(a) shows the L-I characteristics of the same 2×830 µm2 CQD laser diode
under QCW pulsed operation. The corresponding progressive series of lasing spectra
are shown in Figs.3.9(b). The QCW operation yield a slight increase in threshold
current density Jth = 3.9 kA/cm2 and near threshold slope efficiency of 0.27 W/A.
These values are inferior to the SP W mode results. Moreover, the performance
analysis that was carried out in the previous section also showed a decrease (increase)
in ηi (αi ), attaining values ∼ 65±1 % and 13±1 cm−1 , respectively, indicating more
photon re-absorption and device heating in the QCW mode compared to the SP W
operation.
Note that the L-I curve of the QCW mode show abrupt kinks at ∼ 5.9Jth , and
∼ 8.0Jth while a comparatively linear power curve is seen in the SP W mode. These
kinks are the indication of intense photon re-absorption in the highly inhomogeneous system, which is happening at a particular injection levels, and switching
lasing actions from different confined energy levels due to the onset of additional
Fabry-Perot modes [11]. Referring to Fig.3.9(b), the formation of a reduced intensity
gap within the lasing spectra around these pumping levels further confirm enhanced
photon loss in the system. The spectra appears to be comprised of three groups
of longitudinal modes; the short wavelength (SM), long wavelength (LW), with a
quenched middle wavelength (MW) group in between. This dictates that three dash
groups governs the lasing operation, as observed in the SP W mode (Fig.3.9(c). To
further support our postulation of dominating three dash groups corresponding to
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Figure 3.10: QCW mode (a) Qdash modal gain (closed symbols) and (b) 1.1Jth
lasing wavelength (open symbols) versus the threshold current density at room temperature, obtained from W = 2 µm ridge-width laser devices with different cavity
lengths (L = 0.25 to 3.0 mm). The solid lines are the theoretically fitted curves
using Eq.3.1, with non-ideality factor fixed at γ = 3 and internal loss αi = 13 cm−1
and the shaded regions in (b) vaguely correspond to the emission boundaries of the
three Qdash groups in this mode.

the SM, MW, and LW group of longitudinal modes, we again characterize the the
active region under the QCW mode via cavity length dependent modal gain analysis, as previously done in the SP W mode. The results are plotted in Fig.3.10.
Fitting the experimental data (symbols) with the empirical gain expression (Eq.3.1)
revealed three gain curves in this mode also, with extracted gsat (Jtr ) of 21 cm−1 (1.9
kA/cm2 ), 40 cm−1 (2.7 kA/cm2 ), and 60 cm−1 (4.8 kA/cm2 ). Note that the data
points in Fig.3.10(b) follows the cavity length sequence as shown in Fig.3.8(b). The
three gain curves is representative of emission from S10, S15, and S20 dash groups,
respectively, as shown in the energy band model (Fig. 3.2(b)). We note that gsat
(Jtr ) attains large values in the QCW mode compared to the SP W mode owing to
the larger value of internal loss (due to increased absorption process) in the former
case which requires more number of carriers to compensate for the loss and reach
population inversion, in general. We also plotted the the near threshold lasing wavelength of various cavities tested in Fig.3.10(b), from which the qualitative emission
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boundaries of the three Qdash groups, in this mode, are identified (shaded region)
approximately at 1608±6 nm and 1622± 6 nm. These values are in good agreement
with the values obtained in the SP W operation thus showing the consistency of our
qualitative analysis. In what follows, we addressed qualitatively the cause of this
anomalous spectral behavior from the view point of the highly dispersive dot-like
and wire-like nature of dashes, i.e. the inhomogeneous broadening of the active region. For simplicity, we divide the lasing spectra into three regions A, B, and C
(low, moderate and high injections, respectively) and explain the lasing operation
in each region individually.
Region A in Fig.3.9(b) shows a typical lasing operation where the lasing is initiated at ∼ 1614 nm (onset of lasing from the S15 dashes) and the spectra subsequently broadens with increasing injection as more dashes within the ensemble
and from adjacent stacks (S20) starts lasing concurrently. In addition, lasing from
higher sub-bands of these dashes, due to band filling effect, might also broaden the
spectra, which is possible in a highly inhomogeneous system owing to the availability of their highly dispersive GS energy levels and overlapping high energy tail
states. A smooth L-I curve in this regime (∼ ≤ 5.0Jth ) indicates a normal laser
diode operation, showing no signs of any optical power loss.
Distinct lasing behavior is observed in Region B where a broad single lasing
lobe splits into SW (S20 dashes) and LW (S10 dashes) longitudinal modes group,
separated by a low intensity MW (S15 dashes) group. The quenching of S15 dashes
that behaves as carrier feeder to S10 dashes further reduces in quantum efficiency
on current pumping and the gap widens along with the blue (red) shift of SW(LW)
group of longitudinal modes. This observation is attributable to the increase in the
carrier feeding mechanism as a result of more dashes attaining population inversion
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Figure 3.11: Room temperature (a) L-I characteristics of 2×1600 µm2 chirped Qdash
ridge laser at QCW and SP W operations. Progressive lasing spectra (Log scale)
at increasing current injection of (b) QCW and (c) SP W operations. The square
brackets in (b) and (c) show the various pumping regions, and the numbers on the
vertical scale in between (b) and (c) correspond to the current injection value (×
Jth ). The broken lines in (a) roughly indicate the kinks and the injection range of
Regions A, B, and C. The olive, orange, and violet dashed lines in (b) and (c) are
the guide to the eyes indicating the S20, S15, and S10 dash groups, respectively.
Note a periodic spectral characteristics in this operation.

from S10 dash group. The shifting of the SW(LW) groups is a result of simultaneous
lasing by different dashes from the respective S20 (S10) stacks. Moreover, the
observation of sharp kink with drastic decrease in the slope of L-I curve around
∼ 5.2Jth to 5.9Jth is a signature of intense photon re-absorption process occurring
in the system, due to the photon-carrier coupling between different dash groups as
determined by the active region inhomogeneity.
In the high injection region (Region C), broadening and blue shifting of LW
modes, and quenching of SW lasing modes is observed, as shown in Fig.3.9(b). This
indicates a gradual shift in the absorption process from S15 to S20 dash groups
thereby progressively increasing the quantum efficiency of S15 dashes. In other
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words, the single lobe spectra in this region is a collective lasing from S15, in part,
and S10 dashes rather than only S10 dashes. A sharp increase in the slope of L-I
curve in this regime (∼ 6.0Jth to 6.6Jth ) further support our attribution of simultaneous lasing from these two dash ensembles.A similar atypical lasing operation in
observed in all the tested laser diodes in the QCW mode. This is discussed in more
detail in the subsequent section. For instance, we show the lasing characteristics
of a long cavity 2×1600 µm2 CQD laser at room temperature in Fig.3.11. Note
that a comparable lasing behavior is observed in Regions A and B, while Region C
is more clearly visible in this case since the device heating is minimum compared
to the short cavity laser wherein Region C was at the verge of optical power rolloff. The formation of a single lobe broad emission spectrum (FWHM ∼ 23 nm at
3.8Jth ), in Region C, because of collective lasing from S15 to S10 dashes, is apparent from Fig.3.11(b). Moreover, further increase in current pumping leads to yet
another splitting of the emission spectra, suggesting a periodic behavior. This is
possible in a carrier deficient system (i.e. the QCW mode) where the possibility of
thermal carrier spillover is high leading to non-uniform thermal re-distribution of
carriers among Qdash stacks that would affect the active region gain, and hence the
lasing spectra [101, 102]. Note that the spectral position of the low intensity gap
depends on the drive current and therefore we rule out the possibility of any lateral
cavity resonances [103] or the leaky substrate modes [104]. However, we cannot exclude the possibility of different non-linear phenomena occurring in the active region
that affects the lasing spectra, particularly, the spectral and spatial hole burning
effects [54, 105], and the retarded carrier diffusion (due to potential fluctuations in
the Qdash active region) and photon re-absorption (including the outer part of the
ridge-waveguide) induced change in lateral index step and lateral gain distribution
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allowing higher order lateral mode to emerge [106,107]. All the above contributions
usually intensifies with an increased continuous surge of carriers and/or increased
device heating.

3.4.3

A Qualitative Model

In the following, we attempt to explain the carrier feeding (via optical pumping)
mechanism, which dominates the lasing behavior in the QCW mode, qualitatively
by referring to the energy band model shown in the inset of Fig.3.8(a) or Fig.3.2(b).
Consider laser emission originating from the S15 dashes once the total device loss
is compensated. Since these dispersive nanostructure posses highly overlapping
quasi zero-dimensional DOS, generally, onset of lasing occurs via average intermediate height (S15) dash group [108]. By increasing the continuous surge of carriers
(which is the case of QCW mode), a majority of the generated photons from S15
dashes starts to get absorbed in S10 dashes (due to their large average height and
DOS, and small band transition energies). Since S20 dashes energy levels appears
at the tail of S10 dashes DOS, negligible photon absorption from these dashes takes
place. When S10 dashes start reaching population inversion, the rate of photon
re-absorption from S15 increases drastically. This quenches the intensity of S15
dashes considerably, and their rate of acquiring photon from lasing S20 dashes (due
to their smaller average height, lower DOS, and hence less photon generation) is
comparatively low. Meanwhile, at high injections, S20 dashes is able to achieve
population inversion and lase, apart from feeding S15 dashes, because of their dotlike features and lower modal gain compared to the S10 and S15 dashes. This
non-uniform distribution of carriers in the highly inhomogeneous active region creates a reduced intensity gap due to S15 (MW modes) dash group operating between
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the S20 (SW modes) and S10 (LW modes) dashes. Note that the QCW mode is
further influenced by junction heating, demonstrated by reduced internal quantum
efficiency in this case. Therefore the carrier spill-over or thermally activated carriers
from dashes could possibly recombine in the wetting layer/Qwell, affect the localized
distribution of carriers within the stacks, and among the stacks, due probably to
thermionic carrier escape. This carrier spill-over (thermally activated carrier leakage) mechanism is comparatively high in small band offsets dash ensembles (i.e. S20
and S15) which further reduces their efficiency, particularly S15 dashes, compared
to S10 dash groups.
The carriers may also depopulate from the wetting layer/Qwell to the adjacent
wetting layer/quantum-well before recombining, or optically active the carriers in
any of the Qdash stacks (particularly S20 because of their DOS in the high transition energy region), contributing to the absorption process. In general, the overall
process is based on photon generation and re-absorption within the active medium.
Moreover, the availability of absorption (mainly from S15 dash stack) and gain (from
S10 and S20 dash stacks) portions within the active medium might lead to device
self pulsation, an attractive design feature in the field of passive mode locking.

