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ABSTRACT
High-Speed GaN-Based Distributed-Feedback Lasers and
Optoelectronics
Jorge A. Holguín Lerma

Gallium nitride (GaN) is a semiconductor material highly regarded for visible light
generation since it provides the most efficient platform for compact violet, blue, and
green light emitters, and in turn, high-quality and ubiquitous white lighting. Despite
this fact, the potential of the GaN platform has not been fully exploited. This
potential must enable the precise control in the various properties of light, realizing
functions

beyond

the

conventional.

Simultaneously,

the

field

of

the

telecommunications is looking for candidate technologies fit for wireless
transmission

in

the

next

generations

of

communication.

Visible

light

communication (VLC) may play a significant role in the future of the last mile of the
network by providing both a fast internet connection and a high-quality illumination.
Hence, a variety of optoelectronic platforms, including distributed-feedback (DFB)
lasers, superluminescent diodes (SLDs), and multi-section lasers, can be used to
exploit the full potential of GaN while offering unprecedented solutions for VLC and
other applications, such as atomic clocks, high-resolution fluorescence
microscopy, and on-chip nonlinear processing at visible wavelengths. This
dissertation demonstrates green and sky-blue DFB lasers based on GaN, with
resolution-limited single-mode emission at wavelengths around 514 nm and 480
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nm, side-mode suppression ratio as large as 42.4 dB, and application to up to 10.5
Gbit/s data transmission. Preliminary observations of DFB lasers with emission
close to the Fraunhofer lines are presented, offering a pathway for low-background
noise applications. Blue-emitting SLDs are used to demonstrate a 3.8 Gbit/s
transmitter while achieving spectral efficiency of up 118.2 (mW・nm)/(kA/cm2) in
continuous-wave operation. Visual quality is confirmed by coherence length and
white light generation. Short-wavelength SLDs have the potential for higher
resolution and fluorescence excitation in classical optical coherence tomography
and fiber gyroscopes. The demonstration of a two-section green laser diode is
presented, achieving coupled-cavity lasing at wavelengths of 514 nm based on an
integrated green laser–absorber in self-colliding pulse configuration, operated in
continuous-wave electrical injection. The integrated laser offer potential for modelocked and Q-switched lasing. The integrated laser is suitable for reconfiguration
where laser–modulator, laser–absorber, and laser–amplifier are proposed and
investigated at green wavelengths.
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1 Introduction

Semiconductor materials, including gallium nitride (GaN) [1] are in the center of
the world’s top research and development. This is because semiconductors drive
today’s most important technologies, especially in computation, data transmission,
and illumination [2]. GaN is highly regarded for visible light generation since it
provides the most efficient platform for compact violet, blue and green light
emitters, and in turn, high-quality white lighting. Indeed, the Nobel Prize in Physics
of 2014 was awarded to Prof. Isamu Akasaki, Prof. Hiroshi Amano, and Prof. Shuji
Nakamura for the invention of the efficient GaN blue light-emitting diode (LED) [3].
These LEDs have enabled the most efficient white-light sources of the last
decades. The invention of the efficient GaN LED around 1994 [4], has eventually
led to achieving the GaN laser diode in 1996 [5] and the less known
superluminescent diode (SLD) in 2009 [6], [7]. Despite these milestones, it can be
argued that GaN-based emitters have not developed their full potential yet. The
realization of single-frequency lasers, integrated lasers, or photonic integrated
circuits, which remain at an early stage or unknown for GaN, could unleash the full
potential of this semiconductor.
At the same time, there is another front of technology under buzzing development:
the fifth generation (5G) of the communication network is being deployed [8]. The
5G network requires numerous access points due to the physical blockade of the
signals in the millimeter and microwave spectrum. Although there are no
conclusive remarks, the increased number of antennas raises concern about
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excessive microwave radiation [9], which could become even worse for beyond5G networks. All these physical considerations are seeding the search for alternate
technology capable of a synergic integration with the existing infrastructure,
complementing radio and microwave technology, while providing a high-speed
delivery for users in the last mile of an ever-growing interconnected network. A
candidate for achieving this goal is the wireless data transmission using light, also
known as optical wireless communication [10]. This optical communication exploits
the vast and unlicensed light spectrum from the ultraviolet to the infrared. As
compared to the standard radio and microwave frequency band, the light spectrum
offers more than a thousand times greater bandwidth resources without direct
electromagnetic interference and low underwater absorption. Within the framework
of optical wireless communication, the use of visible light communication (VLC) is
attractive to enable simultaneous illumination and data transfer [11]–[14]. Here is
where the development of high-speed GaN-based emitters, including those
missing components such as single-frequency lasers, become relevant for the
present and future of the interconnected world, comprising the internet of things,
the internet of underwater things, and beyond.
Conventional GaN LEDs have already empowered VLC data links bringing highspeed data, low-cost elements, and immunity to direct electromagnetic
interference. Thanks to advanced modulation technology, data transmission
speeds of hundreds of Mbit/s or even several Gbit/s have been achieved with a
single LED source [15]. New miniaturized LEDs, also known as micro-LEDs (µLEDs), have surpassed the limits of conventional LEDs by providing a larger
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modulation bandwidth and increased speeds. Despite this fact, the shortcoming of
LEDs and µ-LEDs is the lack of simultaneous high-speed modulation and high
optical power. At present, LEDs with high optical power can offer high-quality
illumination, but their modulation speed is limited [16], while µ-LEDs show a much
faster modulation speed while falling short in illumination due limited optical output
power [17]. A solution to this dilemma potentially can be found in laser diodes,
SLDs, and integrated optoelectronics.
GaN-based lasers were first brought to market for applications in consumer
electronics such as Blu-ray players and laser projectors. Now lasers are being
used at investigating wireless communications [18], [19], biology [20]–[22], and
scientific instruments [23], [24]. Laser diodes are able to provide energy-efficient
high-brightness illumination while sustaining very high-speed data transmission.
These facts boost the idea of replacing LEDs in VLC applications, especially in
very-high-speed scenarios needing more than 10 Gbit/s [8]. In addition, white light
sources driven by blue light GaN lasers start to appear in the market by companies
such as SaNoor Technologies and SLD Laser [25], automobile laser headlights
powered by Osram are now in vehicles of BMW and Audi [26], while scientific
literature continuously reports on the impressive properties of using lasers for
record-breaking VLC [27]. In spite of being used widely, the suite of GaN laser
diodes still lacks many architectures that are well established in the near-infrared
laser diode technology [28], [29]. Concepts such as monolithic tunable lasers and
single-frequency lasers have had little progress or are still unknown to GaN. The
eventual realization of GaN-based single-frequency visible lasers suitable for high-
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speed optical communication could enable an analogous to the wavelengthdivision multiplexing existent at telecommunication wavelength lasers, by
providing a multi-channel capability of closely packed visible wavelengths, and
hundreds of Gbit/s unprecedented for VLC.
Besides the laser diode, GaN-based SLDs offer advantages over LEDs in terms
of power density, directional beam emission, and fast modulation, while performing
better than laser diodes in terms of visual quality perception [30]. These properties
make the SLD stand out for home, retail, and medical VLC applications, where
both high-speed and high luminance quality are required. The family of GaN-based
SLD devices has recently undergone steady improvement in terms of the output
power, optical bandwidth, and emission at different wavelengths from violet to
green [31], leading to the market release of blue and green SLDs with a particular
focus on picoprojectors [32]. Nonetheless, other applications such as optical
sensing [33] and optical communication [34] are currently under investigation. The
recent demonstration of SLDs in optical communication [34], [35] was done using
a semipolar GaN substrate, which involves a higher cost compared to the standard
polar GaN substrate, also known as c-plane, used in commercial manufacturing.
Moreover, the use of advanced communication protocols to enhance the speed of
the data transmission has not been reported. Therefore, the eventual
demonstration of simultaneous high-speed transmission and high optical power in
a scalable platform, i.e., commercial polar GaN, is a goal for the GaN SLD.
Beyond the stand-alone devices, the development of a photonic integrated circuit
using GaN lasers is expected to open a path for on-chip systems that otherwise

20
will be relegated to the size of an optical table [36]. Visible wavelengths on a chip
are desired for applications in high-resolution spectroscopy, including atomic
clocks, as well as diagnosis, signal processing, and nonlinear photonics for
quantum technologies [36]–[38]. With this vision in mind, researchers have
explored the monolithic integration of GaN laser diodes to various optoelectronics,
including modulators [39], amplifiers [40], photodetectors [41], and saturable
absorbers [42], for application in high-speed light modulation, signal amplification,
detection, and mode-locked lasing, respectively. The successful integration of
laser-optoelectronics takes advantage of the piezoelectricity found in GaN
materials avoiding complicated techniques such as overgrowth and bandgap reengineering, usually required for equivalent infrared devices [43]. Nonetheless,
integrated laser-optoelectronics are also relatively unexplored and limited to violet
and blue wavelengths, leaving a gap for integrated green lasers to be
demonstrated. By realizing a laser monolithically integrated with a waveguide
modulator, one can expect a boost in the high-speed performance of the GaN laser
VLC transmission engine [44] due to the modulator’s small area. Moreover, the
same integrated device could serve different purposes, making this versatile
architecture worth of investigation.
In view of the challenges and opportunities of GaN lasers and SLDs in the visible
band for high-speed communications, the study presented in this thesis aims at
exploring the high-speed single-frequency operation of GaN-based lasers, the high
output power and high-speed operation of GaN-based SLDs in polar GaN, and the
integration of laser to optoelectronics towards high-speed transmitter and
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integrated photonics at unexplored wavelengths. Chapter 1 of this thesis
introduces the properties of GaN as a material platform, discusses the standard
light-emitting devices, and introduces grating-integrated single-frequency lasers,
principles of SLDs, and principles of integrated GaN laser-optoelectronics. The
chapter continues by describing VLC and ends discussing specific objectives of
this dissertation.

1.1 GaN and the light-emitting diode (LED)
Gallium nitride, henceforth GaN, belongs to the family of semiconductors based
on the group-III nitride, which includes AlN (aluminum nitride), InN (indium nitride),
and their tertiary compounds AlGaN (aluminum gallium nitride) and InGaN (indium
gallium nitride). The crystal structure of group-III nitrides include the wurtzite, the
zinc blende, and the rock salt [45]. The wurtzite structure is considered the most
thermodynamically stable because of the high ionicity of its chemical bonds,
formed by the metal-nitrogen pair (metal being the group-III as Ga (gallium), In
(indium), or Al (aluminum)) in a hexagonal crystal lattice [46]. In fact, the
commercial production of GaN for optoelectronic devices is based in the wurtzite
structure with the corresponding epitaxial growth along the c-plane of the crystal,
known as the polar plane. Nonetheless, the ionic bonds and the noncentrosymmetric atomic arrangements along the c-plane cause spontaneous
polarization in wurtzite group-III nitrides [47], [48]. These polarization fields
increase the carrier drift velocities and the interfacial charges [49]–[51], affecting
the wavefunction overlap of carriers for radiative recombination, and leading to the
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quantum-confined Stark effect (QCSE) [52], [53]. These issues influence the
performance of electronic and optoelectronic devices and hinder the utilization of
the broad wavelength emission range in the group-III nitride. The research
community is currently exploring alternate semipolar and non-polar GaN crystal
planes [54], but despite these challenges, wurtzite c-plane GaN remains the
material of choice for mass manufacturing of state-of-the-art visible light emitters.
The active role of GaN-based materials in enabling photonic devices is based upon
the capacity of growing those materials with high crystalline quality and adequately
tuned properties. The standard method to grown group-III nitrides for devices is
the metal-organic vapor phase epitaxy, also known as metal-organic chemical
vapor deposition, although the molecular beam epitaxy has also been used
successfully. The most popular commercial application of group-III nitrides is in
LEDs and lasers [46], [55]–[57], followed by high-electron-mobility transistors [58],
[59]. Other applications currently under development include photodetectors [60]
and solar energy conversion [61]. Effectively, the materials of the group-III nitride
exhibit direct bandgap characteristics that allow effective radiative recombination
and photon emission [46], [62]. The bandgaps of the binary compounds AlN, GaN,
and InN are ~6.2 eV, ~3.4 eV, and ~0.7 eV, respectively [63]–[67]. In theory, tuning
the group-III element composition (i.e., In, Ga, and Al) in ternary compounds
(InGaN and AlGaN) allows changing the emission wavelengths of these materials
from the deep-ultraviolet (wavelength of ~200 nm) to the infrared spectrum (~1.7
µm).
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For visible emitters, it is necessary to use InGaN materials (usually described as
InxGa1-xN, where x is the In mole fraction) whereby the higher In composition
correspond to a longer emission wavelength, however in the practice, tuning the
emission of light-emitting devices across a wide wavelength range is not trivial [68].
Altering the material composition of the active region influences the material
properties such as the aforementioned piezoelectricity and QCSE of the c-plane,
the crystal quality (e.g., defect density and strain), and the refractive index, among
others. In consequence, green light emitters with higher In composition are more
difficult to realize than blue counterparts because of the increased strain and
defects produced with the increased indium mole fraction of the material [69]–[72].
While the increased piezoelectric fields and the onset of QCSE enhance the
narrowing of the bandgap, creating an apparent green emission, once this material
is under an electric field in an active device, such as an LED or a laser, the
screening of the QCSE reduces the wavelength and creates a “blue-shift” in the
effective emission of the device (i.e., broadening of the bandgap) [52]. Thus, an
even higher In composition is required for a practical green emitter while creating
more strain and defects. This problem affects laser diodes more than LEDs
because of the associated difficulties related to optical guiding and optical losses
at longer wavelengths in the InGaN-based devices [55]. Experimentally, a value of
external quantum efficiency (EQE) of up to 80% has been reported for the violetblue wavelength region of group-III nitride devices [73]–[75] (also for the red
wavelength region of group-III arsenide/phosphide devices [76]), while the peak
EQE of an InGaN-based green LED was reported as high as ~50% [77]. The
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gradual drop in EQE of GaN emitters as their emission is tuned from the violet to
the green, as well as in group-III arsenide/phosphide emitters as their emission is
tuned from the red to the yellow is known as the green-gap [78]. Nonetheless,
driven by the benefits of a GaN-based integrated red-green-blue emitting platform,
the group-III nitride has eventually realized yellow, red, and infrared devices with
an InGaN active region [79]–[82], laying the foundations of future full-color GaN
devices.

Figure 1.1: Simple schematic structure of a GaN-based LED illustrating optical and material
relations. The InGaN active region has the highest refractive index, the lowest bandgap
energy, and the highest lattice constant as compared to GaN and AlGaN. The image is not to
scale.

