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Abstract
Semiconductor light sources technology has seen tremendous strides in recent decades and a rapidly increasing
interest in it. The unique advantages and characteristics of this form of light generation include compactness, high
efficiency, and reliability. With these recent advancements, light-emitting diodes (LEDs), laser diodes, and
superluminescent diodes (SLDs) have become an indispensable part of our homes, factories, and research
facilities. In particular, the sensitivity of the human eye to the visible range of the electromagnetic spectrum ranging
from 400 to 700 nm and the wavelength-dependence of optical characteristics of materials make visible light
required for a plethora of applications ranging from displays for entertainment, to imaging in the medical field, to
light-based atomic clocks. While LEDs are the most commonly found type of semiconductor light sources, laser
diodes and SLDs are of special interest due to their higher output optical power, spectral purity, and coherence. In
this tutorial, we first go over the main unique characteristics of the different types and configurations of visible-light
laser diodes and SLDs and their general structures with a focus on their advantages compared to LEDs. We then
discuss the applications in which these characteristics are of great interest in the fields of displays, communication,
instrumentation, and photonic integrated circuits.
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1. Introduction
Visible light belongs to the electromagnetic
spectrum with wavelengths ranging from ~400
nm (violet) and ~450 nm (blue), through ~550
nm (green) and ~650 nm (red), reaching up to
~700 nm (far red). Plants capturing sunlight,
oxygen blood sensors based on a red light, and
urban illumination from post lamps to displays,
are examples where visible light plays a critical
role. Either as broadband white light or as an
individual color, visible light represents one of
the most essential natural and technological
resources. Consequently, the devices dealing
with emission of visible light are valuable for all
human,
commercial,
and
technological
perspectives.
Light sources have evolved from candles to the
light bulb and further transitioned into solidstate lighting, i.e., illumination based on
semiconductor diodes [1, 2]. State-of-the-art
semiconductor devices based on the group-III
nitride, i.e., AlInGaN/GaN or GaN-based, cover
the color emission from violet to green; while
the devices based on the group III-phosphide,
i.e., AlInGaP/GaAs or GaP-based, cover the
color range from amber to red. The realization
of the first visible light-emitting diode (LED)
followed early developments of near-infrared
diode technology in the 1960s [3-5]. Some of
the earliest computers used GaP-based redand amber-emitting LEDs as light indicators,
but these pioneering LEDs were significantly
expensive due to the low volume production
and technological challenges of that time. At
present, both GaN-based and GaP-based
LEDs are manufactured in the billions and
found in mobile phone displays, streetlights,
vehicles, and even indoor horticulture, with
GaN-based LEDs being the major player in
white-light illumination.
The invention of the LED did not stop
researchers and industry to pursue the
realization of a semiconductor laser diode. In
fact, much of the semiconductor development
carried in the 1960s aimed at replicating the
ruby laser [6] in a diode form. This second
revolution in light-emitting devices led to the
demonstration of visible laser diodes [3, 7], and
in consequence, the demonstration of visible
superluminescent diodes (SLD, also referred to
as SLED) [8, 9].
The light of LEDs is generated and emitted in
random directions making it difficult to use in
projectors, photonic integrated circuits (PICs),
and optical waveguides such as optical fibers.
Moreover, LED light is incoherent, making it

unsuitable for delivering the certainty required
in optical clocks and frequency standards. In
this regard, the light generated by laser diodes
and SLDs provides a tool for applications where
standard LEDs fall short. The present work
aims at introducing the reader to the
applications of lasers and SLDs emitting visible
light, differentiating the optical properties of
these devices against the standard LED, and
highlighting their applicability to modern
technology.
Laser diodes and SLDs are intrinsically a diode
emitting light; hence, their structure and
function are built on top of the fundamental
properties of conventional LEDs. A modern
semiconductor LED is based on the double
heterostructure (DH) design [10], where a thin
active region –normally several nanometers– is
epitaxially grown in between positively-doped
and negatively-doped layers, also known as pand n-cladding layers. The thin active region is
called the quantum well, which is made thinner
than the de Broglie wavelength of the electrons,
usually just a few nanometers; otherwise, the
DH is considered bulk [10]. The quantum well
DH is the standard for modern diode light
emitters. By applying electrical current in the
diode, the injected electron and hole (i.e., the
carrier pair) recombine at the active region,
creating light with energy roughly equal to the
bandgap of the semiconductor; this is ~3.1 eV
for violet light (400 nm) and ~1.77 eV for far-red
light (700 nm), at the boundaries of the visible
spectrum.
The light generated in the quantum well is a
product of what is known as spontaneous
emission, where the carrier pairs recombine
spontaneously to release their potential energy
in the form of photons, i.e., the light quanta. The
spontaneous emission is non-coherent and is
emitted in random directions because the LED
structure does not provide any significant form
of optical feedback or guiding. The reader may
refer to [11] for a comprehensive description of
the LED phenomena and its principles of
operation.
A modified LED epitaxial structure involves the
integration of optical waveguide layers with a
refractive index lower than that of the active
region. The waveguide layers are found in the
vicinity of the quantum well and are known as
the separate confinement heterostructure
(SCH). In general terms, these layers provide
sufficient refractive index contrast to achieve inplane optical guiding of the light. This optical
waveguide is the most common feature found
in edge-emitting lasers and SLDs, and it is one