3.5

Summary

A broad photoluminescence linewidth of > 150 nm from the chirped AlGaInAs barrier thickness Qdash (CQD) sample is demonstrated with the formation of highly
inhomogeneous InAs dashes across the stacks. The TEM micrographs revealed small
(large) average dash height from the Qdash stack with thick (thin) over grown barrier layer. The W = 2 µm Qdash ridge-waveguide FP laser diodes fabricated from
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the CQD sample exhibited unique device physics under the SP W amd QCW pulsed
operation. An ultra-broad stimulated emission bandwidth of > 50 nm centered at
∼1.61 µm, is achieved, with ∼ 0.18 W output power and improved device performance viz. internal quantum efficiency and characteristics temperature. On the
other hand, the QCW mode showed a peculiar spectral characteristics of spectral
split with a reduced intensity gap in the middle of the lasing spectrum. We have
addressed this atypical observation qualitatively based on the carrier-photon redistribution among the Qdash DOS, together with the highly inhomogeneous active
region. Our results is a step forward in achieving eventual ultra-broad emission devices covering C-L-U bands through monolithic integration of different bandgap gain
sections using selective wavelength trimming methods such as quantum-dot/dash intermixing technique. Our results also indicate the feasibility to achieve absorbing
and gain region within a single active medium that would be attractive in realizing
mode-locking characteristics attaining the features of the two-section passive mode
locking design.
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Chapter 4
Ridge and Broad Area Quantum
Dash Laser Characterization
In this chapter, we further characterize the InAs/InP Qdash lasers by analyzing the
effects of the geometrical parameters viz. ridge width (W ), cavity length (L), and the
optical waveguiding mechanism (broad area lasers), under both SP W and QCW
pulsed operations. The chapter starts with an overview of different experiments
reporting anomalous spectral characteristics from Qdot lasers, in Section.4.1, and
affirms that the inhomogeneously broadened Qdash gain profile and its electronic
properties are indeed ascribable to the atypical spectral observations discussed in
the Chapter.3. In order to discard any geometrical effects responsible for this dual
wavelength lasing emission, a systematic investigation of the effect of W and L is
performed in Sections.4.2 and 4.3, respectively. Section.4.4 is dedicated to explore
the effect of optical waveguiding mechanism on the electronic properties of the Qdash
active region. The outcomes of this study is summarized in Section.4.5.
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4.1

Introduction

The unique quantum nature of Qdots, different from Qwell, has shown special
spectrum features from the InAs/InP and InAs/GaAs Qdot lasers. For instance,
monolithic dual wavelength emission characteristics was expected owing to the
zero-dimensional DOS profile of Qdots, and their inherent inhomogeneouly broadened gain spectrum [102]. Indeed, this has been reported in both, GaAs [109] and
InP [110], material systems where splitting of the GS emission into two discrete color
wavelength bands has been demonstrated. The origin of dual wavelength emission
characteristics was attributed to the mode competition effects through the homogenous and inhomogeneous broadening or the state-filling effect. On the other hand,
Liu et al. [111] demonstrated ∼ 0.9 ps pulse width with 92.5 GHz repetition rate
self-mode locking characteristics from a dual wavelength Qdot laser, and qualitatively postulated the observation to the non-linear effects in the active region. Very
recently, we studied the dependence of W = 2 µm InAs/InP Qdash active region
on the pulsed current mode, which has also shown interesting spectral split characteristics [108], different from the above results. We firmly attribute this observation
to the inhomogeneously broadened gain profile of the extremely decoupled Qdash
system and their unique DOS in Chapter.3. Moreover, we discard the plausibility of
Rabi-oscillation effect in our case, since a non-linear energy splitting behavior with
the output power, is clearly evident.
Anomalous spectral characteristics consisting of periodic and non-periodic spectral lines, separated by non-lasing spectral regions, has already been observed in
InAs/GaAs Qdot lasers emitting at ∼ 1.1 µm [102]. An explanation based on quantum dot electronic properties which is associated with size/shape dispersion, different carrier capture rates was provided. Later, another study [104,112] on InAs/GaAs
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Qdot laser experimentally confirmed that the periodic modulation in the emission
spectra could be correlated to the device height i.e. the substrate thickness (reflections from either metal contacts forming a cavity). A similar investigation has also
shown strong influence of ridge-width (strip-width) and ridge-height on the spectral
characteristics of InAs/GaAs Qot lasers [103]. Small ridge-width and ridge-heights
touching the active regions, caused strong spectral intensity modulations via lateral cavity resonance spectral hole burning. The modulation intensity decreased
on increasing the ridge-width and/or moving the ridge-height away from the active
region, but the modulation period was observed to be invariant of current injection. In other words, the laser device geometry initiated the spectral modulation
in the lasing spectra [113]. All these observations direct to further investigation
of the atypical lasing operation observed in Chapter.3 although, we have already
discarded (Chapter.3) the possibility of any of these mechanisms leading to the two
color emission spectra in our W = 2 µm Qdash laser case.
In this chapter, we systematically investigated the chirped InAs/InP Qdash laser
as a function of ridge-width, and cavity length, at both, SP W and QCW pulsed operations, with the aim of (i) understanding the variation in the electronic properties
of Qdash active region with laser geometry and the waveguiding mechanism, and
(ii) to investigate any role of laser geometrical parameters on the distinct dual wavelength lasing behavior under the QCW mode, from the Qdash lasers, discussed in
Chapter.3. Shrinking of the lasing spectra with increasing ridge-width/oxide stripewidth is witnessed, invariant of the cavity length and/or the pulsed mode operation.
Besides, the dual lasing behavior also disappeared with increasing ridge-width which
highlights the dependence of the spectral characteristics on geometrical parameters.
We addressed this observation via analyzing the gain of different Qdash ensembles at
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Figure 4.1: SEM micrographs of the W = 3 µm (left) and W = 4 µm (right) wide
ridge laser. Middle: Optical microscope image (top view) of the fully processed laser
chip showing the three different ridge-width lasers.

different ridge-widths and attributed to the altering Qdash active region operation
as a result of change in geometrical parameters, and explained the device physics
qualitatively.

4.2

Ridge-width Dependence

Ridge lasers with ridge-width W = 3, and 4 µm, and oxide-strip lasers with stripewidth W = 15 µm, are fabricated with the standard laser fabrication process following the Qdash alignment with the FP optical cavity discussed in the previous
chapter. It is noteworthy to mention that all the three ridge-width lasers were
fabricated on a single sample and therefore goes through an identical fabrication
environment. A typical SEM micrographs of the W = 3, and 4 µm ridge-width
lasers are shown in Fig.4.1 in addition to an optical microscope image of the processed laser bar showing different ridge-width laser devices on a single bar. The
laser bars are cleaved into different cavity lengths (L = 0.25 - 3.0 mm) and the
as-cleaved facet lasers were tested on the temperature-controlled brass heat sink at
room temperature. In order to understand the device behavior in more detail, here
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Figure 4.2: (a) Room temperature L-I characteristics of L = 1600 µm long CQD
ridge laser at different ridge-widths, and in SP W operation. The corresponding
progressive lasing spectra with increasing injection current density of (b) W = 2
µm, (c) W = 3 µm, and (d) W = 4 µm. In all the cases, the injection current
density is varied from 1.0Jth to 4.5Jth in steps of 0.1Jth . The olive, orange, and
violet dashed lines in (b) and (c) are guide to the eyes showing the three dash
groups dominating the lasing operation.

also, measurements were performed under the SP W and QCW pulsed operations,
and different devices were tested from different laser bar showed identical spectral
characteristics.

4.2.1

SPW Mode

To understand the lasing operation from the Qdash active medium at varying ridgewidths, we fixed the cavity length to L = 1.6 mm, although, all laser cavities showed
similar spectral behavior. The corresponding L-I and emission characteristics of
different ridge-width laser, under the SP W operation, is shown in Fig.4.2. From the
L-I characteristics, the threshold current density, Jth (kA/cm2 ), and slope efficiency
(W/A) are 3.2 (0.225), 2.7 (0.234), and 2.3 (0.24), corresponding to W = 2, 3, and
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4 µm ridge-width lasers. The extracted internal quantum efficiency, ηi , and the
waveguide propagation loss, αi , from the cavity length dependent characteristics, is
observed to be consistent for all the ridge-widths, attaining values ∼ 80 ± 3% and
11 ± 1.0 cm−1 , respectively. The increase in Jth and decrease in slope efficiency,with
decreasing ridge-width, seen in Fig.4.2(a), is attributed to the scattering loss at the
side-walls (appreciable overlap of the optical mode and the side-walls) and lateral
current spreading, which becomes significant in small ridge-width laser. In addition,
in what follows, we partly ascribe the improved L-I characteristics of large ridgewidth lasers to the reduction in the inhomogeneous broadening of the active region.
A weak kink in observed in the L-I curve of W = 2 µm ridge laser, at around ∼
2.7Jth , and its origin has been discussed qualitatively in the previous chapter. On the
other hand, large ridge-width lasers show comparatively smooth L-I curves. This
interesting observation points out on the dependence of the Qdash active region
operation on the geometrical parameters of the FP lasers which is interesting to
investigate in more detail.
Comparing the lasing spectra of different ridge-width lasers (Figs.4.2(b)-(d)), a
distinct lasing behavior is apparent from the short ridge-width laser (W = 2 µm).
Typical broadening of lasing spectra with a single main lobe until ∼ 2.7Jth , and then
appearance of lasing side lobes around the main spectral lobe, with further increase
in injection, is apparent from Fig.4.2(b). Moreover, in this case also, the threshold
current of the spectral side lobes is around similar current value where the kink in
the L-I curve was observed. We have comprehensively discussed this behavior in the
previous chapter and introduced a qualitative model to underline the device physics.
A broad single spectral lobe -3 dB (-25 dB) spectral bandwidth of ∼ 27 (∼ 53) nm
is achieved from this cavity length. In fact, all the cavity lengths showed similar
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Figure 4.3: SP W mode Qdash modal gain of CQD ridge lasers at (a) W = 3 µm,
and (b) W = 4 µm ridge-widths, versus the threshold current density. The data is
obtained at room temperature and from devices with different cavity lengths (L =
0.25 to 3.0 mm). The solid lines are the theoretically fitted curves using Eq.(3.1),
with non-ideality factor fixed at γ = 3 and internal loss αi = 11 cm−1 . The insets
of (a) and (b) illustrates the conduction band model of the active region, describing
the behavior of the Qdash ensembles under various ridge-widths. The width of
the Gaussian curve of each Qdash stacks defines the in-plane inhomogeneity. Note
the decrease in the inhomogeneous broadening of the active region (total Gaussian
curves coverage of the system) with increase in the laser ridge-width, resulting from
increased coupling effect (yellow arrows). Therefore, (b), and (c) are considered
reasonably decoupled, and coupled Qdash system, respectively, while Fig. 3.8(a) is
representative of an extremely decoupled Qdash system.

lasing mechanism with W = 2 µm ridge-width case which we have attributed to the
three dash assemblies, emitting at dissimilar wavelength in the stimulated emission
regime, of an extremely decoupled Qdash stacks active region.
Now, we direct our discussion on increasing the ridge-width and its effect on
the spectral linewidth. Referring to Fig.4.2(c), the lasing spectra of W = 3 µm
ridge laser showed marginal characteristics of active region dominance by three dash
assemblies, that too, at low injections ∼ 1.7Jth − 2.5Jth (highlighted by the shaded
regions). But Fig. 4.2(d), which corresponds to W = 4 µm ridge laser, do not show
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Table 4.1: Extracted gain parameters for all the three ridge-widths Qdash lasers
under SP W pulsed operation

W (µm)
2
3
4
-

Qdash Group
S10
S15
S20
S10
S15
S20
S10+S15
S20

gsat (cm−1 )
19
37
59
18
38
59
38
61

Jtr (kA/cm2 )
1.8
2.6
4.1
1.5
2.2
3.4
2
3.1

any indication of such spectral behavior and instead a single main spectral lobe
persists even at high current pumping. The spectral broadening is marginal in both
the ridge-width cases, with lasing bandwidth of ∼ 18 nm (W = 3 µm) and ∼ 14
nm (W = 4 µm). This is a signature of either an electronically coupled dash groups
system where the dash ensembles emitting at different wavelength is hindered, or, a
reasonably decoupled system with fairly different average ground state transitions of
the Qdash ensembles. To further verify our postulation, we performed the current
density dependent gain characteristics for the other two ridge-widths, in a similar
manner as done for the W = 2 µm wide ridge laser case (see Fig.3.8). The results
are shown in Fig.4.3, where the experimental dependence of the modal gain (gmod )
on the injection current density, J (symbols), are obtained from different cavity
lengths (L = 0.25 - 3.0 mm). The data points were fitted with the empirical gain
expression of Eq.3.1 (solid lines) which revealed three gain curves for W = 3 µm
case while only two gain curves emerge in the W = 4 µm wide ridge laser. The
extracted transparency current density Jtr and saturated modal gain, gsat are shown
in Table.4.1 for all the ridge-widths.
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The observation of two gain curves in W = 4 µm wide ridge laser (Fig.4.3(b))
suggests reduced inhomogeneous broadening in this case. A collective single gain
curve from S10 and S15 data points is indicative of further coupling between these
Qdash stacks (S10 + 15) which is consistent with increasing barrier thickness (i.e.
15 nm, in this case) in the active region. Therefore, the effect of collective contribution from the three Qdash stacks (i.e. coupled S10 and S15 Qdash system)
reduces the overall inhomogeneity of the active region, as seen by the carriers, thus
shrinking the gain spectrum which limits the laser bandwidth. In fact, similar behavior (two gain curves) is also observed even in the gain-guided lasers, under the
SP W operation, which is discussed later in this work, further strengthening our
coupled Qdash system attribution. We attribute this observation to the alteration
to the active region temperature at high current injection, which depends on the
geometrical parameters of the laser (ridge/stripe width in our case), which might
accelerate the carrier tunneling process in the large ridge-width lasers, thus leading
to reduced inhomogeneous broadening [58].
From the above analysis, W = 3 µm ridge can be regarded as an intermediate
system i.e. reasonably decoupled system with partial overlap of GS energy distribution of each Qdash stacks compared to the negligible overlap in the W = 2 µm
ridge case, as illustrated in the inset of Fig. 4.3(a). As discussed before, the hazy
appearance of spectral side lobes in Fig.4.2(c), which persists for a short span of
current pumping and then dominated by the progressive broadening of a single main
emission lobe with further current injection, supports our attribution. In addition,
these groups of longitudinal lasing modes which corresponds to the different stacking layers are more clearly visible in the QCW mode discussed later in this chapter.
It is noteworthy to mention that the gain study of all the three ridge-widths and
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Figure 4.4: (a) Room temperature L-I characteristics of L = 1600 µm long CQD
ridge laser at different ridge-widths, and in QCW operation. The corresponding
progressive lasing spectra with increasing injection current density of (b) W = 2
µm, (c) W = 3 µm, and (d) W = 4 µm. In all the cases, the injection current
density is varied from 1.0 Jth to 4.5 Jth in steps of 0.1 Jth . The olive, orange, and
violet dashed lines in (b) and (c) are guide to the eyes showing the three dash groups
dominating the lasing operation.