Figure 1.2: Images of a commercial GaN LED: Detail of the top contact and device size (left),
image of the packaged device (center), and LED in operation emitting blue light (right).
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A modern GaN-based visible LED [1] is based on the double heterostructure
design (Prof. Zhores Alferov and Prof. Herbert Kroemer received the Nobel Prize
in Physics in 2000 for the development of the double heterostructure [83]). In a
double heterostructure, a thin layer of few nanometers named active region (i.e.,
InGaN), also known as a quantum well, is epitaxially grown in between positivelyand negatively-doped layers known as p- and n- cladding layers (GaN for
simplicity). The arrangement is considered a DH because the cladding layers have
a higher bandgap and lower refractive index than the active region as seen in
Figure 1.1, serving the purpose of electronic and optical design, in particular
serving the confinement of carriers in the active region necessary for efficient
radiative recombination, i.e., light emission. The doping of group-III nitride is
usually carried out by introducing magnesium (Mg) impurities for p-doping and
silicon (Si) impurities for n-doping, with their respective chemical and heat
treatment. Additional epitaxial layers may include a buffer layer, straincompensating layers, highly doped contact layers, and an electron blocking layer
(EBL). The role of the EBL [84] is to serve as a barrier for the fast-moving electrons
in order to avoid current leakage and improve the carrier pair (i.e., electron and
hole) radiative recombination. Such as EBL would normally be made of AlGaN in
visible light emitters to provide the sufficiently large energy barrier due the larger
bandgap [84], also depicted in Figure 1.1. These epitaxial materials are normally
grown in GaN, sapphire, or silicon carbide (SiC) substrates, whereas the devices
that are grown by homoepitaxy on GaN render a higher quality and longer lifetime
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[85], [86]. The devices are then formed by photolithographic processing including
material etching to form the LED mesa, and deposition of insulators and metals to
define the electrical contacts of the p and n regions of the device. The image of a
commercial LED is shown in Figure 1.2, including the detail of the top contact, a
packaged device, and the device in operation.
Upon injection of electrical current in the fabricated LED, the electrons and holes
recombine at the active region, creating light with an energy roughly equal to the
energy bandgap (𝐸𝑔 ) of the InGaN quantum well, and therefore, a corresponding
wavelength (𝜆) according to Planck’s equation: 𝜆 =

ℎ𝑐
𝐸𝑔

, where ℎ is the Planck’s

constant and 𝑐 is the speed of light [87]. Here, a blue wavelength of 450 nm would
be equal to roughly 2.75 eV of InGaN energy bandgap. The light generated in the
LED will then be a product of what is known as the spontaneous emission, where
the carrier pairs recombine spontaneously to release their potential energy in the
form of a photon, the unit of light. The light generated under the spontaneous
emission is non-coherent (neither temporal or spatial) and is emitted in random
directions. For practical LEDs, the active region is composed of multiple quantum
wells to increase the recombination efficiency. In real devices, the composition of
each layer is not perfect since there are factors of distribution such as material
segregation, clustering, temperature inhomogeneities, among other issues related
to material fabrication and crystal growth processes. This material distribution of
the active region, together with other electro-optical effects such as band-filling
effects, thermal distribution, and sub-band transitions, will provide a broad optical
bandwidth emission to LEDs [87]. The broad bandwidth characteristic of

27
spontaneous emission in LEDs is relevant for white light illumination, where
wavelength diversity is valuable [88]. In fact, one of the most important applications
of GaN-based LEDs is in illumination, mostly white lighting. Such LEDs can be
found virtually everywhere, from cars to streetlamps, mobile phones, and
computers. Even though the LED is such ubiquitous device, it is still subject to a
problem called the efficiency droop [89], [90]. This physical phenomenon describes
how the LED efficiency decreases at rising current densities, limiting the qualities
of high-power LEDs and curbing the market goals of increased lumens per watt
(lm/W) or lumen per cost (lm/$) [73], [91].

1.2 Beyond the GaN LED
The realization of the first high-brightness blue LEDs around 1994 [4] paved the
way to demonstrate GaN laser diodes for the first time in 1996 [5]. In a laser diode,
the material considerations discussed for LEDs become more critical given the
higher complexity in the design of the epitaxial layers and the optical elements of
the laser chip. In perspective, the laser epitaxy is a modified LED structure
involving the integration of optical waveguide layers with a suitable refractive index
to enhance optical guiding along the epitaxial plane [1], [92], as seen in Figure 1.3.
The new waveguide layers are found in the vicinity of the active region and are
known as the separate confinement heterostructure (SCH). Hence, the standard
structure of a laser will then be composed of an n-doped cladding layer, an ndoped waveguide layer, an active region with usually two or three quantum wells,
an EBL, a p-doped waveguide layer, a p-doped cladding layer, and a highly p-
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doped contact layer. The composition of each layer varies depending on the
desired emission wavelength based on bandgap engineering, electrical
conductivity, and optical confinement design, thus, many different structures and
compositions can be found in the literature.
Given the increased design and material complexity of lasers, they are usually
grown in native substrates (i.e., GaN substrates) aimed at keeping crystal
dislocation and defects to a minimum [86]. In general terms, the epitaxial layers of
a laser structure should provide sufficient refractive index contrast to achieve inplane optical guiding of the light and efficient carrier injection to the active region.
This optical waveguide is the most common feature found in edge-emitting lasers,
also called in-plane lasers, and it is one of the key features to achieve their effective
operation. Nonetheless, the optical confinement given by the SCH is only across
the vertical direction. Thus, in order to have a higher control on the guiding of light
along the device, lasers require a feature to ensure lateral light confinement. The
lateral confinement is achieved by index contrast or gain guiding, normally in the
form of a ridge waveguide. Aside from edge-emitting lasers, it is important to
mention the presence of another type of high-performance laser diode, the vertical
cavity surface emitting laser. For this type of lasers, the light emission is out-ofplane, and unlike edge-emitting devices, there is no SCH in the epitaxy. Instead,
the mode confinement is achieved by an aperture design, which is regularly an
oxide isolation layer in the form of a ring, providing both optical and electrical
confinement and guiding. In this dissertation, the focus of attention is on edgeemitting lasers.
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Figure 1.3: Simple schematic structure of a GaN-based laser epitaxy illustrating optical
relations of the epitaxial waveguide, and the approximation of mode profile by index guiding.
The dotted line represents the refractive index and bandgap energy of GaN. The image is not
to scale.

Figure 1.4: Schematic structure of a GaN-based laser diode fabricated with a ridge
waveguide for lateral mode confinement. The approximation of the mode profile by index
guiding is shown in a white dotted line.

After the epitaxial growth of a laser structure, the wafer should be processed in
cleanrooms to create the laser chips. This process involves photolithography,
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etching, insulator and metal depositions, as well as annealing processes. As
mentioned before, the key features for the laser diode include creating a
longitudinal waveguide. In Figure 1.4, the waveguide is depicted as a ridge, which
is one of the most commonly used methods. Other waveguiding methods include
gain guiding by electrical injection, index guiding by proton implantation or porosity
index change, and buried waveguides [92]. After waveguide formation, the laser
diode is consolidated by cleaving or etching the end facets in order to form a FabryPérot laser cavity. The resulting laser facets provide around 18% reflectivity due
to the air-semiconductor interface (as per Fresnel reflection), which is usually not
enough to achieve optical feedback neither lasing action. Therefore, high-reflection
coatings with reflectivity around 95% or more are normally deposited in the back
facet. Laser devices dealing with high optical powers would require a front facet
section or coating made of a material with a large bandgap, i.e., larger than the
laser emission. This coating will help to avoid catastrophic optical damage at the
output facet. The length of a laser diode (𝐿) has a significant impact on the device
properties, and it is usually found to be in the order of hundreds of micrometers
(µm). The length of the device is directly correlated to the optical losses of the
cavity, particularly the mirror losses. The mirror loss (𝛼𝑚 ) is defined as [92] 𝛼𝑚 =
1
𝐿

1

ln(𝑅) where 𝑅 is the product of the reflectivity of the front and back facet. For a

lower reflectivity of the mirrors, the device must be longer to compensate the mirror
loss through higher optical gain along the cavity. Standard GaN laser diodes
usually are formed with lengths of 600 µm to 1 mm. Together with the device
length, the width of the ridge has an impact on the electro-optical properties of the
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laser diode. First, it will impact the injection area, and second, it will affect the
lateral mode confinement. Waveguide widths ranging from the narrow-ridge lasers
with around 2-µm width to the broad area lasers with above 10-µm width will
influence the mode selectivity becoming either single-mode or multi-mode lasers.
Note that here mode means lateral mode or spatial mode.
Laser diodes have different regimes of operation depending on the carrier
dynamics and optical properties of the chip. A standard device will initially show
spontaneous emission upon initial electrical injection. Some portion of this
spontaneous emission will then be waveguided through the quantum well by the
SCH and the longitudinal ridge waveguide. Upon increasing the injection of
electrical current more light will be generated inside the chip, and the growing
number of injected carriers through the conduction and valence band of the active
region will achieve a condition known as population inversion, where the majority
of electron and holes are in an excited state. At this moment, the photons coming
through the waveguide and the SCH along the quantum wells will induce the
generation of stimulated light by photon-carrier interaction and carrier pair
recombination. This reaction happens multiple times along the length of the device.
The newly generated photons will then share the same direction, phase, and
wavelength of the initially incoming photons creating a wave of spatial and
temporal coherent light, known as stimulated emission. Indeed, the word LASER
originated from the acronym Light Amplification by Stimulated Emission of
Radiation. This process is then multiplied by the mirrors of the Fabry-Pérot laser
diode, reflecting the stimulated light back and forth within the laser cavity, while
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continuous injection of carriers sustains the generation of more stimulated light. In
this way, the laser diode cavity supports a continuous generation of stimulated
emission to form a highly coherent laser light beam.
A laser diode formed by a Fabry-Pérot cavity behaves as a resonator, providing a
range of longitudinal modes or resonator modes to exist within the cavity. In a
resonator of length 𝐿, whit a roundtrip of 2𝐿, and refractive index 𝑛, a standing
plane wave must meet the phase-matching condition of being an integer (𝑞) of a
full wave, (i.e., a multiple of 2𝜋), and this condition is given by: 𝑘 𝑛 2𝐿 = 𝑞 2𝜋,
where 𝑘 =

2𝜋
𝜆

is the plane wave phase constant. Thus, the wavelengths that can

exist in a given cavity are: 𝜆 =
𝑐
𝜐

2𝐿 𝑛
𝑞

𝑐

, or in terms of frequency: 𝜐 = 𝑞 2𝐿 𝑛, where 𝜆 =

, being 𝑐 the speed of light and 𝜐 the corresponding wave frequency.

Figure 1.5: The spectral emission characteristics of a conventional laser diode after threshold
are defined by the permitted cavity modes of the Fabry-Pérot resonator and the gain curve
profile of the active region.
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In real devices, the length of the cavity is much larger than the emission
wavelength. For example, a commercial blue laser of 𝜆 = 450 nm usually has a
cavity of 𝐿 = 1mm. The fact that the cavity is sufficiently large lets many harmonic
frequencies to be allowed within that cavity because 𝑞 is very large in the order of
ten thousand. Nevertheless, given the gain and loss conditions of the laser diode,
there is a wavelength region where the gain is higher than the loss, dictated by the
dominant energy transitions of carrier recombination following the gain curve
profile of the active region. Due to inhomogeneities of the quantum wells and the
sub-band transitions, the region of maximum gain is usually a curve instead of a
sharp gain region. The overlap of the allowed Fabry-Pérot cavity modes with the
wavelengths or frequencies of maximum gain of the active region will ultimately
determine the emission of a real Fabry-Pérot laser diode, as shown in the
schematic in Figure 1.5.
Commercial GaN lasers [1] are normally designed to operate at emission
wavelengths of 405 nm (violet color), 450 nm (blue color), and 520 nm (green color)
for applications in consumer electronics such as Blu-ray players and laser
projectors [93], as well as medical and biological analysis [20], [21], plant growth
[22], atomic cooling science [23], spectroscopy [24], and data transfer [18], [19].
Continuous improvements have been reported for device efficiency, optical power,
and emission at green wavelengths. The latest news on GaN lasers have shown
around 6 W of optical power in a single 455-nm blue laser and 1.5 W in a 532-nm
green laser diode by Nichia Corp., with wall-plug efficiencies topping ~50% and
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~19% respectively [93], and even a 544-nm green laser with 0.69 W of output
power and efficiency of ~8% (shown in the presentation of [93]). Furthermore, the
adoption of laser-based white lighting competing against LED lighting has also
sparked a niche of commercial and research interest towards an even more
efficient illumination platform [94], [95]. This is supported by stimulated emission
overcoming the efficiency droop of LEDs. Even though lasers and their
applications have already revolutionized several areas of light technology, there
are still concepts and device architectures that are pending to be demonstrated or
fully exploited. The following subsections discuss alternatives to explore beyond
the boundaries of current GaN laser devices and GaN optoelectronics technology.

1.2.1 The distributed-feedback (DFB) laser
Conventional GaN laser diodes are chips formed by a Fabry-Pérot cavity, where
their light emission shows multiple longitudinal modes, i.e., the Fabry-Pérot cavity
modes. This multi-mode emission is fairly acceptable for many applications
because the effective linewidth of such lasers, in the order of one nanometer, is
already significantly narrower than any other light source type. Despite this fact,
some specialized applications including sensing [96], atomic clocks [97], and
underwater optical communications [98] require not just a conventional laser but a
narrow-linewidth or single-frequency light source. A single-frequency laser is that
with only one longitudinal laser mode, as seen in Figure 1.6; thus, it is a modified
Fabry-Pérot cavity. The single-frequency operation of a laser diode can be
achieved by using external optics and external laser cavities such as prisms,
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gratings, and mirrors mounted in optical tables [99], [100], providing low loss for a
specific mode of the laser. Nevertheless, single-frequency lasers with no moving
parts can be realized in a single chip, making them compact and immune to
vibration. This solution is known as the monolithic integration of distributedfeedback (DFB) gratings on laser diodes [101].
Intrinsically, the DFB grating works by diffraction, although it is commonly
understood as a reflective element [102]. This grating is a set of grooves of
alternating refractive index 𝑛1 and 𝑛2 , and it is fabricated across the waveguide of
the laser. A schematic representation of the grating is shown in Figure 1.7. Based
upon the SCH and the ridge waveguide (see Figure 1.3 and Figure 1.4), the light
inside the laser diode propagates via total internal reflection; thus, light travels
within a range of angles below the critical angle, labeled  in Figure 1.7. Therefore,
the grating should diffract the light back into the laser at a similar angle. Ideally,
both incident and diffractive angles are close to

𝜋
2

or 90° with respect to the normal

plane of the grating [102]. The constructive interference of diffracted waves will
then generate a light wave with higher spectral purity, in the same way as any
other diffraction grating where only 2𝜋-spaced waves will be in phase. At the same
time, because the light travels through areas of high and low refractive indices, the
description of the grating as a distributed reflector is helped by the fact that the
interface between 𝑛1 and 𝑛2 effectively provides reflection at the operating
wavelength (𝜆) based on the Fresnel reflection

(𝑛1 − 𝑛2 )
(𝑛1 + 𝑛2)

and the periodicity of the

grating. The standard grating design considers each period of the grating (Λ) to be
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Λ=𝑚

𝜆
2 𝑛𝑒𝑓𝑓

, also known as the Bragg condition [102], where 𝑚 is the order of the

grating and 𝑛𝑒𝑓𝑓 is the effective refractive index of the laser medium.

Figure 1.6: A DFB grating introduces low optical loss for a specific frequency of the FabryPérot laser, creating a single-frequency laser emission.

Figure 1.7: Schematic representation of a DFB grating showing the refractive index step by
the alternating 𝑛1 and 𝑛2 of each grating groove. The groves have a pitch 𝛬, where 𝛬1 and
𝛬2 represent the length of each subsection. The top view schematic shows the detail of a
grating laterally coupled to a ridge waveguide, with the incident light (bold arrows) and
diffracted (dotted arrows) light at an angle . The optical mode corresponds to the
representation in Figure 1.3 and Figure 1.4, respectively.
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The design of the grating together with the material of the laser jointly define which
frequency will be excited the most and become the dominant single mode of the
laser, as schematically shown in Figure 1.6. This approach involves matching the
wavelengths of maximum optical gain of the material (i.e., InGaN) with the
operating wavelength of the grating, ideally leading to single-frequency emission.
However, while lasers with integrated DFB gratings, henceforth DFB lasers, are
now widely available at the telecommunication wavelengths (e.g., 1.55 µm), they
remain relatively unexplored at the visible wavelengths, especially blue and green
colors made by GaN. In fact, there are not commercially available GaN-based DFB
lasers.

Figure 1.8: Representation of the DFB laser diode employing either a DFB surface grating or
a DFB buried grating.

DFB gratings using GaN-based lasers were first demonstrated to overcome the
low reflectivity at the facets during the early years of development (University of
Stuttgart in 1996) [103]. At that time, cleaving and etching of the cavity mirrors
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suffered from the challenging hardness and crystal properties of GaN. Even though
the problem of the facet mirrors was solved later on, the difficulties of processing
GaN are still present. These difficulties increase the complexity of fabricating DFB
gratings in GaN lasers. The classical method to fabricate DFB lasers involves
growing the initial epitaxial layers of the laser where the grating pattern is formed
by high-resolution etching, followed by a second growth of material, also known as
overgrowth. These gratings are formed within the device and are known as buried
gratings. The technique of overgrowth is very demanding on group-III nitrides
because these materials are more susceptible to crystal dislocations and defects
than other group-III-V compounds. Even though buried gratings were used in the
first GaN DFB laser diode operating at continuous-wave (Nichia Corp., in 2006)
[104], the difficulty in the overgrowth still represents a significant challenge [105].
An alternative comes with the design and realization of surface gratings. This
technique has allowed for highly matured materials of recent years to achieve
single-frequency DFB lasers at violet and blue wavelengths [106]–[110]. Unlike the
buried gratings, surface gratings are simply formed on top of the laser diode
without the need of overgrowth, which makes them easier to fabricate. A schematic
of both the buried and the surface grating is shown in Figure 1.8. Interestingly, the
DFB laser reported in 1996 used this approach, but it was not until recently when
both skills in fabrication and material growth were joint together with the goal of
making GaN-based single-frequency lasers. The development of InGaN-based
DFB lasers has produced improved electrical operation, narrower linewidths,
increased side-mode suppression ratios (SMSRs), and higher optical output
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power, all while using surface gratings. All previous studies [103], [104], [106]–
[126] have focused on violet to blue emission (approximately 400 nm to 450 nm)
due to material availability and the challenges associated to higher indium
composition discussed previously. This fact opens the path for demonstrating GaN
DFB lasers at longer wavelengths.

1.2.2 The superluminescent diode (SLD)
SLDs are light sources that operate in the amplified spontaneous emission regime
[127], in which spontaneous emission is amplified via stimulated emission while
restricted by a lack of optical feedback limiting the temporal coherence of the light.
This phenomenon is similar to the function of optical amplifiers except that the
SLDs amplify their own generated light. SLDs utilize a waveguide epitaxial
structure equivalent to that described for a laser diode. In this sense, the output
light of the SLD is also a light beam, but unlike laser diodes, the lack of cavity and
optical feedback limits the temporal coherence of SLD’s light, leading to a relative
broadband source. Moreover, because of the amplification process, the output
power of an SLD grows exponentially, overcoming the efficiency droop of LEDs.
Despite the fact, SLD’s output power is limited by the lack of optical feedback being
outperformed by lasers. In Figure 1.9, the relative relation of the optical spectrum
bandwidth and the output power of an SLD as compared to LED and laser is
illustrated. SLDs are considered an intermediate stage between LEDs and lasers
[128].
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Figure 1.9: The relative relation of output power and optical bandwidth produced by standard
laser diode, SLD, and LED.

The disruption of the optical feedback in an SLD is achieved by reducing the facet
reflectivity using any of several methods, including tilted facets [129], antireflection
facet coatings [130], waveguide bending [131], passive absorbers [132], and facet
roughening [7]. A combination of broad spectral emission, droop-free operation,
and a high optical power density can then be achieved to support applications in
optical coherence tomography [133] and fiber gyroscopes [134] where classical
near-infrared SLDs have been used for years.
For amplified spontaneous emission to occur, there must be sufficient material gain
to overcome material losses (e.g., non-radiative recombination and absorption).
One way to exploit this material gain is by using a double-pass superluminescent
diode configuration, which relies on a waveguide where the reflectivity of one facet
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is enhanced by a dielectric mirror coating. In this way, the optical power (𝑃𝑜 ) is
proportional to the square of the optical gain [135] following 𝑃𝑜 ≈ 𝑃𝑠𝑝 𝑅 𝐺𝑠2 , where
𝑃𝑠𝑝 is the power of the spontaneous emission within the waveguide, 𝑅 denotes the
reflectivity of the coated mirror in the back facet, and 𝐺𝑠 is the single-pass optical
gain. The value of 𝐺𝑠 is related to the current density 𝐽 and device length 𝐿, as per
𝐽

[135] 𝐺𝑠 (𝐽, 𝐿) = 𝑒𝑥𝑝 [(𝛤𝑔𝑜 𝜂 − 𝛼) 𝐿], where 𝛤 is the confinement factor, 𝑔𝑜 is the
𝑑

gain coefficient of the active region, 𝜂 denotes the internal quantum efficiency, 𝑑
is the thickness of the active region, and 𝛼 is the absorption coefficient. Since the
current density 𝐽 and device length 𝐿 can be simply adjusted in the fabrication
process or during operation, the optimal regime of operation for an SLD can
normally be observed in standard epitaxial laser structures. Nevertheless, a
drawback known as the optical gain saturation will eventually affect the device due
to the exponentially increasing number of photons in the waveguide (related to the
𝑃𝑜 ) and the relatively fixed recombination rate of the device structure (related to
the 𝜂). The gain saturation occurs when the photon density in the waveguide is
higher than the carrier density; in other words there are not enough excited carriers
to be converted into photons, hindering the effective amplification [30], [136]. In
this case, epitaxial engineering is needed to improve other parts of the relation in
the equation for 𝐺𝑠 .
InGaN-based SLDs offer characteristics such as low speckle noise suited for visual
quality, large frequency modulation bandwidth, high optical power density, and
droop-free operation [30], [31], [33], [137]. Since the first demonstration of GaN
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SLDs in 2009 [6], they have been included in applications such as white lighting
[34] and optical communication [35], [138]. Furthermore, to fulfill the needs of
picoprojectors, sensing, and biomedicine, consistent research has been performed
to enhance the optical bandwidth, output optical power, and emission at different
wavelengths (e.g., near-ultraviolet, blue, and green light) from GaN SLDs [31],
[139]–[141]. Important properties have been reported, including the highest optical
power in continuous-wave operation from an InGaN-based SLD as 350 mW
recorded for a curved-waveguide SLD with emission at 405 nm [142]. The highest
optical power in pulsed operation has been 2.2 W for an SLD emitting blue light at
416 nm [143], while at the same time, this is a horizontal device that uses deflecting
mirrors to produce vertical emission. The fastest modulation bandwidth reported is
2.5 GHz using an SLD grown on a non-polar GaN substrate [144]. The leading role
of non-polar GaN in achieving record modulation bandwidths is likely to remain in
place due to the increased wavefunction overlap [145], alongside reduced built-in
piezoelectric fields and the corresponding band edge dynamics [146]. The shortest
device length was reported for 40 µm-long SLD [147] with significantly broad
emission (15 nm), although with an expected low optical power (2 mW) due to its
short device length. The first report of a GaN-SLD grown on silicon [148] has
provided a path for integrating SLDs to monolithic silicon photonics. Nevertheless,
heteroepitaxy remains a challenge affecting the material quality, and in
consequence, the output power of such devices. The broadest linewidth (15.5 nm)
for a GaN SLD was recorded from an InGaN violet SLD using the concept of a
nonlinear indium content profile along the SLD waveguide [149]. This approach is
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promising in extending the limited optical bandwidth of GaN SLDs, usually 5 nm to
8 nm, but the difficulties with optical absorption due to self-pumping of the active
region remain to be solved. The latest developments in green-emitting SLDs have
shown up to 10 mW of output power at 517 nm [32], [150]. The production of such
a green-emitting device indicates a level design and fabrication maturity in GaN
SLDs and the ability to overcome the drop of device efficiency at longer
wavelengths, as well as the reduced optical confinement and related material
issues. From all reported devices, only semipolar and polar GaN SLDs have been
used for optical communication. The material platform is attractive for investigation
but the demonstration of high-speed SLDs in conventional c-plane GaN is a
valuable opportunity for future mass production in case of market implementation.

1.2.3 Integrated laser-optoelectronics
In a concept adopted from the near-infrared technology [28], [29], the monolithic
integration of optoelectronics to GaN lasers promises multipurpose, reliable, and
compact visible laser solutions capable of being deployed even in demanding
environments such as space or underwater probes, with immunity to vibration and
low size-budget. A general form of a multi-section InGaN-based laser diode
involves isolating the contact region of the laser structure to obtain separate
sections (e.g., the gain, absorber, modulator, and photodetector). The resulting
sections are therefore electrically isolated but optically coupled because the
cladding layers, waveguide layers, and active region remain connected, as
schematically shown in Figure 1.10. For example, a two-section laser diode can
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be implemented for purposes such as generation of high-power ultrashort pulses
[151], superluminescence [132], superradiance [152], light amplification [40], Qswitching [153], mode-locking [154], or fast modulation [44]. Variants of the multisection laser, such as three-section devices, have been developed using the same
principle. Concepts such as gain-absorber-gain [155], and gain-modulatorphotodetector [156] integrated devices open the path for highly tunable selfpulsating lasers and photonic integrated circuits. Other types of multi-section
lasers include tapered structures for laser amplification [157] and diffraction
gratings for vertical emission [158], which can incorporate external elements such
as air-semiconductor distributed Bragg reflectors [159] and crystallographic
mirrors [160].

Figure 1.10: Two-contact method for integration of laser to optoelectronics using a shallow
trench isolation. The separate sections are electrically isolated but remain optically coupled.
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From the wide variety of integrated optoelectronics with lasers, the categories of
integrated modulator, integrated amplifier, and integrated saturable absorber are
attractive because of their applications: High-power ultrashort laser pulses that are
essential for multiphoton technology including high-density optical storage,
microscopy, and spectroscopy [161]–[163] can be achieved in lasers integrated
with saturable absorbers. Moreover, light amplification provided in an integrated
amplifier is of significant interest, particularly for on-chip photonics subjected to the
optical loss of the waveguides [36]. An integrated laser-modulator providing highspeed modulation beyond the current capability of a single laser is a much-desired
solution in optical communications [44]. These three categories are discussed in
the rest of this section.

Integrated laser – modulator
One of the main advantages of integrated modulators is their small footprint, which
leads to low capacitance and high-speed modulation. This is promising for highspeed applications in optical communications and high-frequency laser displays.
Two-section violet InGaN laser diodes with integrated modulators were first
reported in 2002 and were achieved by implementing a 15 µm-wide shallow-trench
isolation. This method is an etching process to remove only the electrical contact
of the device while leaving the optical waveguide layers of the laser intact. The
device showed an on/off ratio (Ron/off) of ~7.8 dB and a modulation efficiency
(Ron/off/ΔV) of ~1.1 dB/V, although no application was demonstrated. The

46
application of integrated laser-modulator to optical communication was only
̅̅̅̅) GaN-based platform emitting at
demonstrated in 2016, using a semipolar (2021
448 nm [44], with a communication data rate of 1 Gbit/s and a modulation
bandwidth of 1 GHz at the –3-dB response. Here the on/off ratio (Ron/off) of 9.4 dB
and a modulation efficiency (Ron/off/ΔV) of 2.68 dB/V were achieved. A larger
modulation efficiency of 4.5 dB/V was also reported using a similar structure but
̅̅̅̅) GaN [164] and with a
with emission at λ = 404 nm based on semipolar (2021
communication data rate of 1.7 Gbit/s. As compared to the c-plane integrated
device, the improved modulation efficiency (Ron/off/ΔV) of the semipolar GaN
platform is expected from the increased wavefunction overlap [145], alongside
reduced built-in piezoelectric fields and the corresponding band edge dynamics
[146]. This work was followed by an integrated laser‒modulator emitting at 412.8
nm with a third photodetector section, all grown on a silicon substrate [156]. A
calculated Ron/off of 1.35 dB and modulation efficiency of 0.22 dB/V show the
compromised quality of the heteroepitaxy, although the idea of GaN on Si is always
attractive for large-scale and low-cost implementation since GaN substrates are
much more expensive than Si substrates. Beyond these works, no other integrated
modulator has been reported, which is a clear way for investigation for integrated
laser-modulators in the GaN platform.

Integrated laser – saturable absorber
The ability to control the absorber section independently and at different laser
cavity locations has proved to enable a broad tunability across different regimes of
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operation in GaN lasers. Among the various functions that have been developed
based on the laser ‒ saturable absorber structure, one should highlight the selfpulsating laser. The role of the absorber section in generating a pulsed laser beam
has been a subject of a detailed investigation that includes observation of selfpulsating operation at zero absorber bias [165]. Self-pulsating lasers offer high
peak output power in a compact form and have the potential to replace
conventional solid-state lasers used in multiphoton physics and other applications.
Initially reported by in 2004 [42] with emission at 400 nm, self-pulsation frequencies
between 1.6 GHz and 2.2 GHz were achieved using a so-called “tandem” laser
diode, where a 52.3 µm-long absorber section was grounded while biasing a 490
µm-long gain section. Since then, Q-switching and mode-locking of multi-section
laser diodes with integrated saturable absorbers have been the subject of
numerous reports with emission from 400 nm to ~430 nm [42], [151], [153]–[155],
[165]–[184]. The findings have shown a range of self-pulsating frequencies and
pulse widths as small as 2 ps. Moreover, femtosecond pulse durations with peak
power and energy levels of up to 9 kW and 3 nJ, respectively, have been reported
by integrating these multi-section lasers into an external cavity configuration, e.g.,
to form the GaN-based master oscillator power amplifier [180].
Q-switching refers to changing the quality factor (Q-factor) of the laser cavity via
the absorber section. A low Q-factor is present when light generated in the gain
section is captured by the absorber section (usually under a high reverse bias)
[175]. Upon increasing electrical injection into the gain section, the absorber
continues to capture light until it achieves optical transparency. This suddenly
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allows the laser cavity to achieve a high Q-factor. This process creates a sudden
release of laser light in the form of a pulse. This rapid release of energy depletes
the excited carriers in the gain section, and the absorber becomes opaque again
and ready to repeat the Q-switching process once again. In a mode-locked laser,
self-pulsation involves synchronous phase relation among the various longitudinal
cavity modes of the laser. The absorber section can be selectively modulated or
reverse biased to influence the phases of the various longitudinal modes [172],
thus creating losses for out-of-phase modes. This means that pulse formation in a
mode-locked laser simply occurs when the various longitudinal modes arrive at the
output facet simultaneously. Therefore, the pulsation frequency of a mode-locked
laser is related to the roundtrip time inside the cavity. Consequently, Q-switching
typically provides higher optical power levels than mode-locking, but mode-locked
lasers may achieve higher repetition rates. It is expected that exploring these types
of self-pulsating lasers across the visible spectrum may enable new imaging
capabilities, such as compact two-photon microscopy and on-chip multiphoton
applications. Monolithic integration of the saturable absorber in a laser diode also
enables investigation of the concept of ultrashort laser pulse generation created
by superradiance and superfluorescence using InGaN-based emission across
wavelengths in the violet-blue color range from 408 nm to ~423 nm [152], [185]–
[189], although superradiance and superfluorescence in semiconductors appear
to be a controversial topic that requires further examination. Moreover, the
integrated absorber section can be used to suppress lasing leading to form an SLD
[33], [34], [132], [138], [178], [190]. Despite the progress, there is a lack of
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investigation of integrated laser – saturable absorber at longer wavelengths
towards the green.

Integrated laser – optical amplifier
A two-section laser diode that implements a semiconductor optical amplifier (SOA)
section is attractive for optical amplification of modulated or continuous-wave laser
signals. Under electrical injection, an SOA produces excited carriers leading to
population inversion. This is needed to amplify incoming light via stimulated
emission [191]. SOAs are important for telecommunication wavelengths, but
recent attention has been given to visible SOAs in support of the development of
new technology platforms such as master oscillator power amplifier systems [180]
and swept sources [192]. Integration of an SOA alongside a laser in a chip opens
a pathway towards visible-range photonic integrated circuits that exhibit immunity
to the optical loss usually found in visible-light waveguides [36]. To this end, an
integrated laser-SOA based on an InGaN-based laser emitting at 404 nm and
̅̅̅̅) GaN substrate was reported in 2018 [40]. A nonlinear
grown on a semipolar (2021
optical gain of 5.7 dB was achieved upon applying 6.25 V to the amplifier section.
The 2 µm-wide ridge-waveguide laser, which had a 300 µm-long SOA section
integrated in front of a 1190 µm-long gain section, gave a maximum output optical
power of 30.5 mW. Besides this report, no other integrated laser – amplifier has
been reported.
While integration of the SOA-laser is an attractive topic, gain saturation remains a
challenge. Gain saturation is produced by the inability of the SOA to continuously
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amplify incoming light at increasing optical power levels, as discussed for SLDs.
This is related to the rate at which carriers can be injected into the SOA while the
photon density increases along the SOA. This problem affects both SOAs and
SLDs [30], [136].