oxide-strip laser show consistent gsat values of the different Qdash ensembles i.e. 18
± 1 cm−1 (S10), 38.5 ± 1.5 cm−1 (S15), and 59.5 ± 0.5 cm−1 (S20) thus showing
the effectiveness of the analysis. The decrease (or early reach) of Jtr of the Qdash
stacks with increasing ridge-width points out to the early observation of the side
lobes in the W = 3 µm compared to W = 2 µm, on increasing current injection,
that is exactly what Figs.4.2(b) and(c) illustrate.

4.2.2

QCW Mode

Next, we show the consequence of changing the pulse width on the lasing operation of
different ridge-width Qdash lasers by again fixing the cavity length L = 1.6 mm. The
results for all the three ridge-widths considered in this work and operating under
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QCW mode, are plotted in Fig.4.4. A clear unusual lasing behavior is apparent
on comparing with the SP W operation (Fig.4.2). Moreover, the output optical
power is substantially reduced in all the three ridge-width lasers with degraded
device performance (ηi ∼ 65 ± 3 % and αi 13 ± 1.0 cm−1 ) from all the ridgewidths, in this operation. As discussed in the previous chapter, our main aim
to perform QCW investigation in this work is to understand the device physics
when a highly inhomogeneous Qdash system is subjected to continuous surge of
carriers, which probably would serve as guidelines to engineer and optimize the
active region. Note that sharp abrupt kinks at ∼ 2.8Jth , ∼ 4.0Jth , and ∼ 5.5Jth in
the L-I of W = 2 µm (Fig. 4.4(a)) and the observation of spectral split into three
groups longitudinal modes (Fig. 4.4(b)), with reduced intensity from the middle
(MW) wavelength modes, thereby forming a gap in the lasing spectra around the
same injection levels, demonstrates the intense photon re-absorption in the active
region. However, this process decreases with increase in the ridge-width as depicted
in Fig.4.4(a) which do not show visible kinks in the L-I curves of larger ridgewidths indicating reduction in the photon re-absorption process. To understand
the active region behavior in this operation as a function of ridge-width, we again
studied the cavity length dependent gain characteristics. The results are similar to
that of SP W mode with observation of three gain curves in the W = 3 µm ridge
laser and two gain curves in the W = 4 µm case, thus showing the reduction in the
inhomogeneous broadening in this mode as well. Moreover, the transparency current
density and the saturated modal gain, obtained from these ridge-widths, are similar
in value with an error margin of ±5%, compared to the short ridge-width laser (W
= 2 µm ) that we have discussed in the previous chapter. Therefore, in this pulsed
operation also,SW, MW, and LW group of longitudinal modes are the characteristics
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(being resonant with) of S20, S15, and S10 Qdash stacks, respectively. We already
explained the anomalous lasing behavior of W = 2 µm wide ridge laser in greater
detail by considering a qualitative carrier-feeding model in the previous chapter. In
what follows, we consider the lasing signatures of large ridge-width lasers and explain
the physical mechanism qualitatively within the scope of our developed qualitative
model (section.3.4.3) although we cannot disregard the possibility of emerging higher
order lateral modes in large-ridge width lasers and leading to this type of atypical
spectral behavior [106, 107].
Referring to the lasing characteristics of W = 3 µm ridge laser, shown in
Fig.4.4(c), the spectral split forming an eye-like spectra is weak but the group of
SW, MW, and LW longitudinal modes are noticeable. Moreover, a comparatively
narrow spectral split wavelength coverage further uphold our attribution of W =
3 µm active region as a reasonably decoupled Qdash system. A hazily periodic
behavior with fairly single emission lobe at high injections (> 3.1Jth ) highlights simultaneous emission from all the dash ensembles with a smooth L-I curve in this
case, a consequence of reduced photon re-absorption process in the system. This is
a direct effect of less inhomogeneous Qdash system in the W = 3 µm wide ridge
compared to W = 2 µm case. In the following, we briefly address the cause of this
spectral split from another perspective. The lasing, in this case, is initiated at ∼
1614 nm corresponding to the S15 dash group (Fig.4.4(c)) and a typical broadening of lasing spectra is observed on subsequent injection. This is ascribed to the
low injection regime where simultaneous lasing of dispersive in-plane S15 dashes,
and partly from adjacent S20 stack, takes place. However, between ∼ 1.9Jth to
∼ 2.8Jth which is the moderate injection regime, quenching of S15 dashes (MW
modes) results in a spectral split thereby recognizing the lasing SW (S20) and LW
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(S10) group of longitudinal modes. The formation and widening of the gap, i.e.
reduction in the quantum efficiency of S15 dashes, is a result of carrier feeding (via
optical pumping) to S10 dashes which are consequently attaining population inversion and lasing in tandem (refer to the band diagram in the inset of Fig.4.3(a)).
The blue (red) shifting of SW (LW) longitudinal modes is regarded as a result of
localized broadening of the S20 (S10) dash ensemble. Note that the spectral split
is not intense in this case owing to the reduction in the inhomogeneity of the Qdash
system. Yet, the photon re-absorption process occurring in the system, which is due
to the photon-carrier coupling between different dash groups and as determined by
the active region inhomogeneity, is visible as an eye-like pattern lasing spectra with
a reduced intensity gap of SW group of longitudinal modes.
In the high injection regime (∼ > 2.8Jth to 3.2Jth ), broadening and blue shifting
of LW modes with minimal intensity from SW lasing modes is observed. This
dictates increasing quantum efficiency of S15 dashes and shift of carrier-feeding
mechanism to S20 dash ensemble. In other words, the single lobe spectra in this
region is a collective lasing from S15, in part, and S10 dashes rather than only
S10 dashes. Note that further increase in current pumping vaguely splits the single
emission lobe and broadened lasing spectrum persists. This is possible in an highly
inhomogeneous acitve region as discussed earlier.
On the other hand, the lasing spectrum of W = 4 µm laser show no signs of
spectral split and instead a typical broadening of single emission lobe is observed,
a signature of highly coupled Qdash system, already demonstrated via theoretical
gain fitting (Fig.4.3(B)). In this case, the emission from different dash ensembles is
indistinguishable (highly overlapping DOS of different dash ensembles). Comparing
the lasing spectras in Figs.4.4(b)-(d) again show an early lasing spectral split (at low
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current injection) on increasing the ridge-width which is consistent with our former
observation in the SP W operation, and attributed to the reduced Jtr value of the
dash ensembles with increasing ridge-width of the FP lasers.
From the above investigation, we ascribe QCW pulsed operation as a carrier deficient system for W = 2 and 3 µm wide ridge lasers because of various carrier-photon
losses associated with it which intensifies with temperature and/or continuous carrier injection, apart from the strong photon re-absorption process among the dash
ensembles [114]. This increases the probability of dash ensemble quenching in QCW
operation due to lack of evenly maintaining the rate of photon loss to the rate of
photons generated, in the highly inhomogeneous multi-stack Qdash system, as a
result of insufficient carriers. However, a single lobe emission from the W = 4 µm
suggests QCW mode being a carrier sufficient system in this case since the photon
re-absorption process is minimal (direct consequence of coupled Qdash system) in
spite of other loss mechanism occurring in the system. Alternatively, we regard the
SP W mode as a carrier sufficient system for all the three ridge-widths since trivial photon re-absorption takes place in the system, besides minimal thermal carrier
spill-over. Observation of a reasonably single lasing emission lobe at high current
injection, in all the three ridge-widths, suggests an appreciable overlap of ground
state emissions of all the dash ensembles (lasing simultaneously), further showing
SP W mode being a carrier sufficient system.

4.3

Cavity Length Dependence

The laser cavity length L affects the total device loss α = αi + ln(1/R1 R2 )/2L
and, thus, is expected to influence the spectral characteristics of a laser. In order
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Figure 4.5: (a) Cavity length dependent observation of first kink (red symbols,
obtained from the respective L-I curves), and the first spectral split in the lasing
spectra (black symbols, from the current dependent lasing spectrum) of CQD W
= 2 µm ridge laser under QCW operation. The progressive lasing spectra with
increasing injection current density for the short (b) L = 0.6 mm and intermediate
(c) L = 1.1 mm cavity length lasers. The dashed line in (a) are guide to the eyes
showing the trend. In all the cases, the injection current density is varied from
1.1Jth to 4.6Jth in steps of 0.1Jth .

to investigate this, we fixed the ridge width to W = 2 µm and tested the lasers
at different cavity lengths under both, SP W and QCW pulsed operations. Note
that different devices were testing from different laser bars and identical behavior is
observed.

4.3.1

QCW Mode

Fig.4.5 shows the cavity length effect of W = 2 µm ridge laser under the QCW
pulsed operation. Comparing Figs.4.5(b)-(c), and Fig.4.4(b), which correspond to
L = 0.6, 1.1, and 1.6 mm, show similar observation of spectra splitting under stimulated emission, with increasing current pumping. This shows analogues nature of an
extremely decoupled Qdash stacks of the short ridge-width active region, invariant
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Figure 4.6: Log IEL of the lasing spectra versus the current injection, for the long
(a) L = 1.6 mm and short (b) L = 0.6 mm cavity lasers under QCW operation.
The insets of (a) and (b) illustrates the conduction energy band model and filling
of the S15 dash states (cyan color) in different cavity lengths