1.3 Visible light communication (VLC)
Today’s modern data transmission through the internet enables worldwide
banking, telemedicine, and the ever-growing online connectivity of people in near
real-time. This digital network exists in a physical infrastructure comprising the
transoceanic optical fibers, satellites, tower antennas, and more. The fact that the
internet can arrive at end-users in smartphones and tablets is because a synergic
cooperation among different communication technologies spanning different
operating wavelengths as communication channels, from the optical wave to the
radio wave. Despite the current status, future connectivity may be a challenge. A
report from Cisco [193] reveals that by the year 2023, there will be nearly 30 billion
devices connected to the internet, this number is almost four devices per person
in the world. The forecast includes a rise in the number of connected devices by
10% in a span of 5 years, this rate represents a ten times faster increase in the
number of connected devices as compared to the population growth. The
increased number of devices means that more data needs to be transmitted,
heaving the load of the current infrastructure and pushing for more optical fibers to
be laid down, more satellites to be launched, and more tower antennas to be built.
Nevertheless, the bottleneck of connectivity is likely to happen at the user’s end in
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what is known as the last mile of the network, where wireless communication is
particularly important and users and applications demand more bandwidth, data
transfer speed, low latency, and low power consumption. In this sense, the 5G
network is being deployed, promising the fastest wireless connectivity ever
available to the public [193].
The 5G network has been assigned to available channels in the millimeter-wave
and the microwave area of the electromagnetic spectrum. These 5G channels will
require numerous access points due to the shadowing effect [194], i.e., the
physical blockade of the signals such as attenuation and absorption in the
atmosphere and objects. The increased number of 5G antennas raises the
concern of a potential excessive radiation [9], which could become even worse for
beyond-5G networks. Whether this argument is right or wrong, it is still under
investigation. What it is a fact is that the physical considerations surrounding the
millimeter-wave and the microwave of 5G are seeding the search for alternate
technology capable of a synergic integration with the existing infrastructure,
complementing radio and microwave technology, while providing a high-speed
wireless delivery to the users in the last mile of an ever-growing interconnected
network. A candidate for achieving this goal is the wireless data transmission using
light, also known as optical wireless communication [10].
This optical communication exploits the vast and unlicensed light spectrum from
the ultraviolet to the infrared

[10]. As compared to the standard radio and

microwave frequency band, the light spectrum offers more than a thousand times
greater bandwidth resources without direct electromagnetic interference and low
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communication, the use of VLC is attractive to enable simultaneous illumination
and high-speed data transfer [11]–[14]. Initially devised by Keio University and
Sony [195], the coexistence of illumination and data transfer provided by LED
lamps sparked interest in developing a network for smart homes. Now, VLC is
envisioned for extending the Internet of Things to the underwater world [196]–[200],
for urban traffic management [201], and even for toys [202].
The advantages of VLC include high-speed data rates in the Gbit/s class,
unregulated broad spectrum, and interference-free communications; all suitable
for 5G and beyond [8], [14]. These properties are enabled by the transmitter, i.e.,
the light emitter. The fact that energy-efficient LED luminaires are present in almost
every consumer electronics, vehicles, and industry settings, portrays a seamless
transition to using existing light sources for data transfer. The networking expertise
available in conventional wireless radio and microwave technology could be
translated to VLC, easing the transition and speeding up implementation. Of
course, there are still challenges [203], [204] including the uplink from user to the
network, the optical alignment, and the multiuser access.
A significant amount of research has been carried out in the transmitter side of the
VLC link by modulating LED devices in order to transmit signals at an increasing
data rate in the range of a few Gbit/s per device. Advanced modulation schemes
with color multiplexing have shown record speeds of around 20 Gbit/s using eight
channels, i.e., eight LEDs with different color emission [15] and an average speed
of 2.5 Gbit/s per LED. In fact, LED is the ubiquitous device and the main driver of
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modern white lighting [91], [205], also known as solid-state lighting, thus, LED has
concentrated significant attention in enabling VLC. New miniaturized LEDs, also
known as µ-LEDs, have surpassed the bounds of conventional LEDs by providing
a larger modulation bandwidth and increased speeds due to the reduced contact
area and corresponding low resistance-capacitance constant, as well as an
increased current density for operation. Despite this fact, the limitation of LEDs and
µ-LEDs is the lack of high-speed modulation and high optical power,
simultaneously. At present, LEDs with high optical power in the Watt range can
offer high-quality illumination, but their modulation speed is limited to few MHz [16].
At the same time, µ-LEDs show a much faster modulation speed at hundreds of
MHz while falling short in illumination due limited optical output power of around 3
mW [17]. While arrays of µ-LEDs are currently being explored to surpass these
shortcomings [206], [207], alternative devices such as laser diodes, laserintegrated optoelectronics, and SLDs, are an existing solution to the dilemma.
Unlike the LEDs, the laser diodes operate without efficiency droop, offer faster
modulation speeds, and their emission is a light beam creating opportunities for
long-distance VLC. Moreover, the recent implementation of blue lasers in enabling
white lighting [94], [95] has nurtured the adoption of laser diodes for VLC [18], [19],
[208], including the utilization of advanced modulation and red-green-blue
wavelength multiplexing for record speeds of around 40 Gbit/s where the average
speed per laser was around 7 Gbit/s [209]. The wavelength span of GaN-based
laser diodes also makes them particularly suitable for underwater applications,
where long distances and high speed are needed for remote sensing and
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unmanned vehicles. Indeed, the underwater optical wireless communication could
be a critical technology in the future since every high-speed wireless technology,
including radio wave, millimeter-wave, and microwave are strongly absorbed by
water by up to three orders of magnitude more than blue-to-green light [196]–[198].
Adding to the advantages of standard laser diodes, the implementation of GaNbased DFB laser diodes to VLC could follow the example of the dense wavelengthdivision multiplexing at the telecommunication wavelengths, where multiple
channels of data transmission in closely adjacent wavelengths are sent through a
sub-nm narrow window, improving the data transmission capacity by one order of
magnitude. Narrow-linewidth channels for VLC exist at the Fraunhofer lines, which
are the components of the solar spectrum with low intensity. Particularly, the
hydrogen-beta (H- β) Fraunhofer line at 486.13 nm and the magnesium-b1 (Mgb1) Fraunhofer line at 518.36 nm promise improved signal-to-noise ratio in the
blue-to-green low-loss window of underwater media, and an overall greater
efficiency due to the low background optical noise [210]–[214]. Despite this fact,
GaN-based DFB lasers in this wavelength range have not been demonstrated.
The utilization of DFB lasers for VLC has just been recently reported using a violet
laser with emission around 407 nm and a transmission speed of up to 3.5 Gbit/s
[215]–[217] using conventional on-off keying, falling short behind the average 7
Gbit/s with advanced modulation of Reference [209] using standard laser diodes.
Thus, improving the data transmission speed of GaN-based DFB lasers by
implementing advanced modulation schemes while retaining the single-frequency
operation, is a needed step towards the next generation of VLC. Moreover,
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targeting emission wavelengths at the low-background noise channels of the
Fraunhofer lines and the low-loss window of underwater media is promising for
improved performance and application to various environments.
The laser diode monolithically integrated to a waveguide modulator [39], [44] could
play an important role in future VLC. Here, instead of modulating the full laser
cavity, one could modulate a small section using the electroabsorption effect of the
InGaN active region. Thus, the on-off switching of the laser would require only a
fraction of the electrical power that would be required to modulate a whole laser
diode. Moreover, due to the small footprint of the integrated modulator, a small
contact area provides competitive modulation characteristics due to the small
resistance-capacitance constant and higher current densities. Despite these facts,
only a handful of reports have been done in this topic [39], [44], [156], [164], [218],
with a collaboration among KAUST, UCSB, and KACST being the only one to have
tested the VLC capabilities of the integrated device, achieving data speeds of up
to 1.7 Gbit/s limited by the receiver used in the experiment and using just
conventional on-off keying [164]. The same collaboration group carried out
experiments led by KAUST to pioneer the use of SLD for VLC [34], [35]. SLDs offer
high-speed modulation in the hundreds of MHz while keeping sufficient optical
power in tens or hundreds of mW. Moreover, SLD show directional beam emission,
and droop-free operation at high current densities. As compared to laser light, the
visual quality perception of the SLD light is more natural due to the low temporal
coherency and lower speckle density. The visual characteristic of SLD could
enable red-green-blue white lighting VLC without the need of phosphors,
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competing with equivalent LED units for faster VLC. SLDs have shown up to 1.3
Gbit/s by simple on-off keying modulation [35], leaving advanced modulation be
explored in order to test the limits of SLD for VLC.

1.4 Objectives
The research and development of GaN-based lasers and optoelectronics are
necessary to unleash the full potential of GaN-based photonics. The properties of
DFB lasers, SLDs, and integrated laser-optoelectronics offer an avenue for
boosting VLC, and future technology platforms such as the photonic integrated
circuits operating at visible wavelengths. By providing new components to the suite
of GaN-based devices, the goal of a versatile photonic platform with deep market
penetration in optical communications is one step closer to reality. Such milestone,
requires multidisciplinary and collaborative research, from materials to devices,
and network architecture.

Hence, this dissertation aims at integrating

multidisciplinary research of GaN-based emitters and their application to highspeed optical communication. In Chapter 2, DFB lasers at unexplored wavelengths
in the blue-to-green region are demonstrated by utilizing commercial laser diodes
and prototype fabrication of high-order DFB surface gratings. Integration of a skyblue (480 nm) DFB laser to high-speed advanced modulation is demonstrated with
VLC data rates beyond 10 Gbit/s in a single device. In Chapter 3, SLDs with a high
optical power of tens to hundreds of mW are demonstrated in commercial c-plane
GaN structures by utilizing a tilted-front facet approach. The blue SLDs are
integrated with advanced modulation schemes to achieve up to 3.8 Gbit/s with a
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single device. In Chapter 4, a two-section green laser is demonstrated towards the
future implementation of integrated laser-modulator, which could also serve as
integrated mode-locked laser or laser–optical amplifier. The demonstrations
presented in this dissertation aim at laying the foundations of future research
directions, which are discussed in Chapter 5.
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2 Distributed-feedback (DFB) laser with high-order surface
grating

2.1 Design and fabrication
The design of the DFB gratings follows the Bragg condition [102] given by
𝑚

𝜆
2 𝑛𝑒𝑓𝑓

= Λ, where 𝑚 is the order of the grating, 𝜆 is the operating wavelength in

vacuum, 𝑛𝑒𝑓𝑓 is the effective refractive index of the laser diode, and Λ is the period
of the grating. Related to the fabrication, low-order gratings (1st, 2nd, etc.) require
elaborated holographic or electron beam lithography because of the small grating
pitch size [104], [114]. On the other hand, high-order gratings (20th, 30th, etc.)
benefit from reduced fabrication complexity of a large grating pitch size while
retaining sufficient feedback at the Bragg wavelength in order to produce narrowlinewidth emission [106], [121]. Here, a 40th-order surface grating is chosen to ease
the fabrication requirements. The order 40 is chosen arbitrarily in order to use a
large number and thus obtain a sufficiently large grating pitch for visible
wavelengths [219]. The order of the grating 𝑚 represents both the diffraction order
𝑀 and the grating order 𝑝 as these are equivalent, i.e., 𝑀 ≈ 𝑝 ≈ 𝑚, when the angle
of diffraction θ is designed to be

𝜋
2

or 90° for waveguide feedback [102]. For a grating

of 𝑝 -order 40, the feedback at 90° will only be achieved at the 40th order of
diffraction 𝑀. For any 𝑀 ≠ 𝑝, the light will serve as a feedback to the waveguide
as long as it diffracts at angles allowed for total internal reflection. Figure 2.1 shows
the angle of diffraction, i.e., θ, at the different diffraction orders 𝑀 from 1 to 40, for
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a grating of the 40th 𝑝-order, calculated from 𝑠𝑖𝑛 θ ≈

2𝑀
𝑝

− 1 [102]. The diffraction

angle response for gratings with 𝑝 -order 39, 10, and 9 are also shown for
comparison. From Figure 2.1, it is noted that diffraction losses are expected from
the various diffraction orders propagating outside of the laser diode waveguide at
the various angles of diffraction when 𝑀 ≠ 𝑝.

Figure 2.1: The angle of diffraction 𝜃 corresponding to each diffraction order 𝑀 for gratings
with 40th, 39th, 10th, and 4th 𝑝-order. The side-view and top-view schematic of a surface
grating with duty cycle >0.5 (i.e., 𝛬1 > 𝛬2 ) is shown depicting the grating pitch 𝛬, and the light
(dashed arrows) under the diffraction angle 𝜃.

A 40th-order grating under the condition 𝑀 ≈ 𝑝 ≈ 𝑚 for θ = 90° will result in a
grating pitch equal to the one obtained for a 20th-order grating designed for vertical
emission, i.e., θ = 0° where 2𝑀 = 𝑝. This can also be seen in Figure 2.1 at 𝑀 = 20
for the 40th 𝑝-order grating or at 𝑀 = 5 for the 10th 𝑝-order grating. This concept of
diffraction at θ = 0° for vertical emission of horizontal waveguide devices is
attractive to be exploited particularly for low order gratings [220]. Here, we focus
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on the horizontal feedback at θ ≈ 90°. Despite the diffraction losses expected from
the analysis of Figure 2.1, a high-order grating can be designed with a suitable
grating duty cycle given by the ratio Λ1 /Λ, where Λ1 is the laser section with
refractive index 𝑛1 in the schematic of Figure 2.1. Large duty cycles above 0.5
have been shown to improve the amount of feedback to the laser cavity by
increasing the reflection coefficient and reducing the radiation losses at the grating
[221]. Hence, grating duty cycles above 75% are targeted in this work.
As mentioned in Chapter 1, all previous investigations on GaN-based DFB lasers
rely on devices emitting in the violet-to-blue region at wavelengths from ~400 nm
to 450 nm. Only recently, commercial laser diodes with the standard Fabry-Pérot
design have appeared in the market such as green lasers emitting at a nominal
520 nm and sky-blue lasers emitting at a nominal 488 nm. These devices open the
way for prototyping DFB gratings and realize monolithic single-frequency lasers at
these unexplored wavelengths, which are valuable for Fraunhofer line applications
and underwater systems. Here, a series of off-the-shelf laser diodes Sharp
GH04850B2G (λ = 488 nm) and Osram PLP520 (λ = 520 nm) are used in the
prototyping of DFB surface gratings via focused ion beam (FIB) etching. The
process involves removing the protective can of the TO mounted lasers, as seen
in the inset of Figure 2.2. The green laser diode shown in Figure 2.2 consisted of
a 4-µm ridge waveguide and a cavity length of ~905 µm, with a high-reflection
coating in the back-facet. The sky-blue laser diode consisted of a 2-µm ridge
waveguide and a cavity length of ~605 µm, with a high-reflection coating in the
back facet. These characteristics were determined by scanning electron
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microscope inspection. The DFB grating is designed to be fabricated in the back
facet of the laser diodes to achieve symmetry similar to λ/4 and λ/8 phase-shifted
lasers [102], [222]. The high-reflection coating at the back facet provides a random
phase shift (φ) to the DFB laser [223]. Therefore, an intentional phase-shift of φ =
π/2 is included in the first groove which is closest to the back-facet. In such a way
the traveling wave of the grating would be reflected constructively.

2.2 Device characteristics
From the Bragg condition, a grating period of Λ = 4.12 µm was initially calculated
for an emission wavelength of 515 nm, assuming a roughly estimation of 𝑛𝑒𝑓𝑓 =
2.5 based on optical constants of GaN. The DFB pattern consisting of 22 groves
was designed and prototyped on the surface of a green laser diode with the FIB
FEI Helios NanoLab 650 using an ion beam current of 3.3 nA at an acceleration
voltage 16 kV, with a total etching time of around 16 minutes. In a first experiment,
three consecutive DFB sections of 22 grooves were fabricated on a device. The
sections were fabricated and named “+1 DFB”, “+2 DFB”, and “+3 DFB” referring
to the fact that these are fabricated consecutively along the same ridge waveguide,
thus forming a longer DFB section, as shown in Figure 2.2. This approach is taken
to evaluate the experimental value of 𝑛𝑒𝑓𝑓 in the laser diode, and thus iterate on
the Bragg condition to improve the design and fabrication of the gratings. The
electro-optical DFB laser characterization was conducted under continuous-wave
operation using a Keithley 2520 system and a Labsphere integrating sphere
incorporating a silicon photodetector. The case temperature of the device was
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controlled by an active thermoelectric cooler (TEC). The laser linewidth,
characterized as the full width at half maximum (FWHM), was measured using a
high-resolution (>10 pm) optical spectrum analyzer Yokogawa AQ6373B. The
SMSR was obtained from the spectral measurement.