of the laser cavity length. However, an earlier occurrence of spectra splitting in long
L = 1.6 mm (at ∼ 2.7Jth ) cavity laser is observed compared to the moderate L =
1.1 mm (at ∼ 3.4Jth ) and short L = 0.6 mm (at ∼ 4.2Jth ) cavity lasers. This is
plotted in Fig.4.5(a) against various cavity lengths. In addition, the current values
from the L-I curve, at which the first kink is observed, is also shown in the same
figure. A good agreement between both the current values (obtained from the lasing spectra and the L-I curve) further support the cause of decrease in the slope
efficiency to the spectral split due to enhanced photon re-absorption in the active
region. We postulate that this observation is a result of collective effect of different
parameters viz losses, non-linearity, thermal impedance, which all strongly depends
on the cavity length, apart from the possibility of higher order lateral modes emergence [106, 115]. Here, we qualitatively explain the decrease in the threshold of
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spectral split with increasing cavity length by correlating to the active region inhomogeneity and the quasi- zero dimensional DOS of dashes, and referring to Fig.4.6.
We plotted the IEL of the three dash groups following the wavelength boundaries of
dash ensembles discussed earlier (Fig.3.8(b)), for the short (L = 0.6 mm) and long
(L = 1.6 mm) cavity lasers. The onset of lasing from the long cavity laser is at ∼
1620 nm i.e. from the extreme lower energy transition edge of S15 dash ensemble,
implying that the photon re-absorption process has already started. In other words,
the generated photons by the higher transition energy S15 dashes (shown as cyan
color in Fig.4.6(a)) are being absorbed by the dominant S10 dashes. This is recognized from the early lasing threshold (∼ 1.6Jth ) of S10 dashes in Fig.4.6(a) since
they reach population inversion faster in this case. Therefore, feeding consequently
emerging S10 dashes and lasing simultaneously, probably, results in an early gain
saturation of S15 dash group which leads to quenching of their emission intensity,
on subsequent injection. This can be seen in Fig.4.6(a) as a relatively constant
IEL curve of S15 dashes starting from ∼ 2.7Jth , the point where gain saturation is
nearly reached, and eventually quenching because of inability to maintain the rate
of photon generation and loss due to inherent DOS characteristics.
In the case of short cavity device (L = 0.6 mm), the lasing is initiated from the
central transition energy of S15 dash stack (∼ 1613 nm) which leaves more number of
lower transition energy S15 dashes to attain population inversion first while feeding
the S10 dash group (shown as cyan color dashes in Fig.4.6(b)). Therefore, the lasing
threshold of S10 dash ensemble is observed at comparatively large current value (∼
3.0Jth ) in Fig.4.6(b) once nearly entire S15 dash ensemble simultaneously recombine
in the system. Eventually, S15 dashes attaining gain saturation (and subsequently
quenching), in this case, is at comparatively large pumping values (at > 4.0Jth ) once
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Figure 4.7: Effect of cavity length under SP W operation, on the lasing spectra of
the CQD W = 2 µm ridge laser under low (a) 1.1Jth , and high (b) 6.0Jth current
injection. The shaded regions in (a) and (b) correspond to the emission boundaries
of the dash ensembles, obtained from Fig.3.8(b).

enough S10 dashes reach population inversion. Note that the IEL of Fig.4.6(b) is
not accurate since the device heating is appreciable in this case compared to L = 1.6
mm case. The objective of showing this figure is just to explain the device physics
qualitatively. In general, the inhomogeneous broadening of the system, DOS of
dashes, and the carrier feeding (via optical pumping) mechanism determines this
anomalous behavior of the lasing spectra in QCW operaiton.

4.3.2

SPW Mode

We have shown that W = 2 µm ridge lasers probably exploits the entire inhomogeneity across the Qdash stacks under the SP W operation. However, as discussed
earlier in the QCW mode, dependence of the lasing operation on the cavity length
cannot be disregarded. This can be noticed from Fig.4.7 wherein the cavity length
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dependent lasing spectra at low (1.1Jth ) and high (6.0Jth ) current injections are
plotted. Onset of lasing threshold from different dash ensembles (Fig.4.7(a)) and
a broad spectral coverage (-25 dB bandwidth) of > 60 nm (Fig.4.7(b), and for L
> 0.36 mm) is apparent for various cavity lengths. Notice that the broadest lasing
linewidth (FWHM) appears from the intermediate cavity length lasers (L = 0.83
and 0.7 mm) whose lasing threshold originate from the central transition energy of
the middle S15 dash stack once compensating for the total loss of the system (α).
We ascribe this enhanced broad emission to the non localized inhomogeneity across
the Qdash stacks i.e. carrier access to the either side of the widely distributed Qdash
optical-transition energies (with overlapping DOS tails) in this extremely decoupled
Qdash system. In other words, availability of both S20 and SW15 dash ensembles
for carriers to occupy, on increasing current injection, which leads to simultaneous
lasing from all the dash stacks and broadening of the spectra. In the case of long
(short) cavities, the carriers are probably restricted by fewer DOS at lower (higher)
dash optical-transition energies owing to their onset of lasing from the S10 (S20)
dash stacks, thus hindering to exploit the complete inhomogeneity of the active
region.
Three distinct emission humps in the SP W mode lasing spectra has been observed in all the cavity length lasers (L > 0.45 nm) under high current injection,
emerging from the three Qdash groups. On progressive increase in the pumping
current, appreciable overlap of the S15 and S10 emission lobes is observed in all the
cavity lengths (Fig.4.7(b)), suggesting uniform distribution of dash electronic states
among these highly inhomogeneous stacks. However, an imprecise overlap of S20
spectral lobe with some distinct spectral modulations and visible FP resonances,
even at high injections, demonstrates photon re-absorption process occurring in the
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Figure 4.8: (a) Room temperature L-I characteristics of 15×1600 µm2 CQD oxidestrip laser at different pulsed operation. The corresponding progressive lasing spectra with increasing injection current density in the (b) QCW and (c) SP W operation. The top inset of (a) shows the modal gain of the W = 15 µm versus the
threshold current density, obtained with devices of different cavity lengths (L = 0.25
to 3.0 mm), and the bottom inset correspond to the SEM image of the laser diode.
The ideality factor and internal loss are fixed at γ = 3 and αi = 11 cm−1 , respectively. In all the cases, the injection current density is varied from 1.0Jth , 1.1Jth ,
and 1.25Jth to 5.0Jth in steps of 0.25Jth . Similar single spectral lobe lasing operation
is observed from all the cavity lengths tested in the both the pulsed operation.

system. This has been assessed in the previous chapter, for the L = 0.83 mm laser
cavity, by observing the IEL of each dash ensemble separately. The qualitative
explanation provided upholds for all the cavity lengths L > 0.45 nm since similar
behavior of the IEL of different dash ensembles is observed for entire cavity length
cases. Moreover, the weak kinks in the L-I characteristics of these cavity lengths,
which is representative of photon re-absorption in the system, are in good agreement with the onset threshold current density of their respective spectral side lobes.
Because this pulsed operation being carrier sufficient system (with no appreciable
spill-over of carriers), all the dash ensembles would be able to maintain the rate of
photon generation and absorption within the system and therefore no quenching of
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the middle wavelength longitudinal modes is observed. Now, the carriers are more
effectively captured by the other dash groups leading to an ultra broad emission
from this chirped active region device.

4.4

Broad Area Laser Characterization

The behavior of Qdash gain media in the broad area lasers is understood by referring
Fig.4.8 which correspond to a 15×1600 µm2 long CQD laser diode. In the SP W
mode (Fig.4.8(c)), a typical broadening of lasing spectrum along with a smooth L-I
curve is observed. Fig.4.8(b) shows an appreciable red shift in the lasing spectra,
which corresponds to the QCW mode, and an early optical power roll-off dictating
excessive device heating in this case due to the large W (decrease in laser cavity
length to strip width ratio [31, 116]). Nevertheless, a single broad linewidth laser
emission in both the pulsed operations at intermediate injection suggests that multiple and dissimilar wavelength emission from different Qdash ensembles is inhibited
in this case, probably due to phonon assisted carrier tunneling, as discussed earlier.
To understand the cause of this observation, we analyzed the gain profiles of the
active region utilizing the cavity length threshold current density dependence of
the modal gain (see inset of Fig.4.8(a)). The ηi and αi , obtained in this case from
different cavities, is similar in value (∼ 85 % and 11 cm−1 , respectively) to that
obtained in the ridge-waveguide lasers. Again, two gain curves are observed in this
case, on fitting the gain expression (Eq.3.1) with the experimental data of SP W
pulsed operation. The obtained values of Jtr (gsat ) of the S10 + 15 and S20 dash ensembles in the SP W mode are 1.6 kA/cm2 (40.0 cm−1 ) and 2.0 kA/cm2 (60.0 cm−1 ),
respectively. These extracted parameters are in good agreement with the values
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obtained from different ridge-width lasers, showing the consistency of our analysis,
even for the QCW operation (not shown) which also showed uniformity in the Jtr
and gsat parameter values. Moreover, observation of two peak lasing spectra at near
threshold current values, in both the pulsed operation (sharp in the SP W mode
and weak in the QCW mode), further validate our attribution of two dash groups
governing the lasing operation. Eventually, a single broad emission is achieved at
high injection suggesting simultaneous recombination of carriers from some what
uniformly distributed dash states among both the dash families, attaining a lasing
bandwidth of ∼ 20 nm in the SP W mode. Therefore, our detailed analysis of CQD
lasers under different optical wave guiding schemes show that for W > 4 µm, the
active medium is dominated by only two groups of Qdashes which limits the inhomogeneous broadening of the active region (coupled Qdash system) and eventually
the lasing bandwidth.

4.5

Summary

In summary, varying the ridge-width from W = 2 µm to W = 4 µm showed quenching of ultra broad lasing signature in the SP W operation, and is consistent even
for a wide W = 15 µm oxide strip broad area laser diode. Moreover, the width
of the gap separating the two color spectra, under the QCW mode, decreases with
increasing ridge-width and disappears for W ≥ 4 µm, thereby discarding the role of
device height, or lateral cavity formation, accountable for this anomalous spectral
behavior. We qualitatively realized this varying emission profile by associating it to
the reduced vertical coupling effect of the Qdash stacks in the operation of small
ridge lasers compared to large ridge-width and oxide stripe lasers, and leading to

128
varying non-uniform distribution of carriers among the inhomogeneously broadened
Qdash stacks in each case. Moreover, our results suggest that the chirped InAs/InGaAlAs Qdash structure with broad two color emission profile could further narrow the pulse width generation in passive mode locking mode, as observed in the
Qdots [109], thereby forming a viable platform for ultra-short pulse generation.
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Chapter 5
Quantum Dash Superluminescent
Diode Characterization
This chapter deals with the investigation of chirped Qdash device structure in the
ASE regime, through fabrication and characterization of broad area SLDs. Section.5.1 provides an introduction to long wavelength broadband SLDs and different
material platforms and techniques employed for achieving high performance devices.
The device structure, fabrication, and testing conditions are discussed in Section.5.2
and the investigation results under SP W and continuous was CW current operations are reported in Section.5.3. Finally, the outcomes of the study is recapitulated
in Section.5.4.

5.1

Introduction

Superluminescent diodes (SLDs or SLEDs) has diverse applications in metrology,
spectroscopy and sensing, imaging, apart from optical communication applications
such as a tunable source, short pulse generation, broadband light sources in wavelength division multiplexed systems, etc. [15, 81]. The matured GaAs system was
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the favorite contender for realizing these devices because of their wavelength span
offering reduced loss and dispersion in imaging biological samples with better image
quality. In addition, it is well known that the axial resolution and sensitivity of
OCT systems is a function of the associated broadband light source’s spectral width
and power, thus, it becomes important to enhance the power and bandwidth of
SLD devices simultaneously [14, 15]. Various approaches have been successfully attempted to achieve this target via self-assembled InAs/GaAs Qdot active region and
exploiting their natural inhomogeneous broadening which enhances the gain profile
and hence, the spectral width of SLDs. Under the category of pre-growth bandgap
engineering, chirping the energy levels of the multi-layer Qdots [27,82,117], altering
the growth conditions to induce large dot size dispersion [89], hybrid Qwell/Qdot structures [92, 93] or using multi-contact device structures [118]. In general,
wide-emission bandwidth of ∼ 100 − ∼ 200 nm with power in few tens of mW is
demonstrated. Recently, post-growth bandgap engineering have found much attraction and an emerging technique to improve the SLD characteristics, particularly,
intermixing technique. Ultra-broad emission linewidth in the range of ∼ 200 − ∼
300 nm are reported, utilizing rapid thermal annealing [84], selective area intermixing [83], and modulation p-doped multi-section device intermixing [119]. This
highlights the potential of self-assembled growth technology in realizing broadband
semiconductor devices.
Recently, broadband devices spanning C−L−U bands have found to be other
attractive candidates because of their broader cross-disciplinary field applications,
particularly, in monitoring environmental health, managing emission of green house
gases and hazardous chemicals sensing [8], apart from high resolution optical measurements systems. For instance, CO, CO2 , NH3 , CH4 , etc., have their absorption
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peak within this window, besides minimal fiber absorption loss. SLDs emitting at
∼ 1.5 µm have already been reported, more than a two decades ago, based on the
dominant InGaAsP/InP Qwell active region device design. On this very matured
material system, the finest as grown SLDs characteristics reported, to the best of
our knowledge, are ∼ 20 mW (∼ 130 nm) and ∼150 mW (∼ 40 nm) output power
(emission bandwidth ) with ∼ 0.2 dB and < 2 dB spectral ripple, under CW operation [120, 121]. With selective area growth technique, a CW output power of 100
mW with 61 nm bandwidth and 0.3 dB ripple is recently reported [122, 123].However, the thrust to enhance the efficiency and to achieve comparatively flat emission
bandwidth, which is rather limited in Qwell active region [15], lead to the exploration
of the self assembled growth process on InP platform in the form of Qdashes that
acquire mixed features between Qdots and Qwells, spanning GS emission around
∼ 1.4−2.0 µm. Our group was the first to demonstrate wideband emission from
InAs/InP Qdash SLDs spanning ∼ 110 nm and output power ∼ 1.5 mW in pulsed
operation, utilizing the natural inhomogeneity of the fixed barrier multi-stack Qdash
active region [81].
In this work, we explore an intentionally inhomogeneously broadened chirped
dash-in-a-well active region in the SLD device environment. The highly dispersed
optical transitions is achieved by varying the InGaAlAs barrier layer thickness in the
multi-stack InAs Qdash active region [100]. Although, there has been extensive work
going on to extend the wavelength of GaAs based devices by modifying the active
regions [124], yet the results fall far behind the practical requirement. The InAs/InP
chirped Qdash p − i − n SLDs are tested under SP W and (CW ) current operations.
Under pulsed mode, our SLD exhibited high performance with output power > 20
mW , < 0.3 dB ripple, and >90 nm emission bandwidth (FWHM), centered at ∼
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1.55 µm. In the CW mode, we demonstrated the possibility of combining emission of
Qwells and Qdashes in the dash-in-a-well active region in realizing an extraordinary
emission bandwidth of > 700 nm at high injections. Emission of ∼ 1.35 − ∼ 1.75
µm (E− to U− bands) by Qdashes, and ∼ 1.2 − ∼ 1.35 µm(O−band) by Qwells, led
to the realization of > 900 nm spectral width (-30 dB bandwidth). An output power
of as high as 1.3 mW is achieved from this device structure at room temperature.
Our results further validate the co-existence of Qwells and Qdashes in a dash-in-awell heterostructure, and may lead to an entirely different active region for realizing
ultra-broad emission band devices by optimized bandgap engineering.

5.2

SLD Device Structure

The chirped Qdash device structure employed for SLD fabrication and characterization is discussed in Chapter.3. We have utilized a piece of the same device
expitaxy wafer for both, laser and SLD characterizations,and adopted the device
design based on gain−absorber section to minimize optical feedback from the rear
facet. The oxide-strip broad area SLDs were fabricated using the standard laser
fabrication process (Appendix.A). Later, Focused Ion Beam (FIB) technique is used
to ablate (remove) the p-metal and the highly doped contact layer (see Figs.3.1
and 3.5), to form the isolation between the gain section (pumping section) and the
photon absorbing (PA) region. This is shown in Fig.5.1 by means of SEM images of
the isolation (bottom: left and middle) and Optical microscope images of the SLD
device (top: right and bottom: right). In addition, we also show the SEM image
of the device facet (top:left) from where the optical power was collected. The FIB
beam current and accelerating voltage utilized are 3 nA and 30 keV , respectively.
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Figure 5.1: Optical Microscope images of W = 20 µm SLD (top: right, and zoomed
version, bottom: right). SEM micrographs of the non-coated SLD facet (top: left),
and one (bottom: left) and two (bottom: middle) step FIB etching for isolation.

Furthermore, we employed two step etching process; first step ablates the p-metal
(Fig.5.1 bottom: left) while the second step etches away the highly doped 250 nm
contact layer (Fig.5.1 bottom: middle). The pumping section is the gain section
while the PA functions as an absorber to suppress the FP cavity formation (i.e.
suppressing lasing action). To assure proper isolation, we measured the resistance
between both sections and found to be in the order of ∼150 Ω, which is acceptable
as only ∼ 0.2−2% of the applied current to the gain section would enter into the PA
section. The PA section is a simple one dimensional optical waveguide with similar
core bandgap energy, hence, photons entering the PA section will disperse in lateral
direction and get absorbed by the Qdash active region. There are other SLD configurations reported in literature, for instance, tilted angle and anti-reflection coating
facets [15, 125], angled oxide strip length (i.e. waveguide configuration), integrated
with optical amplifier [118], with each possessing their own pros and cons.
For absorption measurements, we followed the technique described in [125] using multi-section devices and in ASE regime. 3×1000 µm2 size ridge-waveguide
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Figure 5.2: (a) Optical Microscope image (top) of ridge-waveguide multi-section
devices with section size 3×1000 µm2 . SEM micrographs of the one (bottom: left
and middle) and two (bottom: right) step FIB etching for isolation. (b) I-V characteristics of the each of the four sections corresponding to the multi-section device
of (a).

multi-section device was fabricated with 10 µm isolation between each section [116]
using the FIB technique. The SEM images of the isolation (with two step etching technique), and the optical microscope image of the multi-section device, are
shown in Fig.5.2(a). We assured that the resistance between the sections are in the
same order mentioned above for the SLD fabrication. Moreover, we checked the I-V
characteristics of each section and plotted the results in Fig.5.2(b). Note that the
I-V curves of all the four section completely overlaps confirming that the sections
are electronically identical. This is the requirement for the gain and absorption
measurements to be accurate and reliable [116, 125] .

5.3

Broad Area SLD Characterization

The non-facet coated SLD devices were tested on a brass heat sink using a thermoelectric cooler operated at room temperature, under SP W and CW operation, by
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Figure 5.3: (a) L-I characteristics of 20×1000 µm2 chirped Qdash SLD under pulsed
operation SP W operation, (b) progressive emission spectra with increasing current
density (step 4.0 kA/cm2 ), and (c) emission bandwidth and ripple as a function of
injection current density. The inset of (a) displays the spectrum ripple within 10
nm span centered at the central emission wavelength. The lines in (c) are guide to
the eye.

pumping only the gain section while the PA section was left unpumped. For spectral analysis, the optical power is butt-coupled into a standard multi-mode fiber,
even in absorption measurements, which is done only under CW mode. Spectral
modulations are observed in all the emission spectra, with relatively constant modulation period, owing to the external cavity formation between the device and the
fiber facets.

5.3.1

SPW Mode

Fig.5.3(a) illustrates the L-I characteristics of broad area 20×1000 µm2 chirped
Qdash SLD device, operated under SP W mode and at room temperature. The ASE
spectra measured at different injection current density (J) is shown in Fig.5.3(b).
An output power as high as > 20 mW was measured at > 20 kA/cm2 without
apparent power roll-off observation. The central emission at this injection is ∼ 1.55
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µm. The evolution of emission spectra indicates the progressive filling of the highly
dispersive Qdash GS, characterized by the increase in the bandwidth and blue shift
in the central emission wavelength (calculated by identifying the central wavelength
at FWHM). Fig.5.3(c) denotes the the SLD bandwidth and the ripple summary
under different injection levels. A bandwidth of as large as ∼ 90 nm is achieved, at
∼25 kA/cm2 , with high output power of ∼ 22 mW and extremely low residual FP
oscillations of ∼ 0.1−0.2 dB which is promising.
This high performance characteristics from our chirped SLD make it very attractive device platform for further advancing and realizing ultra-broadband semiconductor emitters. The theoretical coherence length of our SLD (LC = λ2 /∆λ) is ∼ 27
µm and the ASPD is ∼ 0.22 mW/nm, thus making it an attractive source for OCT
system [126, 127], particularly in dentistry and imaging bone-related diseases. It is
noteworthy to mention that the power values correspond to our no-coated single
facet results which could further be increased by various techniques, for instance,
facet coatings (anti-reflection coating), utilizing longer tapered and multi-section
devices [89], SOA in tandem with the SLD devices [118].
Notice the appearance small signal-to-noise ratio at the long wavelength side of
the emission spectra compared to the short wavelength extreme. This is due to the
low detection sensitivity of the Yokogawa 6370 optical spectrum analyzer that is
used in the analysis. Besides the broadening of ASE spectra with increasing injection current density, the degree of active region inhomogeneity could be estimated
from Fig.5.4(b) where we plotted the central emission wavelength as a function of
current density. A total blue shift of ∼ 42 nm, on increasing the pumping current
density from 3.0 kA/cm2 to 25 kA/cm2 is obtained. Moreover, the extended emission spectra of the SLD, depicted in Fig.5.4(a), showed some interesting findings.
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Figure 5.4: (a) Extended progressive emission spectra with increasing current density (step 4.0 kA/cm2 ), and (b) central emission wavelength as a function of injection
current density, for the 20×1000 µm2 SLD at SP W mode. The inset of (b) shows
the energy band sketch of the chirped Qdash active region. Orange, blue, and olive
colors correspond to the available states while red, cyan, and green correspond to
the occupied states that are recombining in the system, for the Qwell (QW), long(LD) and short- (SD) dash ensembles, respectively. The lines in (b) are guide to the
eye.

Two more emission humps at the short wavelength region in addition to the SLD
emission hump at ∼ 1.55 µm is observed. Comparing the emission energies of these
humps with the energy bands of the chirped SLD device structure, we postulate
that the shortest wavelength hump might be the result of radiative recombination
within the asymmetric Qwells, while the emission from the Qdashes is dominated
by two groups, similar to what has been postulated in the case of broad area lasers
discussed in Chapter.4. Observation of only two gain curves in the analysis of broad
area lasers and two emission humps in the ASE spectra of the SLD, further affirms
our attribution of only two dash ensembles (S10 + 15 and S20) dominating the
active region emission in the gain guided devices. As discussed earlier, we believe
that this might possibly due to accelerated carrier tunneling process among the dash
layers with thin barriers (that inherits large average dash height emitting at longer
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wavelengths) due partly to junction heating. Therefore, we ascribe the SLD emission bandwidth of ∼ 90 nm prevailing due exclusively from the S10 + 15 Qdashes
which are dominant. The emission wavelength is centered ∼ 1.55 µm, hence, might
find important application in the optical long haul communications. Moreover, the
blue shift of ∼ 42 nm observed in this case, is the due to the localized inhomogeneous broadening of S10 + 15 Qdashes. An energy band model sketch describing
the behavior of the active region, is shown in the inset of Fig.5.4(b). Although a
collective contribution of Qwell group (QW) emission, which includes all the Qwells,
and Qdash emission (comprising of S10 + 15 (LD) and S20 (SD) dash assemblies)
forms the overall SLD emission signature with very wide emission coverage (-30 dB
bandwidth) of > 900 nm at high injections, an emission intensity difference of > 30
dB between QW/SD and LD group annihilates Qwell and SD existence.
In general, the emission is dominated by the large height dashes (emitting at
longer wavelength) followed by short height dashes (emitting at shorter wavelength)
of S10 + 15 dash assembly, with increasing current injection density. Once the rate
of photon generation by shorter dashes exceeds the photon absorption by larger
dashes, the intensity related to these quantized states starts to increase and hence
blue shifts the emission spectra, in addition to broadening (simultaneous emission
from larger and shorter dashes of S10 + 15 dash group ) the emission bandiwdth.
This is highly possible in an inhomogeneous active medium with overlapping DOS.
If the radiate efficiency of SD and QW becomes comparable to that of LD efficiency,
then, a collective emission might lead to extremely ultra-broad emission bandwidth
(> 200 nm) and high power from this device structure, concurrently. Therefore, a
proper optimization of the device structure, might increase the SD gain and hence
broaden the SLD gain bandwidth.
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Figure 5.5: (a) Room temperature CW emission spectra of the fabricated 50×1000
µm2 chirped Qdash SLD at different injection current density. The inset shows the
spectra ripple within 10 nm from the central emission wavelength, at 2.0 kA/cm2 .
(b) The corresponding L-I characteristics, and (c) change in emission bandwidth and
the central emission wavelength with increasing injection current density. The left
inset of (b) shows the zoomed L-I curve at low injection while the right inset shows
the L-I characteristics of a 4×2500 µm2 SLD device, measured at room temperature
under CW operation. The lines are guide to the eyes.