Figure 2.2: Scanning electron microscope image of the green laser diode with an overlay
schematic of the DFB grating illustrating the first experiment to evaluate the 𝑛𝑒𝑓𝑓 of the laser
by incremental grating coverage, i.e., +1 DFB for one set, +2 DFB for two sets, and +3 DFB
for three sets of grating. The inset shows the real image of a commercial laser mounted in a
brass holder with and without the protection cap.
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Figure 2.3: Electro-optical characteristics of the first prototype of green DFB laser diode
showing increasing SMSR, blue shift in emission, and lower optical power, for increasing
number of groves [224].

The spectra of the prototype DFB green laser taken at 300 mA (8.29 kA/cm2)
continuous-wave electrical injection and 20 °C is shown in Figure 2.3, illustrating
the evolution of the lasing emission after fabrication of each of the three
consecutive DFB sections. The effect of the grating can be evaluated by the
reduction of resonant Fabry-Pérot modes. This can be seen directly from the
spectra in Figure 2.3 and quantified by the increasing values of SMSR from 0.2
dB, to 2.23 dB. A peak spectral blue shift is observed. This shift into shorter
wavelengths can be attributed to a mismatch between the Bragg wavelength of the
DFB grating and the highest gain of the initial unmodified laser, as well as to the
increasing diffraction losses driving the threshold current to higher values and thus
increasing the screening of the QCSE. The experiment also showed a reduced
output power from 141 mW down to 49.6 mW. Similar optical power reduction has
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been observed previously [106], and it can be related to the increased diffraction
loss [225] and thus, a strong coupling coefficient [226]. In return, the DFB grating
provides stability to the lasing emission as seen in Figure 2.3, where a kink is
initially observed for the output power curve of the standard laser and later
suppressed in the same device after the DFB gratings are fabricated. From the
current – voltage (IV) characteristics, we determined a dV/dI differential resistance
converging to ~3.25 Ω (±0.25 Ω) at 300 mA for the device before and after the
fabrication of each section. Thus, the creation of the grating using this method did
not degrade the electrical performance of the laser diode. From the spectral
emission of the device, the dominant peak at 515.674 nm is used to calculate
experimentally the 𝑛𝑒𝑓𝑓 using the Bragg condition. An 𝑛𝑒𝑓𝑓 = 2.5033 is obtained to
be used in further DFB fabrication. The same spectra reveal laser modes in the
cavity with a mode spacing ∆𝜆 ~ 53 pm. Based on the relation

𝜆2
2 𝑛𝑒𝑓𝑓,𝑔 𝐿

= ∆𝜆 [92],

the group effective refractive index 𝑛𝑒𝑓𝑓,𝑔 is calculated as 2.772. Then, using the
𝑑𝑛

𝑑𝑛

relation 𝑛𝑒𝑓𝑓 − 𝜆 𝑑𝜆 = 𝑛𝑒𝑓𝑓,𝑔 [92], it is possible to estimate the dispersion 𝑑𝜆 to
be ~ –5.21 × 10-4 nm-1.
Next, a 40th-order DFB grating with a revised Λ = 4.114 µm and a duty cycle of 0.7
is designed following the Bragg condition and the revised 𝑛𝑒𝑓𝑓 = 2.5033. The
fabricated grating is shown in Figure 2.4. The spectrum emission of the resulting
device is plotted in Figure 2.5, showing a narrow-linewidth of 31 pm centered at
513.85 nm, as well as the spectrum of the unmodified Fabry-Pérot laser with a
linewidth of 544 pm; both operated at operated at 300 mA (8.29 kA/cm2) of
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continuous-wave electrical injection and 20 °C. The mode spacing ∆𝜆 = 53 pm is
also shown. From the characterization, it is observed a substantial decrease on
the optical power from 149 mW to 14 mW, before and after the integration of the
grating. The dV/dI resistance was not affected (~3.03 ±0.03 Ω, 300 mA). The
threshold current increased from 102 mA to 263 mA (i.e., 2.82 kA/cm2 to 7.27
kA/cm2), as shown in the inset of Figure 2.5. The maximum slope efficiency
decreased from 0.54 W/A to 0.32 W/A. Similarly, the EQE dropped from 20.7% to
2% (at 300 mA). These figures turned into a maximum wall-plug efficiency of
0.74% (at 300 mA) for the DFB laser, whereas the unmodified laser initially showed
7.7 % (at 300 mA). As anticipated from the earlier discussion, the optical
performance of the device was compromised. From this result, it is noted that even
though the high diffraction loss of the high-order grating is significant, the feedback
at the high-diffraction order is still sufficient to achieve stimulated emission, making
it possible to turn a standard Fabry-Pérot laser into the first green-emitting GaNbased DFB laser.
The emission spectrum of the DFB laser plotted using a logarithmic scale in Figure
2.5 shows an SMSR of 36.9 dB, which is higher than any other previously reported
violet and blue GaN-based DFBs. The real color image of the far-field pattern is
also shown as the inset of Figure 2.5, from which it can be observed a Gaussian
intensity distribution. From the peak emission an updated value of 𝑛𝑒𝑓𝑓 = 2.4981,
𝑛𝑒𝑓𝑓,𝑔 = 2.7524, and a dispersion of ~ –4.95 x 10-4 nm-1 are calculated.
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Figure 2.4: Fabricated 40th-order DFB surface grating on a 4-µm wide ridge waveguide green
laser diode. The image shows the grating in the back facet. The debris in the picture belongs
to the oxide isolation bordering the ridge waveguide.

Figure 2.5: Electro-optical characteristics of the green DFB laser diode depicting an optical
power of 14 mW with a peak emission at 513.85 nm, linewidth of 31 pm, and SMSR of 36.9
dB. A mode spacing of 53 pm is indicated, and the inset image shows the real color picture
of the far-field pattern [224].
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Figure 2.6: Temperature dependence of the emission of the green DFB laser diode, where
temperatures are nominal values of the TEC [224].

The influence of operating temperature on the narrow-linewidth emission of the
DFB laser is shown in Figure 2.6. A tuning coefficient of 0.0128 nm/K is calculated
from 12.5 °C to 40 °C. However, in the evolution of the peak emission, it can be
noted a mode hopping from 513.858 nm to 513.845 nm at temperatures of 20 °C
to 22.5 °C. Thus, the tuning coefficient in the linear part of the response curve is
0.0151 nm/K. The nominal temperature is obtained from the TEC controller
assuming perfect heat transfer between the laser and the TEC. The spectral
characterization showed unsteady narrow-linewidth emission in the range between
22.5 °C and 32.5 °C, noted from the low SMSR of 2.4 to 9.2 dB. The most
compromised case is found at 25 °C, where the emission shows an SMSR of 2.43
dB and an FWHM of 75.8 pm given by two dominant lasing modes, corresponding
to the mode hopping transition. The distortions of the spectrum at different
temperatures may be due to changes in refractive index and carrier concentration
resulting in wavelength mismatch between the grating and the standing wave of
the cavity creating a region for mode hopping. Despite this fact, the narrow
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linewidth of ~31 pm is sustained at almost all conditions, with a high SMSR of up
to 37.7 dB. This performance of the DFB laser diode is in clear contrast to the
linewidth of 544 pm and SMSR of 0.7 dB of the initial unmodified Fabry-Pérot laser
device.
Sky-blue lasers were also subjected to prototyping of high-order surface gratings.
From the Bragg condition, a grating period of Λ = 3.86 µm was calculated for an
emission wavelength of 486.13 nm, assuming an 𝑛𝑒𝑓𝑓 = 2.52. The DFB pattern
consisting of 23 groves was designed and prototyped on the surface of a sky-blue
laser diode with the FIB FEI Helios NanoLab 650 using an ion beam current of
0.13 nA at an acceleration voltage of 16 kV, with a total etching time of around 20
minutes. The lower current of ion beam as compared to the previous fabrication of
DFB in the green laser is reduced to improve the resolution of the etching process.
Figure 2.7 shows the laser diode before fabrication and the fabricated surface
grating depicting a duty cycle of ~0.9, as well as the detail of the ridge waveguide
and top metal contact.

Figure 2.7: Scanning electron microscope image of the sky-blue laser depicting in a circled
area the location for DFB grating fabrication. The image on the right shows the fabricated DFB
surface grating with a grating duty cycle of 0.9, laterally coupled to a 2-µm ridge waveguide.
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The inspection on the scanning electron microscope reveals that the fabricated
device shows an Λ = 3.88 µm, thus 20 nm longer than the original target. The
electro-optical characterization of the device was completed under continuouswave operation using a laser tester Keithley 2520 and a Labsphere integrating
sphere with a silicon photodetector. The device was cooled using a TEC SaNoorSN-LDM-T set at a case temperature of 16 °C. The laser linewidth characterized
as FWHM was measured using the optical spectrum analyzer Yokogawa
AQ6373B. The electro-optical response of the device is shown in Figure 2.8. The
characteristics include the light-output–current–voltage (L–I–V) response, the
EQE, the dV/dI differential resistance, and the current density. The device showed
a threshold for lasing at ~75 mA (~6.2 kA/cm2) and a turn-on voltage of ~4.3 V.
The peak optical output power of ~14 mW was reached at 150 mA (~12.4 kA/cm2)
with a differential resistance of ∼7.8 Ω. The maximum EQE was ~3.5 %, and the
maximum wall-plug efficiency 1.34 %. The peak slope efficiency was 0.23 W/A at
150 mA.
The spectrum emission plotted in Figure 2.8 shows a narrow-linewidth of 34.5 pm
centered at 479.712 nm, with a SMSR of 42.4 dB, which is the highest SMSR for
any GaN-based DFB laser. The real color image of the far-field pattern is also
shown as an inset in Figure 2.8, from which it can be observed a Gaussian
intensity distribution. A value of 𝑛𝑒𝑓𝑓 = 2.4727 is calculated from the peak
emission, and a 𝑛𝑒𝑓𝑓,𝑔 = 2.9716 from the ∆𝜆 ~ 64 pm. These values result in a
𝑑𝑛

dispersion 𝑑𝜆 of ~ –1.04 x 10-3 nm-1.
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Figure 2.8: Electro-optical characteristics of the sky-blue DFB laser diode depicting an optical
power of 14 mW with a peak emission at 479.712 nm, linewidth of 34.5 pm, and SMSR of 42.4
dB. A mode spacing of 64 pm is indicated, and the inset image shows the real color picture of
the far-field pattern [227].

Figure 2.9: Spectral characterization at increasing injection current with detail of linewidth,
SMSR and peak position [227].

A detailed spectral characterization shown in Figure 2.9 demonstrated a
resolution-limited single-mode with stability of 6.25 pm/mA from a total change of
0.375 nm in the peak position. Mode hopping is observed from the peak position
in two transitions at 110 mA and 130 mA. The three linear regimes with the lowest
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slope show a tuning coefficient of 3.9 pm/mA, 4.1 pm/mA, and 4.3 pm/mA. Despite
this observation, the emission spectra show a consistent narrow linewidth of ~34
pm and increasing SMSR from 33 dB to 42.2 dB.

2.3 Application to high-speed VLC
The sky-blue DFB laser was tested for high-speed modulation towards application
in VLC. The frequency response of the DFB laser was measured using a network
analyzer Agilent E8361C PNA, a bias-tee Tektronix PSPL5580, and a high-speed
photodetector Alphalas UPD-50-UP with a variable neutral density filter to avoid
saturation of the receiver. A calibration module unit Agilent E-Cal 85093-60010
was used to rectify the response of the components of the system. A bias-tee was
used to combine the modulation signal from the network analyzer and the
continuous-wave electrical current needed for DFB laser operation. The optical
signal was sent over a free-space distance of ~38 cm.
The results in Figure 2.10 show that the maximum frequency is reached at the
highest injection current (𝐼) of 150 mA. The increasing oscillation frequency (𝑓 ) is
𝑁𝑝

due to the higher photon density (𝑁𝑝 ) following a relation 𝑓 ∝ √ 𝜏 [92], where 𝑁𝑝 ∝
𝑝

𝐼 after threshold and 𝜏𝑝 is the photon lifetime [92]. At the highest current of 150
mA, the response of the DFB laser is relatively flat with a –10-dB bandwidth of ~2.6
GHz. For comparison, an unmodified Fabry-Pérot laser was characterized under
the same conditions. The results show that under an equivalent output power of
~14 mW, the standard laser has a –10-dB bandwidth of ~1.9 GHz, and under an
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equivalent injection current the –10-dB bandwidth of the standard laser is 2.2 GHz.
These results demonstrate a superior performance of the DFB laser in terms of the
frequency response. This behavior can be attributed to mechanisms of self-locking
[228] or most likely due to the increased cavity optical loss at the grating (𝛼𝑔 )
leading to a lower photon lifetime 𝜏𝑝 and the corresponding rise in frequency
1

𝑁𝑝

𝑝

𝑝

following the relation 𝛼𝑔 ∝ 𝜏 and the previous relation 𝑓 ∝ √ 𝜏

[92].

Figure 2.10: Frequency response of the sky-blue DFB laser and comparison against the
unmodified sky-blue Fabry-Pérot laser [227].

The –3-dB bandwidth of the DFB laser (~ 1.1 GHz) and the Fabry-Pérot laser (~
730 MHz at 150 mA and ~ 1.1 GHz at ~ 14 mW) in these measurements is limited
by the sudden intensity declines at ~1.1 GHz and ~1.6 GHz. Such features are
found in both lasers, as seen in Figure 2.10, indicating a signature of the system
due to the components that are not used in calibration process, particularly, the
circuit board of the laser mount fitted in the TEC. If such unintentional features are
neglected, the effective –3-dB bandwidth of the DFB laser could reach ~2.1 GHz,
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whereas the standard laser would show a –3-dB bandwidth of ~730 MHz (at 150
mA) and ~1.5 GHz (at ~14 mW).

Figure 2.11: Data rates of the VLC link powered by the sky-blue DFB laser showing a
maximum speed of 5 Gbit/s with BER below FEC limit. The dashed lines are guides for the
eye. The corresponding open-eye diagrams are shown, including a white square indicating
100 ps/div and 30 mV/div [227].

Based on the modulation characteristics, the DFB laser was tested for optical
communication using the non-return-to-zero on-off keying (NRZ-OOK) modulation
scheme. A signal of amplitude equal to 1 V of peak-to-peak, containing a
pseudorandom binary sequence (PRBS) 210-1 data stream, was created with a
pattern generator Agilent N4903B J-BERT. A digital communication analyzer
Agilent DCA-86100C was used to characterize the VLC link by generating the eye
diagrams. Various data rates were studied at raising injection currents in order to
analyze their influence on the maximum data rate achievable. The resulting data
rates and bit error ratio (BER) are shown in Figure 2.11. At 130 mA, a sudden rise
in the BER value limits the data rate as expected by the fixed frequency bandwidth
at a given injection current. This can be solved by increasing the injection current
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as noted before and as illustrated in Figure 2.11. The data rate can be increased
from 3.5 Gbit/s to 5 Gbit/s by raising the injection current from 130 mA to 150 mA.
The maximum data rate of 5 Gbit/s is achieved with a BER of 2.3 × 10−3, fitting the
forward error correction (FEC) limit of 3.8 × 10−3, as indicated in the figure. The
eye diagrams of the VLC link are also shown in Figure 2.11, with clear open eye
characteristics.
Table 2.1: Main parameters of the OFDM signals used in the VLC link employing the skyblue DFB laser diode
Parameter
Gross data rate of the 16-QAM OFDM signals
Nº of subcarriers
Bit number of the PRBS
Inverse fast Fourier transform size
Nº of cyclic prefix
Number of subcarriers for frequency gap near
direct current level
Number of OFDM symbols (including two training
symbols for synchronization and four training
symbols for channel equalization)

Value
10.5 Gbit/s
108
220–1
1024
10
3
152

To further increase the data rate, advanced modulation in the form of orthogonal
frequency-division multiplexing (OFDM) [229], [230] was implemented in this
testing. OFDM is attractive because it provides a multiplication of data streams
within a single channel via fast Fourier transform algorithms [230]. In this way,
different frequencies within the bandwidth of the DFB laser can be used as
independent sub-channels as long as their signal phase is orthogonal. These
signals are combined into a single complex wave and injected into the transmitter.
OFDM signals allow to multiply the communication channel by means of the
quadrature amplitude modulation (QAM) order, whereas the lowest QAM order
known as binary phase-shift keying (BPSK) is equivalent to the NRZ-OOK, thus
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higher QAM orders are regularly used. Here, a 16-QAM OFDM scheme is
implemented. The parameters of the signals are listed in Table 2.1.

Figure 2.12: Experimental setup used to transmit 16-QAM-ODFM signals employing the skyblue DFB laser. The real picture of the testbed is shown, focused on the transmitter [227].

The OFDM signals are created in a MATLAB algorithm developed by Dr. Meiwei
Kong in the KAUST Photonics Laboratory. These signals are then uploaded into
an arbitrary waveform generator Tektronix AWG70002A, and sampled at a pace
of 25 GSamples/s, with 500 mV of peak-to-peak signal amplitude. To optimize the
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device modulation, the native signals are sent through a signal amplifier MiniCircuits ZHL-42W+. For circuit protection, an attenuator KT2.5-60/1S-2S is
connected to the amplifier. The signals are transmitted by the DFB laser via air
channel of ~38 cm, and then are received at the photodetector. The collected
signals are amplified by a second amplifier and then recorded by a high-speed
oscilloscope Tektronix DPO 72004C, keeping 100 GSamples/s as the sampling
rate. The off-line processing of the received signals completes the data
transmission process resulting in a constellation diagram and corresponding BER
of the VLC link. The experimental setup is shown in Figure 2.12.
The frequency response of the full system plotted in Figure 2.13 shows a –3-dB
bandwidth of ~1.5 GHz and a –10-dB bandwidth of ~2.5 GHz. A total of 2.637 GHz
was utilized as the frequency bandwidth to transmit OFDM signals for up to 10.5Gbit/s. Because the utilized bandwidth is slightly larger than the –10-dB bandwidth
of the system, power-loading OFDM is implemented. Power-loading algorithms
emphasize the power budget of the signal at the carriers prone to signal fading
due to lower signal-to-noise ratio [231]. A data transmission speed of up to 10.5
Gbit/s with a mean BER of 2.708 × 10−3 was realized through power-loading
algorithm in the 16-QAM-OFDM protocol. Power allocation with a ratio of 5:13 dB
was linearly emphasized on the subcarriers with indices from the 30th to the 108th.
Figure 2.13 shows the corresponding well-converged constellation map and the
BER per carrier.
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Figure 2.13: Left: Frequency response of the 16-QAM-OFDM system, including the individual
response of the amplifier and attenuator used in the same system [232] . Right: BER of the
received 16-QAM-OFDM signals using power-loading algorithm. The mean BER is 2.708 ×
10−3. The inset shows the constellation map of the signals [227].

2.4 Other potential applications

Figure 2.14: Characterization of the solar spectrum in the sky-blue – green region with a
detail of the Fraunhofer lines, and spectral emission of fabricated DFB lasers.
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DFB lasers emitting at sky-blue and green colors are deemed necessary for
underwater applications such as bathymetry, remote sensor probes, and
underwater VLC. This is because such colors have the highest penetration depth
in oceanic and coastal waters [197].
Another application of importance is the operation of DFB lasers at the Fraunhofer
lines, which are the components of the solar spectrum with low intensity. In
particular, narrow-linewidth laser sources at wavelengths such as 486.13 nm and
518.36 nm corresponding to the hydrogen-beta (H-β) and magnesium-b1 (Mg-b1)
Fraunhofer lines, promise improved signal-to-noise ratio and overall greater
efficiency due to the low background optical noise[210]–[214]. Hence, DFB lasers
emitting at sky-blue and green wavelengths were designed and fabricated in order
to match the Fraunhofer lines. The closest result is a DFB laser matched at the
Mg-b4 line located at 516.73 nm, as seen in Figure 2.14. Device malfunction
resulted in the impossibility to test the operating characteristics of the laser under
sunlight illumination, but it is expected that future work takes effect from this point.
The sunlight characterization done at KAUST using the optical spectrum analyzer
shows that the reduction of the background noise can be beyond 20 dB for the Hβ line and about 6 dB for the Mg-b1 line, as seen in Figure 2.14. This is taking into
consideration that an appropriate narrow-linewidth filter is used in a real
application, in fact, commercial filters at these particular wavelengths are available,
found as laser line filters centered at 488 nm and 514 nm.
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2.5 Summary of contributions
The contribution of this dissertation to the development of GaN-based DFB lasers
highlights the following:
•

By prototyping monolithic high-order DFB surface gratings onto off-the-shelf
laser diodes, this dissertation demonstrates the first green and sky-blue
DFB lasers based on GaN, with resolution-limited single-mode emission at
wavelengths around 514 nm and 480 nm, and linewidths of 31 pm and 34.5
pm, respectively.

•

The DFB lasers operated at continuous-wave electrical injection show a
high SMSR of up to 42.4 dB. This is the record for any GaN-based DFB
laser.

•

The DFB-laser is implemented in VLC, achieving record values of data
transmission speed of up to 5 Gbit/s and 10.5 Gbit/s by implementing NRZOOK and power-loading 16-QAM-OFDM modulation formats, respectively.
This technology has the potential to emulate the true dense wavelengthdivision multiplexing of the optical fiber infrastructure for future
implementation in VLC.

•

This dissertation offers a viable route to demonstrate monolithic narrowlinewidth DFB lasers matching the Fraunhofer lines at 486.13 nm and
518.36 nm, with potential for low-background noise applications.
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3 Superluminescent diode (SLD) with tilted facet

3.1 Design and fabrication

Figure 3.1: Top-view schematic and real image of an SLD designed as a double-pass
device, depicting a 1-mm long waveguide, a back facet high-reflection coating (labeled as
HR mirror), and a 12°tilted front facet.

The design of GaN-based SLDs follows the cavity suppression by tilted facet [6],
with a 12° angled facet design, expecting a low reflectivity in the order of 10-5 [30],
[233] at the front facet. The design follows the double-pass SLD design [135]
described in Section 1.2.2, depicting a low-reflectivity front facet, a high-reflectivity
mirror in the back facet, and a sufficiently long waveguide leading to an enhanced
optical output power by the quadratic relation of the gain: 𝑃𝑜 ≈ 𝑃𝑠𝑝 𝑅 𝐺𝑠2 , where 𝑃𝑠𝑝
is the power of the spontaneous emission within the waveguide, 𝑅 denotes the
reflectivity of the back facet mirror, and 𝐺𝑠 is the single-pass optical gain of the
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device which is a function of current density 𝐽 and device length 𝐿. The schematic
design of the device, as well as a fabricated SLD device, are shown in Figure 3.1.
For device fabrication, the tilted front facet is etched by FIB prototyping in a
commercial c-plane GaN laser, with a waveguide length of ~1000 µm and a ridge
waveguide width of 15 μm. This approach takes advantage of a commercial highquality epitaxial material and epitaxial waveguide designed for a Watt-class highpower laser diode, including a back-facet coating for high reflectivity and a broad
area (i.e., 15 µm wide) ridge waveguide suitable for high optical power. A high ion
beam current of 65 nA and an acceleration voltage of 30 kV is used to etch around
100 µm of epitaxy and GaN substrate using a FEI Helios G4 UX with an etching
processing time of around 3 hours. The etching is followed by FIB polishing with
30 kV and currents down to 90 pA for 0.5 hours. Figure 3.2 shows the front facet
of an SLD formed with FIB etching and polishing.

Figure 3.2: Front facet of an SLD under etching processing with high-current FIB (left) and
the same facet after low-current FIB polishing (right). Some redeposition can be noticed.
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Alternatively, a preferred approach is using gas-assisted etching with iodine (I2)
[234]. For gas-assisted etching, a high ion beam current of 21 nA at an acceleration
voltage of 30 kV is used to etch the same depth of around 100 µm using a FEI
Helios NanoLab 650 with an etching processing time of 3.5 hours. The fast milling
rate of iodine-assisted etching compensates the lower ion beam current, as seen
in other research [234], leading to equivalent processing times. An additional
benefit of gas-assisted etching is the significantly lower redeposition due to the
chemical etching nature of iodine. Figure 3.3 shows the front facet of an SLDs
formed with FIB gas-assisted etching.

Figure 3.3: Image of an SLD device under etching processing with gas-assisted FIB (left)
and resulting tilted front facet (right) showing no redeposition.

Various devices were fabricated using these techniques obtaining SLDs with peak
emission between 435 nm and 443 nm as shown in the characterization of section
3.2.
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3.2 Device characteristics

Figure 3.4: Electro-optical characteristics of an SLD at increasing injection current. (a) The
response in differential resistance, voltage, optical power, and EQE. (b) The slope efficiency,
peak spectral position and optical bandwidth (FWHM). (c) Corresponding spectra of the SLD
in linear scale.

The electro-optical characteristics of the fabricated SLDs show peak output optical
power as high as 132 mW in continuous-wave operation, from 1 mA to 1000 mA,
as shown in a representative case in Figure 3.4. The maximum injection current
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represents a current density of 6.7 kA/cm2. The light-output-power – current –
voltage (L–I–V) characteristics of the device were measured with a laser diode test
system Keithley 2520 and a silicon photodetector in an integrating sphere from
Labsphere. The device is mounted in a TEC SaNoor SN-LDM-T to maintain a
constant case temperature at 16 °C. The differential resistance (dV/dI) converges
to values of less than 1 Ω. The I–V curve shows a turn-on voltage of 3.3 V, and an
I–V quasilinear regime from 400 mA onwards appealing for device modulation. The
L–I curve shows an initial linear regime from 1 to ~200 mA corresponding to a
regime dominated by spontaneous emission. The L–I response then increases
exponentially from 200 mA onwards due to the ASE. The SLD shows a droop-free
performance, as seen in the EQE plotted in Figure 3.4(a) with a maximum EQE of
4.7 %. The maximum wall-plug efficiency was 2.7 %, and the maximum slope
efficiency (dP/dI) was 0.52 W/A shown in Figure 3.4(b). The spectral
characterization was carried out using a spectrometer Ocean Optics HR4000 with
a maximum resolution of 0.75 nm. The analysis of the spectral peak position and
optical bandwidth (FWHM) is shown in Figure 3.4(b), while the captured emission
spectra of the SLD is shown in Figure 3.4(c). The optical bandwidth decreases
from 16.7 nm (50 mA) to 8.2 nm (250 mA) due to the transition from spontaneous
emission to ASE. The optical bandwidth then transitions from 7.7 nm (300 mA)
down to 5.9 nm (950 mA). The optical bandwidth narrowing is attributed to the ASE
due to selective light amplification at the optical gain peak in the active region of
the SLD. The peak position of the spectrum at 50 mA is located at 446.7 nm. The
peak position at increasing injection current shows a blue-shift to 441 nm (at 600
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mA), which is expected from the screening of the QCSE at increasing current
density [235] and the band-filling effect [236], [237]. The peak moves again to
longer wavelengths up to 442.7 nm (at 1000 mA) attributed to self-heating of the
active region due to the increasing continuous-wave current [238], [239], and the
relatively low wall-plug efficiency. The emission spectra of the SLD at different
injection current in steps of 50 mA is shown in Figure 3.4(c).
The characteristics of a second device are shown in Figure 3.5, as characterized
using the same methods of the previous device description. Here, the electrooptical performance and metrics are equivalent to the previous device, with a peak
output power of up to 128 mW at the maximum current density of 6.7 kA/cm2 (1000
mA) under continuous-wave operation [240]. The spectral characterization was
now carried out using a high-resolution optical spectrum analyzer (Yokogawa
AQ6373B) at a resolution of 0.02 nm. The emission spectra of the SLD at different
injection current in steps of 100 mA is shown in Figure 3.5(c). Here, the optical
bandwidth decreases from 11 nm (at 100 mA) to 7.8 nm (at 200 mA) due to the
transition from spontaneous emission to ASE. The optical bandwidth then shrinks
from 6.9 nm (at 300 mA) down to 5 nm (at 900 mA) and 4.3 nm (at 1000 mA). The
peak position of the spectrum at 100 mA is located at 445 nm, followed by a slight
blue-shift behavior of 2.7 nm at increasing injection current down to 442.3 nm at
700 mA. The peak emission is then redshifted by 1 nm to 443.3 nm at the highest
current of 1000 mA. As a side note, a step intensity change in the data is noted in
Figure 3.5(c) at the 470 nm mark due to the change of grating in the optical
spectrum analyzer.
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Figure 3.5: Electro-optical characteristics of an SLD at increasing injection current. (a) The
response in voltage, differential resistance, optical power, and EQE. (b) The slope efficiency
and wall-plug efficiency. (c) Corresponding spectra of the SLD in logarithmic scale [240].

From the spectra plotted in Figure 3.5(c), it is noted that spectral distortions occur
near the peak emission at injection currents of 700 mA and above. The potential
cause of this behavior is residual modal reflections from the front facet creating
cavity modes [241]. Cavity modes are undesired and can lead to lasing action.
Despite the existence of these modes, the device is still operating in the
superluminescent regime, as proved by the FWHM of the spectrum. Nevertheless,
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the residual reflections create spectral ripples that are unfavorable for certain
applications such as the optical coherence tomography. The residual reflections
may be generated due to the relatively high optical power (i.e., beyond 100 mW)
and the non-negligible reflectivity at the tilted facet. Therefore, it is expected that
reflections can be fully eliminated by complementary approaches such as an
antireflection coating in the tilted facet or a modified curved waveguide;
nonetheless, these solutions could potentially lead to a lower output power [30]
which is important for lighting and displays applications. From the previous
characterization data in Figure 3.4(b) and Figure 3.5(b), it is seen that the slope
efficiency does not show a saturation regime expected as a plateau [233]; instead,
a slight rise is seen towards the end of the highest injection currents. It is likely that
the residual reflections observed in the spectra may be creating additional
feedback to the SLD increasing the output optical power characteristics and slope
efficiency. Characterization of the emission spectra using the highest resolution of
the optical spectrum analyzer of 0.01 nm showed the formation of ripples, as seen
in Figure 3.6, with a spacing of 27 pm similar to an equivalent unprocessed laser
diode. While residual reflectivity at the front facet is confirmed, it can actually be
beneficial to counteract the radiation loss of the highest injection currents.
Moreover, the ripples in the emission spectrum do not affect the application of
SLDs to illumination and VLC. These applications are discussed later in this
chapter.
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Figure 3.6: High-resolution spectrum of a blue SLD under continuous-wave operation (left)
and a close-up detail of the spectrum showing the spectral ripples (right).

In Figure 3.7, the characteristics of a representative case of SLD are given,
showing an optical power of up to 23 mW in pulsed operation (25 kHz at 50% Duty
cycle). Here the device is set at room temperature (20 °C). The lower optical power
as compared to previous devices is likely due to processing defects such as FIB
damage [242], [243] or lower epitaxial quality leading to lower gain. Such lower
performance has also been seen in SLD devices after aging during the work of this
dissertation.

Despite

these

facts,

all

the

devices

consistently

show

superluminescence (i.e., amplified spontaneous emission), as noted from the
narrowing of the optical bandwidth, the exponential increase in optical power, and
the droop-free operation.
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Figure 3.7: Electro-optical characteristics of an SLD at increasing pulsed injection current. (a)
The response in voltage, differential resistance, optical power, and EQE. (b) Spectra of the
SLD in logarithmic scale. (c) Corresponding slope efficiency, wall-plug efficiency, spectral
peak position, and optical bandwidth (FWHM).

The spectral analysis shown in Figure 3.7 reveals a bandwidth narrowing from
nearly 20 nm (at 100 mA) down to 5 nm (at 1000 mA), while the peak position
shows a dominant blue-shift from 442.8 nm to 435.45 nm (from 100 mA to 1000
mA), without any perceptible device heating. A maximum EQE of 0.85 % and wallplug efficiency of 0.45 % are observed. The shape of the slope efficiency shows
the lack of gain saturation. This fact reinforces the observation of previous devices
and indicates that an SLD with longer waveguide can be fabricated, potentially
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leading to higher optical power. A maximum slope efficiency of 0.09 W/A is
observed for this device.
The visual characterization of the various SLDs shows a tilted beam projection due
to the tilted facet and a far-field pattern showing multiple lateral modes due to the
15-µm width of the waveguide [137]. The features are shown in Figure 3.8. These
features could represent a challenge for application in picoprojections where a
single lateral mode is preferred for efficient collimation.