5.3.2

CW Mode

Fig.5.5(a) shows the ASE output spectrum of the chirped 50×1000 µm2 Qdash SLD
device under CW operation. Increasing the current injection resulted in widening
of the spectral bandwidth (measured at FWHM) and the wavelength coverage. At
a drive current density of J = 2.0 kA/cm2 , a bandwidth of > 135 nm is achieved,
centered at ∼ 1.61 µm. The corresponding spectrum ripple over 10 nm spans from
the central wavelength is < 0.2 dB as shown in the inset of Fig.5.5(a). A maximum
output power of > 0.35 mW is achieved at this particular current injection, as
illustrated in Fig.5.5(b). A visible superlinear L-I curve (left inset of Fig.5.5(b))
depicts the transition from the spontaneous emission to the ASE regime. All these
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Figure 5.6: Energy band model sketch of the chirped Qdash SLD showing the dominant emissions from Qwell (QW), long- (LD) and short- (SD) dash assemblies, at
(a) low, (b) moderate, and (c) high current injection density. Orange, blue, and
olive colors correspond to the available states while red, cyan, and green correspond
to the occupied states that are recombining in the system, for the QW, LD and LD,
respectively.

characteristics, in addition to no sharp thermal roll-over of the L-I curve, make this
device a very attractive broadband emitter. Furthermore, we were able to achieve
a maximum power of ∼ 1.3 mW from 4×2500 µm2 rigde-waveguide SLD (shown
in the right inset of Fig.5.5(b)) with a single pass amplification of spontaneous
emission, and similar ultra-broad emission spectrum profile but at comparatively
larger injection current density values. The increase in the power value by a factor
of four highlights the capability of our bandgap engineered active region (when
compared to the broad area SLD power under CW operation). It is to be noted
that the power and bandwidth improvement could be further achieved by utilization
of different device schemes, discussed in the last section. The effect of increasing the
injection current on the emission bandwidth and the central emission wavelength
is shown in Fig.5.5(c). We noted an extraordinary broad wavelength coverage of >
900 nm from our device at J = 2.0 kA/cm2 , a direct effect of chirping the active
layer which leads to enhanced inhomogeneous broadening. In this current operation
also, the spectra consists of three visible emission humps (marked by dashed lines
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in Fig.5.5(a)) at ∼ 1.22 µm, ∼ 1.41 µm, and ∼ 1.61 µm, dictating the existence
of three dominant energy groups in the active region which we have attributed
to the emissions originating from the QW, SD, and LD ensembles, respectively,
as illustrated in an energy band model sketch in Fig.5.6. We already postulated
that the 10 nm and 15 nm Qdash stacks probably works collectively under the
CW operation, constituting the LD dash ensemble while the 20 nm Qdash stack
correspond to the SD assembly.
Fig.5.5(a) depicts that the LD ensemble basically dominates the ASE spectra
at low injections (J ≤ 0.5 kA/cm2 ). This could be understood qualitatively by
referring to the energy band model at low injection (Fig.5.6(a)). In a Qdash active
medium with highly dispersive dash sizes, the emission preferentially occur in SD
assembly due to their inherent dot-like characteristics viz. small active gain volume,
tighter lateral carrier confinement, lower modal gain. However, the LD ensemble,
i.e., larger active volume, has higher modal gain due to large optical power filling
factor and small transition energies, and therefore absorbs the high energy photons
from the SD groups thereby dominating the emission operation. This is visible as
a single ∼ 1.61 µm emission peak at low injection. Note that a small blue shift in
the central emission wavelength is observed with increasing injection (Fig.5.5(c)).
This is probably caused by competition between the two dash groups with increased
collective emission. Another possible reason could be the band filling effect of localized energy states of the dash groups leading to the broadening and blue shifting
of the spectra. At moderate injection (0.5 kA/cm2 ≤ J ≤ 2.0 kA/cm2 ), a clear
red shift in the central emission wavelength is a signature of dominating LD ensemble as more number of dashes starts to recombine in the system. This in turn
increases the photon re-absorption process i.e. increased carrier feeding mechanism
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via optical pumping of LD group from the SD group. Nevertheless, under this current injection regime, radiative emission from the SD group starts to appear in the
spectra (emission hump at ∼ 1.41 µm). Moreover, emission from Qwells are also
legible in this regime, as shown in Fig.5.5(a), and sketched in Fig.5.6(b). This is
readily possible if the system is carrier sufficient, i.e. sustaining emissions from all
the quantum-confined nano-structures once exceeding the carrier feeding (via optical pumping) process among themselves. More interestingly, at high injections (J
> 2.0 kA/cm2 ), the efficiency of Qwells increases where as the emission from dash
ensembles tend to saturate. At J > 5.0 kA/cm2 , the emission probably indicates
that all the possible optical transitions of both dash ensembles have been saturated
and the spectra completely represents entire dash size distribution, in addition to
the short wavelength Qwell emission, leading to an astonishingly extremely wide
bandwidth of > 600 nm, while maintaining a signal-to-noise ratio of > 20 dB. The
emission mechanism in this injection regime is depicted in Fig.5.6(c). The realization of the huge emission bandwidth is possible when the quantum efficiencies of
all the quantum-confined nano-structures is comparable, in other words, equivalent
rate of carrier recombination. In addition, the broadening of the short wavelength
emission hump and the red shift of the SD and LD groups emission wavelengths,
is partly attributed to the simultaneous emission form different asymmetric Qwells,
and the emission from increasing number of shorter transition energy dashes from
both the dash ensembles, respectively, as illustrated in Fig.5.6(c).
However, in the CW operation, and at high current injections, the emission
mechanism is also influenced by the junction heating that would affect the localized
distribution of carriers within the dash stack, and among the stacks, probably due to
thermionic carrier escape [11]. This thermally activated carriers from dashes could
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Figure 5.7: Comparison of the photoluminescence spectra of the QWS and CQD
samples with the ASE spectrum of the 50×1000 µm2 chirped Qdash SLD, at 77
K. The excitation power density value of the PL samples, and the injection current
density of the SLD are shown in the figure.

possibly recombine in the Qwells (pumping of Qwells), thus, reducing (increasing)
the quantum efficiencies of dash assemblies (Qwells). The carriers may also depopulate from the Qwells to the adjacent Qwell before recombining. In general, the
thermal effects together with the dash-in-a-well active region is responsible for the
observation of > 700 nm emission bandwidth at 5.6 kA/cm2 , with a total output
power of ∼ 0.30 mW . Note that a slow power roll-off is observed in our device.
Thermal effects are usually undesirable since it degrades the device performance,
however, in our case, we capitalize on this effect to pump the Qwells, thus showing
its benefit.
In order to confirm our attribution of the emission wavelength humps to different
quantum confined nano-structures in the active region, we carried out the PL and
absorption measurements. Fig.5.7 plots the PL from the CQD and QWS samples
at different excitation power densities, taken at 77 K. In addition, we also show
the 77 K emission spectra of the 50×1000 µm2 SLD at J = 3.0 kA/cm2 in the
same figure. The PL peak wavelengths of the CQD and QWS samplea at low (1.5

144

Figure 5.8: Comparison of (a) the absorption spectra and (b) the ASE spectrum of
the 50×1000 µm2 chirped Qdash SLD, at room temperature. The injection current
densities are show in the figure. The absorption measurements are done using a
multi-section device with each section size 3×1000 µm2 .

W/cm2 ) and high (3.0 kW/cm2 ) excitation power densities, agrees well with the
short (Qwell) and long (LD ensemble) wavelength emission humps, attaining values
∼ 1.17 µm and ∼ 1.52 µm, respectively. The weak emission at ∼ 1.36 µm overlaps
with the CQD sample’s short wavelength PL emission region, at high excitation
power density of 3.0 kW/cm2 , further substantiating the emission being contributed
by the SD dashes. A detailed PL analysis have already been done in Chapter.5.3.
In another experiment, we performed the absorption measurements of the CQD
sample at room temperature utilizing the multi-section ridge-waveguide device with
3×1000 µm2 section size, and compare with the broad area 50×1000 µm2 SLD
ASE spectra in Fig.5.8. Three peaks are apparent from the absorption curve, at
high injection. While the two long wavelength peaks persists even at low injection,
the short wavelength peak was only visible at high injections (J > 5.0 kA/cm2 ),
depicted in Fig.5.8(a). The peaks agree well with the room temperature emission
humps of the SLD ASE spectra, shown in Fig.5.8(b), further confirming the role of
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Qwells and Qdashes (SD and LD assemblies) in achieving an ultra-wide emission
bandwidth. Note that the peak loss value of the LD groups is far larger than the
SD group (> by 13 cm−1 ) compared to Qwells (> by 8 cm−1 ) suggesting that SD
groups gain is probably limited. Moreover, observation and competing absorption
peak loss from Qwells suggests that the current feeding via optical pumping mechanism is only possible at high injection currents, which is exactly what has been
observed in our SLD analysis. Therefore, our results call for a possible optimization
of the gain medium (properly bandgap engineering), perhaps dual 20 nm barrier
thickness dash stacks can be utilized, in addition to an optimized design of the
Qwell heights. Through monolithic integration of different bandgap gain sections
using multi-section device intermixing [128], the emission coverage could further be
increased. Moreover, a hybrid Qwell and Qdash structures seems to be an attractive
candidate for the same, recently, reported with Qdot active medium [93].

5.4

Summary

The chapter demonstrated the SLD device fabrication and characterization of chirped
barrier layer thickness Qdash hetero-epitaxial structure. A small footprint, simple
configuration, high performance SLD was realized from this new active region design, with ∼ 90 nm emission bandwidth, high output power ∼ 20 mW , and ultra-low
ripple, in the SP W pulsed current operation. In addition, we further demonstrated
quantitatively the co-existence of Qwells and Qdashes in our dash-in-a-well active
region SLD, under the CW operation. A spectra coverage and emission bandwidth
is extended to > 900 and > 700) nm, respectively, due exclusively to the collective comparable emissions from Qwells and Qdashes, covering the entire O− to U−
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communication bands. This demonstration shows the feasibility of attaining such a
wide emission bandwidth from a compact and single semiconductor device.
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Chapter 6
Closing Remarks
In the present study, the device physics of highly inhomogeneous self-organized
Qdashes were investigated with the aim of achieving ultra-broad emission from these
nano-structure under both, stimulated and amplified spontaneous emission regions.
The work was divided into two parts: modeling (which provided an insight to the
Qdash lasers via rate equation simulation approach) and experiments (where new
active region Qdash devices performances were characterized). Important findings
from this work has been summarized in Section.6.1. Concise significant contribution
and dissertation summary is provided in Sections.6.2 and 6.3, respectively. Lastly,
some ideas to extend the current work is highlighted in Section.6.4.

6.1

Conclusion

A generic qualitative model was presented to examine the static and spectral characteristics of InAs/InP Qdash lasers. The formulation incorporated a coupled set
of rate equations taking into account both inhomogeneous broadening due to dash
size fluctuation, and homogeneous broadening due to optical gain of a single Qdash,
and the longitudinal FP cavity modes, in addition to the unique DOS feature of the
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Qdashes. The role of cavity length and the number of stacking layers, on the lasing characteristics of the Qdash laser was numerically analyzed and compared with
various experiments. The theoretical predictions agreed well with the experimental
behavior of red shift in the peak lasing wavelength by increasing these parameters.
This was partly attributed to the implicit modification in the active region inhomogeneity on altering these geometrical parameters (increase in the active region
volume). In fact, it was explicitly shown that enhanced inhomogeneous broadening do resulted in the red shift phenomenon, besides increase in the threshold
current density and the lasing bandwidth. A qualitative model was also developed
to explain the unusual behavior of inhomogeneous Qdash, which comes from their
inherent characteristics of DOS, thus interpreting the device physics in a simple
manner.
Chirped active region Qdash heterostructure was proposed and demonstrated
via material and device characterization. The effect of additional Qdash optical
transitions in the multi-stack dash-in-a-well active region sample (CQD), achieved
by varying the thickness of the overgrown barrier layers, displayed broadened PL
linewidth compared to the fixed barrier thickness Qdash active region (FQD) counterpart. An enhancement in the FWHM by ∼50 nm is achieved, supported by
statistical dash height results obtained by the TEM micrographs, which showed
large average dash height variation from the thin overgrown barrier thickness layers and vice versa. Moreover, it was quantitatively shown that the dash dispersion
across the stacking layers plays a major role towards broadening of the PL linewidth
compared to the inhomogeneity of a single plane, via power dependent PL studies.
In order to study the behavior of the newly proposed Qdash active region at device level, ridge-waveguide and broad area FP laser diodes with variable ridge and
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oxide strip widths were fabricated and investigated in this work under two pulsed
operation. Ultra-broad lasing emission was observed from the short W = 2 µm
ridge-waveguide lasers under the SP W mode and at different cavity lengths. In
particular, demonstration of > 50 nm FWHM broadband stimulated emission from
the CQD 2×830 µm2 laser device with a total power (from two non-coated facets)
∼0.18 W , corresponding to an average ASPD of 3.5 mW/nm, substantiated this active region device design a step forward in achieving eventual ultra-broad emission
devices (with > 100 nm bandwidth). In addition, the device exhibited two times
improvement in slope efficiency and bandwidth, and 15% improvement in the characteristics temperature, compared to recently reported as-grown broadband Qdash
lasers. Visible FP resonances in the short wavelength regime of the stimulated spectrum was found, irrespective of the laser cavity, which is particularly attractive in
realization of multi-wavelength laser source and self-mode locked lasers. Intentional
extended inhomogeneity across the Qdash stacks and photon re-absorption (carrier
feeding via optical pumping) have been attributed to the enhancement of broadband
emission and other characteristics for this novel device design.
In the next part, peculiar lasing signature was observed from the narrow ridgewidth laser devices when subjected to QCW pulsed operation. Continuous energy
transfer between different dash ensembles initiated quenching of lasing action among
certain dash groups, and caused a reduced intensity gap in the lasing spectra with
the formation of two color lasing spectra. This atypical characteristics was found
to be consistent with different cavity lengths except longer cavities experienced
the spectral split at earlier current injection compared to shorter cavities. The
physical mechanism behind this anomalous observation was explained via a simple
qualitative model of carrier dynamics in a highly inhomogeneous Qdash active region
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(incorporating its unique DOS) and under carrier deficient system.
Investigation of the effect of ridge and oxide stripe width on the spectral characteristics of the LDs revealed interesting results. Strong dependence of lasing profile
on the device geometrical parameters, particularly, the width, implicitly indicated
unusual coupling among the Qdash stacking layers, thus affecting the active region
inhomogeneous broadening. The lasing bandwidth was found to decrease with increasing ridge/oxide-stripe width and the gain characteristics from large ridge/oxidestripe laser (W > 3 µm) were found to show only two curves compared to the W = 2
µm gain analysis that showed three gain curves. This influence of ridge/oxide-stripe
width on the behavior of Qdash active medium was partially explained through postulation of carrier tunneling or phonon assisted carrier tunneling process affecting
the cross talk efficiency of Qdash stacks. The increased communication between the
dashes of 10 nm and subsequently 15 nm barrier layers, with increasing ridge-width
(W > 3 µm), possibly due to increased junction temperature, quenched the active
region inhomogeneity and thus the lasing bandwidth. Study of (W > 3 µm FP
lasers under both the pulsed operation showed typical single lasing emission lobe
further affirmed the attribution of reduced inhomogeneous broadening of the active
region.
In the last set of experiments, the chirped Qdash active region device structure
was characterized under the ASE region by fabrication of broad area SLDs with
an integrated PA section. A simple but effective FIB milling technique was also
utilized for the formation of isolation between the gain and PA section, in the SLDs
and multi-section devices, and the uniformity was verified by the I-V characteristics. Under SP W pulsed operation, high performance characteristics from the SLD
device was demonstrated with ultra-low ripple, high power-bandwidth (∼ 20 mW
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and ∼90 nm), which resulted in an ASPD of 0.22 mW/nm. Further study of the
spectral characteristics revealed additional emission humps in the short wavelength
regime which stimulated to test the device under the CW operation for possible
collective emission. Indeed, an extra-ordinary emission bandwidth of > 700 nm and
coverage of > 900 nm, with an output power as high as ∼1.3 mW , was achieved
from the chirped active region device structure. The postulation of the short wavelength emission humps from Qwells and short average height dash assembly was
quantitatively verified by PL and absorption measurements.

6.2

Contributions in a Nutshell

The essence of this dissertation towards the advancements of science:
• presented a simple simulation model for qualitatively acquiring the Qdash laser
device physics.
• demonstrated the viability of chirped Qdash device structure in achieving practical high power-bandwidth-product devices by demonstrating:
– ever reported lasing bandwidth of > 50 nm from narrow ridge-width
Qdash laser.
– high performance (output power > 20 mW , bandwidth ∼90 nm, and <
0.3 dB ripple) broad area Qdash SLD in pulsed operation.
– extra-ordinary >700 nm emission bandwidth from broad area Qdash SLD
covering O− to U− bands in the CW operation.
• recognizing Qdash device physics via:
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– evidence of co-existence of Qwell and Qdash in dash-in-a well SLD device
structure.
– two color emission from narrow ridge-width Qdash laser in the QCW
operation.

6.3

Summary in a Nutshell

For non Electrical Engineering (EE) background personnel:
”The research work deals in developing novel energy efficient light sources in the
form of semiconductor lasers and LEDs, that forms an essential part of the global
society, continuously enhancing the standard of living via applications in medical
laser surgery, atmospheric metrology, and internet and mobile phone connectivity”

For EE background personnel:
”The research work deals in developing energy efficient novel NIR semiconductor
lasers and LEDs. Contrary to the conventional narrowband emission, the new findings of broadband emission from these devices, covering multiple wavelengths of the
electromagnetic spectrum, will bring significant breakthroughs in the field of medical
imaging, atmospheric metrology, bio-sensing and optical telecommunications”

For EE background personnel in the field of Photonics:
”The research work explores novel semiconductor LDs and SLDs in telecom window
by deliberately enhancing the quantum confined nanostructre active region optical
transitions. Enhanced ultra-broad stimulated and amplified spontaneous emission
bandwidths from this new class of devices will bring significant advancements in
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various cross-disciplinary field of medical imaging, spectroscopy and sensing, atmospheric metrology, apart from optical telecommunications”

6.4

Future Outlook

Looking down the road, semiconductor broadband emitters is expected to bring significant advances and impact to a variety of cross-disciplinary field application including optical telecommunications, spectroscopy and sensing, imaging, atmospheric
metrology, etc. In fact, the contributions of this dissertation is already a step forward in achieving this milestone. Based on the numerical and experimental results
acquired and assimilated in this work, some of the future directions are discussed.
Having studied the physical mechanism behind the interesting experimental results of Qdash lasers via the qualitative simulation model, it would be interesting
to understand the coupling effects among adjacent stacking layer, in the multi-stack
Qdash FP laser, on the lasing bandwidth. Incorporation of vertical coupling between adjacent Qdash stacks, in the rate equation mode, could provide more insight
to the carrier dynamics, and help in designing optimized chirped active region device design. In addition, dynamic characteristics of the Qdash lasers might also be
numerically explored with the aim of designing Qdash device structure for system
applications. Next, enhancing the qualitative rate equation model by bridging it
with proper energy band/DOS calculation [63,64], some how, would allow quantitative realization of Qdash lasers and SLDs, a significant step forward in the theoretical
research. This might also provide answers to various questions instigated from the
anomalous lasing operation with current injection, quenching of lasing bandwidth
with increasing ridge-width, from this class of chirped Qdash lasers, that was quan-
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titatively elucidated.
The two color emission from the Qdash laser under QCW pulsed operation requires more insight from the device physics perspective. Although, this anomalous
lasing behavior is observed for the first time, to our knowledge, further exploration
of the effect of other geometrical parameters, ridge height in particular, might lead
to a quantitative conclusion. Furthermore, measuring differential gain, linewidth enhancement factor, near/far field mode structure, junction temperature, of the lasers
should also provide important information with regards to the physical mechanism
behind this observation. Besides, analyzing the static and spectral characteristics
of lasers under different bandpass filters (coinciding with the various wavelength
boundaries of the Qdash ensembles) might also be beneficent. From our analysis
of the small ridge-width lasers, its apparent that our laser device might be selfpulsating, therefore, investigating the mode locking characteristics of this laser device might be of great interest since it has been shown that this kind of dual lasing
emission results in narrowing of pulse width in time-domain [109].
Based on the experimental results of this work, further optimization of the
chirped Qdash active region design is required since the device performance with
ridge-width W > 2 µm falls behind the expectations. Although, the exact reason for this behavior is not well understood, it is postulated that the dash layer
coupling intensifies as a function of ridge-width. Therefore, extending the lasing
bandwidth beyond 100 nm from a single Qdash laser diode calls for further optimization of the chirped Qdash active region device design. Under the pre-growth
bandgap engineering; (i) thin barrier layers (< 10 nm) embedded in a pair of Qdash
layers, with two such pairs, and separated by a thick barrier layer (∼ 20 − 30 nm)
is suggested [50]. Moreover, increasing the number of Qdash stacks is expected to
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broaden the active region inhomogeneity, hence, increasing the number of stacks is
another idea to explore. However, a systematic optimization of the active region
is required as more number of layers might increase the defect density and subsequently degrades the device performance. (ii) Exploring different novel active region
design such as including the emission from a Qwell, in a hybrid Qwell-Qdash structure could extend the emission bandwidth [93], (iii) designing a hybrid Qdot-Qdash
active region with Qdots (Qdashes) contributing to the short (long) wavelength
emission, and separated by a thick barrier layer (∼ 30 nm) are viable candidate as
the growth of InAs Qdots and Qdashes on InP substrate is now well established [4].
Under post-growth bandgap engineering; (i) monolithic integration of two or more
closely bandgap tuned sections in a multi-section device with single laser cavity, via
intermixing [128], the emission coverage could further be increased by concurrent
emission from both the sections under certain range of high current injections.

APPENDICES
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Appendix A
Fabrication Details
This fabrication details of the broad area and narrow ridge-waveguide lasers are
discussed in this appendix.

A.1

Broad Area Laser Fabrication

Sample cleaning
The samples are placed in the beaker and agitated first by acetone and then isopropyl
alcohol (IPA) for 5 minute in ultrasonic bath with a warming option. The process is
repeated until a cleanliness of < one particle per field of view on 100X magnification
was observed.

Insulation layer deposition
The mask used to fabricate the broad area usually has a small stripe width (few
10s of µm). Direct bonding or pumping such stripe is difficult, so a dielectric layer
is deposited so as to allow for large bondpads, and isolation of laser stripe and
containing only the p-type material at the top. Hence this layer eliminates the
problem of short circuits. A 200 nm of silicon diode (insulating material layer) is
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deposited using plasma enhanced chemical vapor deposition (PECVD). Ellipsometer
and reflectometer are used to make sure a good step coverage, which means that an
almost homogeneous thickness of SiO2 coats all the exposed surface of the sample.

Photolithography-1
Mask1: define laser stripe. This step is performed to open a contact window (stripe)
by dielectric etch back. This fabrication step is performed in the yellow region of
the cleanroom to ensure that only the exposed area of the UV radiation from EVG
6200 contact aligner is modified. In order to cover the vacuum of the contact aligner
and also to prevent any tweezer damage to the surface the sample is mounted on
the carrier wafer. The sample is pre-baked and dried with N2 gun and a positive
photoresist (AZ 5142) is spin coated at 3000 rpm for 30 sec to ensure a uniform
layer. Photoresist is then soft baked at 110

o

C for 2 min to remove solvent from

the resist. The mask that defines the laser stripe width is used. A cleaved edge of
the sample is aligned with the mask and the pattern is transferred to the photoresist
via exposing to a broadband UV dose of 90 mJ/cm2 . After exposure the sample
was developed in AZ 726 photoresist developer for 1 min, followed by a thorough
rinse in flowing de-ionised water (DIW) and dried with a N2 gun.Prior to SiO2 etch
back(to open contact window) the samples is placed in an O2 plasma asher for ∼1
min to remove any photoresist that may remain in the exposed or developed stripes.