Figure 3.8: Beam path of the SLD and far-field pattern showing multiple lateral optical
modes.

3.3 Application to high-speed VLC
The first step to implement SLDs for VLC is to characterize the modulation speed.
The frequency response of the SLD was evaluated in the range from 10 MHz to 2
GHz using a network analyzer Agilent E8361C-PNA, calibrated with an E-Cal
module Agilent 85093-60010. The input signal of the SLD is generated at the
network analyzer and then combined with the direct current bias from a power
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source Keithley 2400. The signal and the direct current bias are combined using a
bias-tee Tektronix PSPL5580 with a 15 GHz bandwidth. For proof-of-concept and
back-to-back testing, the output light of the SLD was collimated with a lens and
projected over 25 cm to 30 cm towards the receiver lens in front of an avalanche
photodetector (APD) MenloSystem-APD210 with a 1 GHz bandwidth. The
frequency response of two distinct devices is plotted in Figure 3.9 and Figure 3.10.

Figure 3.9: Frequency response and bandwidth of an SLD showing consistent bandwidth
broadening at increasing injection current [137].

In Figure 3.9, an SLD shows consistent increments on the frequency bandwidth at
–3 dB (𝑓–3𝑑𝐵 ), where the maximum frequency response of 404 MHz at -3 dB, and
764 MHz at -10 dB are observed at the highest injection current. This is explained
√3

upon the inverse relation 𝑓–3𝑑𝐵 = 2 𝜋 𝜏 [87] where 𝜏 is the differential carrier lifetime.
𝜏 is reduced by an increased recombination rate following rising current densities
[244]–[246]. Moreover, the trend observed in Figure 3.9 can be sustained by
increased carrier density due to the rising temperature [247] of the device’s selfheating at high injection currents [137]. Nonetheless, increased temperatures are
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also expected to increase the radiative lifetime [247]. The contribution of each
factor is pending investigation.

Figure 3.10: Frequency response and bandwidth of an SLD at different injection currents
showing bandwidth limit.

The frequency response and bandwidth of a different SLD are shown in Figure
3.10. The characteristics show an initial increase of the bandwidth following rising
currents with a peak at 600 mA corresponding to 440 MHz at –3 dB and 820 MHz
at –10 dB. Afterward, the SLD shows a bandwidth limit or saturation from 600 to
1000 mA. This may be due to resistance-capacitance limit similar to the one
reported in Reference [35].
The further application of the SLDs to VLC follows by integrating the device to a
system composed of a pattern generator Agilent N4903B J-BERT, a linear
amplifier Tektronix PSPL5866, and the bias tee Tektronix PSPL5580. The pattern
generator utilizes NRZ-OOK modulation, creating a signal composed of a PRBS
210-1 data stream. The amplified signal is integrated by the bias tee to the direct
current power line and injected to the SLD. The transmitted signal is then collected
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by the APD and send to a digital communication analyzer Agilent DCA-86100C.
The BER and the eye diagram of the NRZ-OOK communication link show efficient
data transmission at speeds of up of 1.45 Gbit/s, as seen in Figure 3.11, with BER
values below the FEC limit standard of 3.8 × 10-3.

Figure 3.11: SLD performance in VLC using NRZ-OOK modulation showing up to 1.45 Gbit/s
with BER below FEC limit. The eye-diagrams of the received signal are shown. The white
mark represents 500 ps.

Modulation schemes with higher-level design can be used to boost the data
transmission speed of the SLD. Among these techniques, OFDM is attractive
because it provides a multiplication of data streams within a single channel via fast
Fourier transform algorithms. In this way, different frequencies within the
bandwidth of the SLD can be used as independent sub-channels as long as their
signal phase is orthogonal. These signals are combined into a single complex
wave and injected into the transmitter. OFDM signals allow to multiplying the
communication channel by means of the QAM order, whereas the lowest QAM
order known as BPSK is equivalent to the NRZ-OOK. A special type of OFDM
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called discrete multitone (DMT) allows adaptive multiple QAM orders in a single
channel depending on the signal-to-noise ratio of each frequency sub-channel.
DMT even allows reinforcement techniques called power loading and bit loading
to improve the quality of the transmission by maximizing the signal modulation
matching to the transmitter qualities. Here, we use bit-loading DMT to investigate
the capacity of an SLD for high-speed VLC.
The PRBS of the signal was generated by a MATLAB software and operated by
the bit-loading allocation. The specific algorithm was developed by Mr. Fangchen
Hu from Fudan University under a collaboration project on this topic. The process
requires to map the order of QAM by signal-to-noise ratio estimation. Naturally, a
higher ratio could accommodate a greater QAM order. The bit-loading-DMT signal
was generated and loaded into an arbitrary waveform generator Tektronix
AWG70002A. The electric signal was amplified by an electronic amplifier
MiniCircuits ZHL-6A-S+ and coupled with the direct current bias by the bias-tee
Tektronix PSPL5580 to drive the SLD. A TEC was used to avoid overheating of
the SLD and to keep the output power constant. The light beam was collimated by
two lenses and filtered using a neutral-density optical filter to avoid receiver
saturation. The light was received by the APD and resampled by a high-speed
oscilloscope Tektronix DPO72004C to do further offline signal processing. It is
important to mention that in order to characterize the channel and get the signalto-noise ratio estimation, a BPSK-DMT signal should be transmitted first.
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Figure 3.12: Achievable data rate and relative BER performance of the SLD versus (a)
different injection current (Vpp = 0.5 V, freq. bandwidth = 500 MHz) and versus (b) different
peak-to-peak voltage (Vpp) (I = 700 mA, freq. bandwidth = 500 MHz).

Choosing a suitable value of injection current is a critical step to get the best
electro-optical conversion and avoid the signal distortion. Thus, we first measured
the achievable data rate and BER performance under different injection current,
with a reference fixed system channel bandwidth of 500 MHz and a signal peakto-peak voltage (Vpp) of 0.5 V. As shown in Figure 3.12(a), the data rate increases
from 1.53 Gbit/s to 2.67 Gbit/s when the current goes from 100 mA to 800 mA. At
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900 mA, a lower data rate of 2.41 Gbit/s is at the same level as that of 700 mA
(2.42 Gbit/s), therefore, injection currents below 800 mA are preferred. It is
important to highlight that having over 1.5 Gbit/s at such a low injection current of
100 mA indicates the feasibility of having Gbit/s-class communication at longer
distances or in a scheme with reduced energy-budget.
Next, we analyzed the system data rate and BER for a varying Vpp, a fixed injection
current of 700 mA, and a bandwidth of 500 MHz, as seen in Figure 3.12(b). When
the Vpp of the signal is growing from 0.25 V to 0.4 V, the achievable data rate
increases and the BER decreases. This is because the signal-to-noise ratio of the
system increases as Vpp is increasing. After 0.4 V, the data rate is decreased with
a slightly higher BER. This is attributed to a bias point out of the optimal point,
leading to nonlinearities, distortion in the received signal, and decreased signal-tonoise ratio. Thus, we select 0.4 V as the Vpp value for further experimentation. In
summary, the best values for biasing the SLD were determined to be ~800 mA and
~0.4 V (Vpp). We carried out experiments to explore the maximum achievable data
rate under different frequency bandwidths with a fixed injection current of 800 mA
and a Vpp of 0.4 V. As seen in Figure 3.13, the highest data rate of 3.8 Gbit/s with
a BER of 3.8 × 10−3 is obtained when the bandwidth is set to 750 MHz.
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Figure 3.13: Achievable data rate and relative BER performance of the SLD versus

different frequency bandwidth of bit loading-DMT signal, showing up to 3.8 Gbit/s
with a BER at the FEC limit of 3.8 × 10−3. The picture of the experimental setup is
shown.

The description of the bit-loading allocation at the highest data rate of 3.8 Gbit/s is
shown in Figure 3.14. To adaptively deploy the suitable bit-loading allocation for
the VLC channel, a series of DMT-4-QAM pilot signal is transmitted to measure
the signal-to-noise ratio of the channel. Through calculating the error vector
magnitude of the received signal in every subcarrier, the signal-to-noise ratio
response in the frequency domain can be estimated [248] and depicted in Figure
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3.14 as a blue line. To further prove the error-free transmission at the highest data
rate, the constellation diagrams with different QAM orders are given in Figure 3.14,
on which every constellation cluster can be clearly distinguished without a severe
overlapping problem. At the low-frequency range, the relatively high signal-tonoise can support up to 256-QAM signal transmission, whereas the lowest QAM
order is BSPK at the high-frequency range around 750 MHz corresponding to the
high-index subcarriers, which means the channel has been fully exploited.

Figure 3.14: The bit allocation (bars) and relative signal-to-noise ratio (blue line) at the
highest data rate of 3.8 Gbit/s. Constellation maps of 256-QAM, 128-QAM, 64-QAM, 32QAM, 16-QAM, 8-QAM, 4-QAM, and BPSK at the highest data rate of 3.8 Gbit/s, are shown.

3.4 Other potential applications
One more potential application of GaN-based blue SLDs is in solid-state lighting,
where the blue light from the device is used to excite color-converting materials
called phosphors, which generate red, green, or yellow light upon absorption of
blue light. The overlap of all the color components is then perceived as white light.
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Figure 3.15: Spectra of white light generated with different light sources and the image of the
white light generated by the SLD and the phosphor plate.
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Figure 3.16: SLD-based white lighting characteristics: (a) CRI and CCT evaluating the quality
of white light generated by different sources as compared to the 442-nm SLD. (b)
Corresponding CIE 1931 chromaticity coordinates.

Here, a commercial phosphor-plate CL-930-LR from ChromaLit Linear Intematix
was integrated with the SLD. This phosphor plate is chosen to provide a warm
white light of color temperature near 3000 K, and high color render index (CRI)
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near 90 as per manufacturer specifications. The SLD was mounted in a modified
TEC Thorlabs LDM9LP to keep device temperature constant. The blue light was
collected with a lens and directed to the remote phosphor plate, as seen in Figure
3.15. The generated white light is characterized using a hand-held spectrometer
GL-Spectis 5.0 Touch from GL-Optic. The spectrum of the white light generated
by the SLD and the phosphor is shown in Figure 3.15. For comparison, the same
phosphor plate was combined with a laser diode emitting at 442 nm, and various
LEDs with emission wavelength between 400 nm up to 470 nm. Also, commercial
white light LEDs marketed as natural white light and warm white light were included
in the comparison. From Figure 3.15, it is noted that the different excitation sources
produce differences in the spectral coverage of the white light. The metric that
helps to quantify this coverage is the CRI. This index compares on a scale of 1 to
100 how well colors can be observed using a certain illumination source, where
100 is the CRI of sunlight. The CRI and the CCT (correlated color temperature) of
each light source are shown in Figure 3.16(a). The SLD renders a white light with
CRI of 85.1 and CCT of 3392 K corresponding to warm white light. The photograph
of this light can be seen in Figure 3.15. The SLD-based white light stands
competitively against LEDs and laser counterparts. Nevertheless, it can be noted
that an LED with emission at longer wavelengths between 460 nm and 470 nm
renders a better white light quality with CRI of 92.3. The white light in that case is
slightly cooler with an increased CCT of 3603 K. For comparison, sunlight rendered
a CRI of 99.7 and CCT of 7024 K from a noon-time measurement. In Figure
3.16(b), the corresponding Commission Internationale de l'Eclairage (CIE 1931)
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chromaticity coordinates of SLD-based white light and counterparts are plotted.
SLD-based white light is located at x = 0.38, y = 0.35. Here again, sunlight is
plotted as a point of reference for ideal white lighting, although tonality and CCT
are in fact dynamic, depending on the specific purpose of the illumination.
Compared with white LEDs, Laser- and SLD-based white light bulbs have potential
advantages, including circumventing the efficiency droop of LED. This fact allows
to aim for high-efficiency lighting at high input power densities. One of the key
advantages of SLD over laser lighting is its lower temporal coherence, which
generates less speckle pattern, and thus makes the illumination more natural in
perception without the need of any additional diffusive optics. From Figure 3.15,
one can notice the difference in spectral bandwidth between the laser, the LED,
and the SLD. The level of temporal coherence of the light source has implications
for other applications beyond illumination, such as the optical coherence
tomography [33]. In turn, the coherence length of a light source determines the
axial resolution of an optical coherence tomography system. Figure 3.17 shows
the coherence length calculated from experimental data of this dissertation
showing the values for a standard blue LED, an SLD, and a laser diode. The
smallest coherence length of the LED represents a better visual quality and a
better axial resolution in imaging diagnosis, however, SLDs have been preferred
in the practice because of their directional emission making them easier to couple
light into optical fibers [249]. The visual appearance of laser, SLD, and LED is
shown in Figure 3.18, as measured in the work of this dissertation.
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Figure 3.17: Coherence length of LED, SLD, and laser diode based on Gauss and Lorentz
fitting.

Figure 3.18: Visual appearance of light generated by the laser diode, the SLD and the LED.
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3.5 Summary of contributions
The contribution of this dissertation to the development of GaN-based SLD
highlights the following:
•

From device characterization as shown in Section 3.2, the optical power –
bandwidth product (PBP) of the blue SLD is calculated to be as high as 792
mW・nm, leading to a record spectral efficiency (PBP/J) of 118.2 (mW・
nm)/(kA/cm2) as the highest for any SLD operated at continuous-wave,
based in a literature analysis derived from this work and published in [31].
As an additional reference, there is only one report with better performance
being the record spectral efficiency for an SLD operated at pulsed injection
as 264 (mW・nm)/(kA/cm2), calculated from a peak output power of 2.2 W
with an optical bandwidth of 6 nm at a current density of 50 kA/cm2 By R.
Cahil et al. in [143].

•

The first use of SLD-based VLC using bit-loading DMT was demonstrated,
achieving a record high-speed data transmission of 3.8 Gbit/s at the FEC
limit. The SLD is demonstrated as providing high visual quality due to low
coherence length while retaining high-speed modulation. The combination
of visual quality with high-speed VLC in a single device is appealing for the
future of optical wireless communications.
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4 Integrated laser-optoelectronics

4.1 Design and fabrication
Integrated laser – modulator

Figure 4.1: Scanning electron microscope image of the Integrated laser-modulator showing a
modulator section of 90 µm, and the schematic in side-view of integrated laser-modulator.

Figure 4.2: Scanning electron microscope images of the FIB etching process at the ridge
waveguide showing the metallization removal (i and ii), followed by the p++-layer removal (iii
and iv).