Opening a contact window
The patterned dielectric layer on the sample is etched by inductively coupled plasma
system (ICP). An optimized recipe of 20 sccm of C4 F8 , 5 sccm of O2 ), RF of 1500 W ,
and ICP of 100 W are used. The sample is then etched for approximately 1 min,
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until the SiO2 is removed (etch rate approximately 200 nm/min). After etching
the sample is inspected under optical microscope to ensure that the dielectric is
completely removed from the top of the sample. During the etching process the
photoresist become very hard and resistant to acetone cleaning. Therefore, the
sample can be placed in O2 plasma asher for ∼5 min, followed by ultrasonic cleaning
in acetone and IPA as described earlier.

Photolithography-2
Mask 2 :bondpad formation and isolation. This step is performed so as to allow
the deposition of bondpads and hence isolation of one laser stripe from the other.
It follows identical steps and recipes of the Photolithgraphy-1 utilizing AZ 5142
photoresist and AZ 726 developer, followed by 2 min O2 plasma asher to make sure
there is no photoresist left along the side walls of etched dielectric.

p-Metal deposition
This process is done by sputtering a thin film of metal under high vacuum conditions
using magnetron sputtering (ESC sputter system). To form Ohmic contact to ptype GaAs Ti/Pt/Au (10/20/250 nm) is used where the Ti layer perofrms as an
adhesive layer. Prior to loading, the samples are placed in a 1:1 HCl:H2 O solution
for 20 sec, in order to remove native surface oxides. After deposition of the metals
the sample is placed in warm acetone for a process known as lift-off. During this
process the photoresist underneath the metal is dissolved in acetone thereby lifting
off the metal and leaving well defined metal contacts. The sample is then cleaned
using IPA and annealed at 380

o

C for 1 min using the rapid thermal annealing

process (Jipelec JetFirst 200) under N2 atmosphere, to drive the Ti/Pt in the upper
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semiconductor layer in order to reduce the metal/semiconductor barrier height,thus
reducing the voltage drop across the contacts.

Backside thinning and n-metal evaporation
Before back contact metallization the samples are thinned so that it can be cleaved
properly to get mirror facets, and to aid in heat sinking. The process is done by
protecting p-type contacts by two layers of thick photoresist and then the samples
are mounted on metal block with wax. The thickness of the sample is measured in
every corner to account for uniformity and wax thickness. The sample was thinned
down to 100 − 150 µm using diamond polisher with a coarse grain size of 30 µm
first, followed by fine grain size of 3 µm. After this process the sample was cleaned
with DIW and de-mounted on a hot plate. The sample is then cleaned with acetone
and IPA. Finally, if required, the sample is again mounted on a carrier wafer and
the n-contact metal is deposited on the polished back side by e-beam evaporator.
The n-metal consists of Au/Ge/Au/Ni/Au (14/14/14/11/250 nm). The sample is
again annealed at 360

o

C for 1 min to allow metal partly diffuse into the doped

semiconductor thereby facilitate a low resistance Ohmic contact.

Sample cleaving
The sample is cleaved into laser bars of various cavity lengths and the as-cleaved
mirror facets is obtained via notch and break technique of the motorized scribe tool
(Loomis LSD-100).
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A.2

Ridge-waveguide Laser Fabrication

The fabrication process of narrow ridge is similar to the broad area laser except the
narrow ridges (2,3, and 4 µm) are etched down to ∼2 µm (just above the active
region) before deposition of uniform dielectric. As there is an extra step of etching,
these processes need three photolithography steps, hence three mask set.

162

Appendix B
Publications
Following are the articles published from this research work.

Articles Submitted
International Journals
1. M. Z. M. Khan, T. K. Ng, and B. S. Ooi, ”High performance InAs/InGaAlAs
/InP quantum dash superluminescent diode at 1.55 µm ” IEEE Photonics
Technology Letters.
2. M. Z. M. Khan, T. K. Ng, and B. S. Ooi, ”High power quantum-dash-in-awell ridge-waveguide superluminescent diode with integrated photon absorber”
Electronic Letters.

Articles Published
International Journals
1. M. Z. M. Khan, T. K. Ng, C-S. Lee, P. Bhattacharya, and B. S. Ooi, ”Investigation of chirped InAs/InGaAlAs/InP quantum dash lasers as broadband
emitters” IEEE Journal of Quantum Electronics, vol. 50(2), pp. 51-61, 2014
2. M. Z. M. Khan, M. A. Majid, T. K. Ng, D. Cha, and B. S. Ooi, ”Simultaneous
quantum dash-well emission in a chirped dash-in-well superluminescent diode
with spectral bandwidth > 700 nm”, Optics Letters, vol. 38(19), p. 3720-3723,
2013.
3. M. Z. M. Khan, T. K. Ng, Chi-Sen. Lee, D. H. Anjum, D. K. Cha, P. Bhattacharya, and B. S. Ooi, ”Distinct lasing operation from chirped quantum-dash
laser”, IEEE Photonics Journal, vol. 5(4), p. 1501308, 2013.

163
4. M. Z. M. Khan, Tien K. Ng, C. S. Lee, P. Bhattacharya, and Boon S. Ooi,”
Chirped InAs/InP quantum-dash laser with enhanced broad spectrum of stimulated emission”, Applied Physics Letters. vol. 102, p. 091102, 2013.
5. M. Z. M. Khan, T. K. Ng, U. Schwingenschlogl, and B. S. Ooi, ”Spectral
Analysis of Quantum Dash Lasers: Effect of Inhomogeneous Broadening of
the Active Gain Region,” IEEE Journal of Quantum Electronics, vol. 48(5),
pp. 608-615, 2012.
6. T. K. Ng, M. Z. M. Khan, A. A. Al-Jabr, and B. S. Ooi, ”Analysis of CMOS
Compatible Cu-based TM-Pass Optical Polarizer”, IEEE Photonics Technology Letters, vol. 24(9), pp. 724-726, 2012.
7. M. Z. M. Khan, Tien K. Ng, Udo Schwingenschlogl, and Boon S. Ooi, ”Effect
of the number of stacking layers on the characteristics of quantum-dash lasers”,
Optics Express, vol. 19, no. 14, 2011.
8. M. Z. M. Khan, Tien K. Ng, Udo Schwingenschlogl, and Boon S. Ooi, ”Modeling the lasing spectra of InAs/InP Quantum Dash Lasers”, Applied Physics
Letters, vol. 98, p. 101105, 2011.
International Conferences
1. M. Z. M. Khan, Tien K. Ng, and Boon S. Ooi, ”Wide gain bandwidth InAs/InGaAlAs/InP quantum dashes for broadband emitter applications”, 225th Electrochemical Society’s Seventh International Symposium on Integrated Optoelectronic, USA, May 2014. (Invited Talk)
2. M. Z. M. Khan, M. A. Majid, Tien K. Ng, and Boon S. Ooi, ”High Performance InAs/InP Quantum-Dash Superluminescent Diode at 1.55 µm”, IEEE
Photonics Conference (IPC) 2013, USA, Sep 2013.
3. M. Z. M. Khan, T. K. Ng and B. S. Ooi, ”Broad Gain InAs/InP QuantumDash Based Broadband Emitters”, International Meeting on Frontiers of Physics
(IMFP) 2013, Malaysia, Aug 2013. (Invited Talk)
4. M. Z. M. Khan, Tien K. Ng, and Boon S. Ooi,” Chirped InGaAlAs barrier
thickness InAs/InP quantum-dash nanostructures for broadband emitters”,
International Conference on Materials for Advanced Technologies (ICMAT)
2013, Singapore, June/July 2013.
5. M. Z. M. Khan, Tien K. Ng, C. -S. Lee, P. Bhattacharya, and Boon S. Ooi,”
Extremely wide lasing bandwidth from InAs/InP quantum-dash ridge-waveguide
laser near 1.6 m”, Conference on Lasers and Electro-Optics (CLEO) 2013,
USA, June 2013.

164
6. M. Z. M. Khan, Tien K. Ng, and Boon S. Ooi,” Numerically Investigating the
cause of Broadband Lasing from InAs/InP Quantum-dash Laser”, International Conference on Electronics, Communication, and Photonics (SIECPC)
2013, Saudi Arabia, April 2013. (Best Student Paper Award: Oral)
7. M. Z. M. Khan, Tien K. Ng, C. -S. Lee, P. Bhattacharya, and Boon S. Ooi,”
Effect of optical waveguiding mechanism on the lasing action of chirped InAs/AlGaInAs/InP quantum dash lasers Laser ”, SPIE Photonics West 2013, USA,
Feb 2013.
8. M. Z. M. Khan, Tien K. Ng, C. -S. Lee, P. Bhattacharya, and Boon S. Ooi,”
Influence of Vertical Coupling on the Lasing Operation of Quantum-Dash
Laser ”, Photonics global conference (PGC 2012), Singapore, Dec 2012.
9. M. Z. M. Khan, Tien K. Ng, C. -S. Lee, P. Bhattacharya, and Boon S. Ooi,”
Emission Dynamics of InAs/InP Quantum-Dash Laser”, Asian communication
and photonics conference (ACP), Guanzhou, China, Nov 2012.
10. M. Z. M. Khan, T. K. Ng, U. Schwingenschlogl, and B. S. Ooi, Theoretical
Observation of Two State Lasing from InAs/InP Quantum-Dash Lasers, International conference of numerical simulation of optoelectronic devices (NUSOD
2011), Rome, Italy, Sep 2011
11. M. Z. M. Khan, T. K. Ng and B. S. Ooi, ”Effect of Carrier Relaxation Lifetime
on the Performance of InAs/InP Quantum-Dash Lasers,” International conference on high-capacity optical networks and emerging technologies (HONET
2011), Riyadh, Saudi Arabia, Dec 2011.
12. M. Z. M. Khan, Tien K. Ng and Boon S. Ooi, ”Recent progress on broad gain
InAs/InP based quantum dash/dot lasers ” International conference ICMAT
2011, Singapore, April 2011. (Invited Talk)
13. Tien K. Ng, M. Z. M. Khan, and Boon S. Ooi, ”Integrated Cu-based TMpass Polarizer using CMOS Technology Platform”, Photonics global conference
(PGC 2010), Singapore, Dec 2010.
14. M. Z. M. Khan, Tien K. Ng, Udo Schwingenschlgl and Boon S. Ooi, ”The
Influence of Quantum-Dash Height on the Differential Gain and Linewidth
Enhancement Factor of InAs/InP Quantum-Dash Lasers”, International conference HONET 2010, Egypt, Dec 2010.
15. M. Z. M. Khan, Tien K. Ng and Boon S. Ooi, Effect of active medium inhomogeneity on lasing characteristics of InAs/InP quantum-dash lasers, Photonics
global conference (PGC 2010), Singapore, Dec 2010. (Best Student Paper
Award: Oral)

165
16. M. Z. M. Khan, Tien K. Ng and Boon S. Ooi, Characteristics of Quantum
Dash Laser under the Rate Equation Model Framework, International conference of numerical simulation of optoelectronic devices (NUSOD 2010), Georgia, USA, Sep 2010.

166

References
[1] “Supercontinuum generation in photonics crystal fibers,” NKT Photonics Application Note, vol. 2, 2009.
[2] M. Sugo, H. Suzuki, and Y. Kondo, “Applications of telecom light sources to
non-telecom fields,” NTT Technical Review, vol. 3, no. 8, 2005.
[3] Y. Kondo, M. Asobe, and H. Hoohashi, “Light source technologies for sensing
applications,” NTT Technical Review, vol. 7, no. 1, 2009.
[4] C. J. Gilfert, “High-speed semiconductor lasers based on low-dimensional active materials for optical telecommunication,” Ph.D. dissertation, Universität
Kassel, 2012.
[5] E. F. Schubert, Light Emitting Diodes. Cambridge, UK: Cambridge University Press, 2007.
[6] L. J. Martinez, B. Alén, I. Prieto, D. Fuster, L. González, Y. González, M. L.
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