The design of the integrated modulator follows the phenomenon of optical
absorption inside the InGaN active region. Unlike other material systems, InGaN
shows significant piezoelectric fields in the conventional c-plane. These
piezoelectric fields in the order of 1.2 MV/cm, as measured for a violet laser [39],
provide an offset in the absorption edge of the active region of the modulator as
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compared to the field-free case. This offsetting effect or peak shift is due to the
QCSE [52], [53]. By applying a reverse electric field to the modulator section, the
piezoelectric fields (and the QCSE) are compensated, creating a dynamic edge
absorption shift. This property has been demonstrated to be useful for integrated
InGaN laser-modulator [39], [44], [156]. Thus, given that longer wavelengths have
higher indium composition and, therefore, a stronger built-in piezoelectric field
[250], there is a great potential for implementing the laser-modulator at
wavelengths beyond 450 nm with a higher dynamic range. The proposed
integrated laser-modulator is shown in Figure 4.1, where 𝐼𝐺 is the driving current
at the gain section (laser), and 𝑉𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟 is the bias of the modulator section.
A two-section green laser was prototyped using FIB (FEI Helios G4 UX) at 16 kV
and 47 pA – 0.12 nA for a total etching time of ~30 min. The total occupation time,
including alignment and adjustments, normally takes up to 1.5 hours. A trench
isolation of 10 µm width was used to achieve the division of the p-side electrical
contact. The objective is to create electrical isolation while maintaining optical
coupling in the waveguide, as discussed in Section 1.2.3. The resulting two-section
laser device with a 90-µm long integrated modulator section is shown in Figure
4.1. A second device with a 50-µm long absorber was fabricated too. A green laser
diode Osram PLP520 (λ = 520 nm) is used in order to realize this concept for the
first time in green laser diodes. The FIB fabrication can be carefully controlled by
monitoring the etching process, as seen in Figure 4.2. The electrical connection to
the modulator (𝑉𝑀𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟 ) section must be completed either by electrical probing
or wire-bonding techniques.
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Other potential integrated laser – optoelectronics
Integrated laser – saturable absorber
The design of the saturable absorber section is based on the contact isolation
approach, as implemented previously. Theoretical investigations suggest a
minimum saturable absorber length necessary for achieving self-pulsating
operation [251]. Experimentally, the length of the absorber section in previous
reports has been chosen between ~3% to ~20% of the total laser cavity [42], [151],
[153]–[155], [165]–[184]. Commonly, the integrated laser–saturable absorber is
meant to operate in the self-colliding pulse configuration [252] by creating the
absorber at the back facet, which has a high-reflection coating. Commercial
devices allow for this to be readily implemented. The schematic of the proposed
laser–saturable absorber device is shown in Figure 4.3, where the symbol 𝑉𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑟
represents the applied voltage to the saturable absorber, and 𝐼𝐺 is the injection
current of the gain section.
Here, the cavity length of the commercial green laser is 905 µm. The length of the
absorber section is determined to be ~20% of the cavity, i.e., 180 µm, despite
expecting an increase in the operating current of the device [251]. Based on the
previous reports, the chosen absorber length should ensure self-pulsating
operation. The device may be able to operate in mode-locking or Q-switching
regimes, based on specific injection current range, absorber bias, and other
parameters which are resolved under experimentation.
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Figure 4.3: Schematic and scanning electron microscope image of the integrated laser–
saturable absorber, with an absorber section of 180 µm. The bottom image shows the detail
of the trench isolation, the ridge waveguide, and the top metal contact.

Integrated laser – amplifier
An amplifier section functioning as SOA is capable of magnifying an optical signal
by means of stimulated emission. This condition is achieved by injecting electrical
current into the amplifier section until achieving the transparency condition given
b 𝑔𝑚 ∝ (𝑛 − 𝑛0 ) [253], where 𝑔𝑚 is the material gain coefficient, 𝑛 is the carrier
density, and 𝑛0 is the transparency carrier density (i.e., the minimum carrier
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density needed to have zero loss). This means that the optical gain and
amplification in the active region of the amplifier section is proportional to the
amount of injected current after transparency. This condition is true for an amplifier
before reaching gain saturation. The unsaturated amplifier gain (𝐺) is given by 𝐺 ∝
𝑒 (𝑔0 𝐿) [253], where 𝑔0 is the unsaturated material gain coefficient, and 𝐿 is the
length of the amplifier section. Therefore, both the injected current and the
amplifier section length are important parameters to achieve an optimal optical
gain. The saturation of the amplifier mainly concerns to the injected optical signal,
which in the case of the integrated laser–amplifier, can be controlled by adjusting
the bias current at the laser section [40]. It is important to note that both the
transparency condition and the saturation intensity can be characterized
experimentally [40]. Following the same fabrication protocol of the integrated
modulator and absorber, a green-emitting laser–amplifier device was prototyped
with a front amplifier section of 150 µm.

4.2 Device characteristics and preliminary results
Electro-optical characterization of the green-emitting two-section laser in its
different configurations was conducted under continuous-wave and pulsed
operation (25 kHz at 50% duty cycle) using a laser test system Keithley 2520 and
an integrating sphere Labsphere incorporating a silicon photodetector. The case
temperature of the device was controlled by an active TEC. The optical spectrum
was measured using a high-resolution (>10 pm) optical spectrum analyzer
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Yokogawa AQ6373B. The integrated section was tested in an open circuit
configuration, while the bias current was supplied into the laser (gain) section.
In a first experiment, the electro-optical characteristics of a laser with an integrated
section of 50 µm at the front facet were collected at pulsed injection current. The
results shown in Figure 4.4 indicate that under an open circuit configuration the
integrated modulator section works as an absorber or Q-switch. This can be noted
from the output power curve and the slope efficiency. At the initial bias, the output
power characteristics show a flat response with low optical power until before the
threshold. A sudden rise in optical power happens at around 150 mA. This rapid
transition can be evaluated with the slope efficiency, showing an almost vertical
growth at the threshold point, reaching values above 2.5 W/A. This behavior is due
to the front section becoming suddenly optically transparent, allowing the full cavity
to achieve lasing action, similar to the passive Q-switching described in Section
1.2.3. In comparison, the lasing threshold of an unmodified device is around 100
mA. The integrated laser achieved a maximum optical power of 178 mW at 350
mA, with a maximum EQE of 21% and steady slope efficiency between 0.7 and
0.8 W/A after threshold. The turn-on voltage is found to be around 3.8 V, and the
differential resistance (dV/dI) converging to 5 Ω. The spectrum of the laser at
different pulsed injection current in Figure 4.4 shows emission around 512 nm, and
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a characteristic mode distribution different than the standard emission shown in
Section 2.2 and in Figure 4.5.

Figure 4.4: Electro-optical characteristics in pulsed operation of the laser integrated to a 50µm front modulator section in open circuit configuration. The output power and slope efficiency
show steep threshold at ~150 mA indicating transparency of the modulator section upon
optical pumping.

The optical absorption shown by the integrated front section of the laser is
promising for application as an active modulator where an active reverse bias
would modulate the absorption edge by means of screening of the QCSE. Under
this effect, a dynamic reverse bias would shift the bandgap of the absorber section
towards higher energies, therefore, becoming transparent at the operating longer
wavelength of the gain region of the laser. This tool will eventually allow modifying
the threshold condition and output power characteristics in Figure 4.4, based on
the modulator bias. At this moment, the experimental confirmation of the modulator
working range and efficiency remains pending.
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Figure 4.5: Electro-optical characteristics in continuous-wave operation of a green laser
integrated to a 180-µm absorber at the back facet. The emission spectra of the integrated
laser at increasing injection current is compared with the spectrum of an unmodified FabryPérot laser diode.

A second experiment involves characterizing an integrated green laser with a 180µm absorber section located in the back facet. The electro-optical characterization
was done under continuous-wave operation. The results plotted in Figure 4.5 show
a threshold at around 170 mA. The slope efficiency reveals a transparency
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threshold similar to the previous case in Figure 4.4 but with less intensity, reaching
a peak value of 1.3 W/A. The slope efficiency then continuously decreases as a
sign of thermal rollover. This is also seen in the optical power with increasing
injection current. A maximum optical power of 81.5 mW is reached at the highest
current of 300 mA, with a maximum EQE of 11.4 %, and a turn-on voltage around
3.8 V.

Figure 4.6: Fast Fourier transform analysis of the spectral emission of the integrated laser–
absorber as compared to the unmodified Fabry-Pérot laser. The integrated laser shows
cavity modes corresponding to each individual section and the full cavity.

The emission of the integrated laser–absorber plotted in Figure 4.5 showed a
deviation in the spectral behavior as compared to a reference Fabry-Pérot laser
diode. From the reference laser, we observe multiple longitudinal modes with a
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spacing (∆𝜆) of ~53 pm, as previously discussed in Section 2.2. This parameter,
together with the known length of the laser (𝐿) around 905 µm, revealed a group
effective refractive index (𝑛𝑒𝑓𝑓, 𝑔 ) of approximately 2.77 to 2.75 using the relation
∆𝜆 = 2

𝜆2
𝑛𝑒𝑓𝑓, 𝑔 𝐿

, where 𝜆 is the peak emission wavelength. Upon spectral analysis

based on the fast Fourier transform, it is possible to obtain the spatial frequency
(𝑓𝑠𝑝𝑎𝑐𝑒 ) of the emission spectra, which is inversely equivalent to the mode spacing
as ∆𝜆 = 2

𝜆2
𝑛𝑒𝑓𝑓, 𝑔 𝐿

=

1
𝑓𝑠𝑝𝑎𝑐𝑒

. The fast Fourier transform of the spectra produced by

the integrated laser and the reference laser is plotted in Figure 4.6. A dominant
peak at the 𝑓𝑠𝑝𝑎𝑐𝑒 of approximately 19 nm-1 is observed in both lasers. This value
corresponds to a ∆𝜆 of ~53 pm as ∆𝜆 = 𝑓

1

𝑠𝑝𝑎𝑐𝑒

, corresponding to the Fabry-Pérot

modes of the cavity with a length of 905 µm. Nonetheless, in the fast Fourier
transform of the integrated laser, a second component of equal intensity can be
observed at 𝑓𝑠𝑝𝑎𝑐𝑒 ≈ 3.86 nm–1, rendering cavity modes with ∆𝜆 ≈ 260 pm,
corresponding to a cavity length of ~180 µm given by the absorber section. A third
peak of medium intensity is observed at 𝑓𝑠𝑝𝑎𝑐𝑒 ≈ 15.14 nm–1, rendering cavity
modes with ∆𝜆 ≈ 66 pm, and corresponding to a cavity length of ~720 µm. This
means that three cavities are resonating and sustaining the stimulated emission of
the laser. This fact demonstrates the realization of the first integrated green laser
with separate sections functioning as coupled cavities. This phenomenon has the
potential to produce mode-locking and self-pulsation. Thus, time-resolved
characterization was conducted with a high-speed photodetector NewFocus Model
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1454 (18.5 ps rise time), and a digital communications analyzer Agilent DCA-J
86100C with a high-speed oscilloscope module Agilent 86116B (5.5 ps rise time).
The self-pulsation characteristics of the laser are expected to be in the ps range
(~20 ps) based on the free spectral range calculated from the mode spacing in the
optical spectra. However, the results of the time-resolved characterization do not
display any signature of self-pulsation. This may be due to the open-circuit
configuration in the integrated absorber section [42]. Future experiments should
continue from this point.

4.3 Summary of contributions
The contribution of this dissertation to the development of GaN-based integrated
laser-optoelectronics highlights the following:
•

The first demonstration of a two-section green laser diode is presented,
preliminary characterization shows continuous-wave operation with
emission at wavelengths as long as nearly 514 nm. Coupled cavity lasing is
demonstrated in an integrated green laser–absorber fabricated in selfcolliding pulse configuration.

•

The demonstration of this platform opens the way for demonstrating
versatile integrated laser–optoelectronics in the green wavelength region
with an imminent application as integrated modulator, amplifier, or selfpulsating mode-locked laser.
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5 Conclusion

This dissertation achieved its goal of integrating multidisciplinary research of GaNbased emitters and their application to high-speed optical communication.
By combining the understanding of GaN material properties with research and
application of GaN-based lasers and optoelectronics, it was possible to broaden
the span of visible light emitters to a new state of the art and contribute to the future
of VLC and other applications. DFB lasers based on GaN offer significant qualities
to achieve single-frequency operation with no moving parts at visible wavelengths.
GaN-based SLDs merge the boundaries of LED and laser to offer droop-free
lighting with visual quality suitable for dual illumination and fast data transmission.
Integrated GaN laser–optoelectronics combine versatility and low footprint as
reconfigurable components and elemental building blocks for photonic integrated
circuits in the visible.

5.1 Areas of improvement in GaN-based emitters and future directions
Directions of research and development are influenced by the market and the
environment outside of the academic and industrial grounds. Even though the
capability to realize certain new devices or demonstrations may be available at a
point in time, there is a possibility that the lack of demand for a certain device,
limits or discourages any effort on the topic. One example of this was found in DFB
lasers when the Nichia Corp. demonstrated the first continuous-wave operation of
a first-order buried grating laser in GaN, in 2006 [104]. In a personal view, this was
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a significant technological achievement due to the challenge of doing this
architecture in GaN. Unfortunately, there was no further development, and the
research on the topic started again after ten years, in 2016.
The demand or influence of the market can also drive in the opposite direction,
creating a sudden or steady need for a device or technology. An example is found
in GaN-based ultraviolet emitters that have been pursued for several years now,
even reaching deep ultraviolet laser diodes recently in 2019 [254]. With the current
epidemiological setting of the year 2020, the interest in developing highperformance ultraviolet emitters has just been strengthened.
Here, the objective is to be timely and up to date by pointing to areas of
improvement that are relevant to the current interests of the market, the industry,
and the academia in general, as observed from talks in conferences, personal
discussions, and other public information. In the field of GaN-based DFB lasers,
these must need to be improved in terms of wavelength stability targeting
applications towards frequency standards such as the atomic clock, as these are
necessary tools for space navigation in satellites, which are growing in number
right now. Studies on the aging of the DFB lasers will offer great insights into the
emission stability, providing factual information on whether these devices can
replace other laser systems at the current stage. In terms of the single-frequency
operation, the capabilities to measure the real linewidth of visible DFB lasers is not
as fully developed as it is in the case of infrared wavelengths. Therefore, the real
effective linewidth of these devices and how close these are to pure singlefrequency operation is usually unknown. This argument can be seen in this

118
dissertation where the linewidth measurement is limited by the resolution of the
optical spectrum analyzer. With the recent interest in developing on-chip
waveguides at visible wavelengths for application in nonlinear conversion,
frequency comb generation, and even applications of photon pair generation for
quantum technologies, it is becoming more critical to understand the real linewidth
of visible DFB lasers. Such linewidth measured in the frequency domain must meet
the requirements of technologies aiming at Hz-level linewidths, although sub-MHz
is already acceptable for few applications of atomic cooling. GaN DFB laser should
eventually be taken to mass production, but it is still unclear how well the DFB
grating can stimulate a specific lasing frequency in spite of the normal variation of
the active region epitaxy in a wafer scale. Studies on the scalability and lifetime of
GaN DFB lasers will result into valuable information as well. While first-order
gratings are achieved with electron beam lithography, it is uncertain whether this
technique is acceptable for mass production in the future at a given demand; thus,
it is important to explore variations of the ultraviolet photolithography in order to
enable low order gratings. As demonstrated in this dissertation, increasing the
order of the grating involves optical losses, therefore, by targeting low-order
gratings, it will be possible to sustain high optical powers in such a narrow-linewidth
emission. The further development of green-emitting DFB lasers has the potential
to find commercial grounds in the field of holographic displays, where high purity
wavelength emission could enable high optical efficiency.
The future of GaN SLDs is influenced by the material constraints that affect device
efficiency, particularly towards green light emission. Despite this fact, true-green
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SLDs may play a significant role in the upcoming augmented and virtual reality
revolution, which includes the big market of consumer electronics. InGaN quantum
dots [141] seem to offer a relevant development path, although this concept has
been barely explored. Blue superluminescent diodes with increased modulation
bandwidths will be necessary for smart lighting applications; however, increasing
energy efficiency [255] is even more necessary for reaching renovated maturity on
this platform. Adopting a device structure such as the one described in [233],
integrating a high-reflectivity back facet mirror with an exponentially tapered
waveguide and a front absorbing section seems to be a route for high power
emission with negligible ripple in the spectrum. This approach ensures ideal
double-pass SLD by further reducing the front-facet reflectivity by four orders of
magnitude down to the order of 10-8. The exponentially tapered waveguide
ensures amplification while alleviating the problem of the high photon
concentration at the output facet [30]. This structure could solve the problem of
undesired front-facet reflection seen in this dissertation without compromising
optical output power. The eventual implementation of GaN-based SLDs in sensing
technology is a promising path, following the example of infrared SLDs but taking
advantage of the shorter wavelength allowing higher resolution, and providing the
optical pumping capacity of such violet and blue light to generate fluorescence in
samples. Further improvements in the SLD-based white light can be expected from
SLDs emitting at longer wavelengths near 470 nm, as seen in the comparative
experiment shown in Section 3.4. Additionally, red-green-blue light mixing of
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individual SLDs emitting at those different colors could enable adjustable lighting
with multiplexed data transmission capacity.
The areas of improvement for integrated lasers in the visible are vast. This is
because there is significant room for many studies to take place due to the
versatility of the platform. A laser integrated by two sections can already fit into
several applications and modes of operation. Mimicking the monolithic tunable
lasers of the infrared wavelengths is an attractive path for integrated GaN lasers.
Besides, the generation of optical pulses with high power and high repetition rate
in such a compact platform has been continuously developed by Sony Corp. [180].
This technology has the potential to offer a miniaturized version of the standard
femtosecond lasers normally occupying a whole optical table. Another topic that
could be of value in the future is developing lasers integrated to the modulator for
free space optical communication.
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