of the key features to achieve their effective
operation.
Nonetheless,
the
optical
confinement given by the SCH is only in the
vertical direction. Thus, in order to have a
higher control on the guiding of light along the
device, laser diodes and SLDs normally have a
lateral control of the optical mode. This lateral
confinement is achieved by index contrast or
gain guiding, normally in the form of a ridge
waveguide.
Another type of high-performance laser diode is
the vertical-cavity surface-emitting laser
(VCSEL). For VCSELs, the light emission is
out-of-plane, and unlike edge-emitting devices,
SCH layers are not present. Nonetheless,
optical mode confinement is achieved by an
aperture, which is regularly an oxide isolation
layer in the form of a ring, providing both optical
and electrical confinement and guiding in the
vertical direction [12]. The oxide aperture can
also be relieved using selective etching to
improve the high-speed performance of the
VCSEL [13, 14]. Summarizing, the light coming
out of a laser (both edge-emitting and VCSELs)
or SLD is a guided light beam; this results in
their spatial coherent. The recent progress of
GaN-based visible-light VCSELs has been
reviewed in Ref. [15].
For lasers and SLDs, at first, spontaneous
emission appears in the quantum well too.
However, some portion of this light is
waveguided along the quantum well by the
SCH and the lateral mode confinement; or the
aperture in VCSELs. By increasing the injection
of electrical current, the growing number of
carriers will achieve a condition known as
population inversion, where the majority of
electrons and holes are in an excited state. At
this moment, the photons coming through the
waveguide will induce the generation of
stimulated light by photon-carrier interaction
and carrier pair recombination in the active
region at a rate greater than the absorption rate
or the optical losses in the device. This light
stimulation reaction happens multiple times
along the waveguide. The newly generated
photons will then share the same direction,
phase, polarization, and wavelength of the
initially incoming photons creating a wave of
temporally and spatially coherent light, known
as stimulated emission. Nonetheless, the
process of light amplification can be
undermined by optical absorption or losses
withing the quantum well, hence, an optical
feedback is necessary to sustain laser light,
which increases the time spent by photons
inside the active region, allowing them to

stimulate even more emission of identical
photons, increasing the coherence.
The optical feedback driving the amplification
process is provided by optical mirrors found in
both edge-emitting lasers and VCSELs. These
mirrors will make light travel back and forth
within the laser cavity. In this way, the mirrors
form the laser cavity, also known as a FabryPérot resonator, supporting the continuous
generation of stimulated emission and highly
coherent laser light. At this point, the coherence
of light, both in time and space, is further
increased.
Unlike laser diodes, SLDs do not have a cavity
but retain the optical waveguide of the laser
design and a high-reflective mirror on one side
of the device. Thus, SLDs are referred to as
double-pass devices. Given the lack of a cavity
in SLDs, the stimulated emission is less
promoted creating an intermediate regime
called amplified spontaneous emission (ASE)
where high temporal coherency is not achieved
despite being operated under the stimulated
emission amplification process. This is due to
the reduced amount of time a photon spends
inside the gain medium, decreasing the amount
of emission it can stimulate, which allows more
electrons to emit light spontaneously.
Near-infrared (NIR) SLDs have garnered
significant attention since their introduction in
1971 due to their advantages in applications
that require short coherence lengths [16].
However, III-nitride SLDs, which were
demonstrated for the first time in 2009 [8],
opened the door for these applications to make
use of shorter wavelengths ranging from visible
light to ultraviolet. This wavelength range is
important for visible-light applications (displays
and illumination) and for spectroscopy (using
external cavities). SLDs can also be used with
external cavities in laser cooling and atomic
clocks, which require specific wavelengths. The
shorter wavelength also results in a smaller
diffraction limit.
The differences in light amplification between
visible LED, SLD, and laser diode will affect the
properties of the light output. The color purity
related to the optical bandwidth of the light
emission will vary accordingly, LED being the
device with the wider optical broadening. On
the other hand, the stimulated emission and the
optical feedback of the laser diode will make
this device approach monochromatic emission,
depicting a narrow optical bandwidth. SLDs
represent an intermediate stage between the
broad LED emission spectrum and the narrow

linewidth of laser light, thus complementing a
set of devices with unique properties deemed
necessary for a variety of applications. The
visual appearance of light produced by GaNbased blue laser, SLD, and LED is shown in
Figure 1. The increasing speckle density in
laser light, as compared to SLD and LED light
is due to the higher degree of coherence,
leading to interference artifacts.

Figure 1: Upper: The relative relation of output
power and optical bandwidth produced by laser
diodes,
SLDs,
and
LEDs.
Bottom:
Corresponding visual appearance of the light
generated by a GaN-based blue laser diode,
SLD, and LED [17].
The optical narrowing of the amplification
process will be accompanied by optical power
behavior. LEDs are generally described by a
linear relation of optical output power against
injected current. Laser diodes also follow a
linear relation but with a higher positive slope
after a lasing threshold where stimulated
emission becomes fully dominant. SLDs are
characterized by a gradual exponential
increase due to the ASE. Figure 1 shows a
representation of optical bandwidth and optical
power comparing LEDs, SLDs, and laser
diodes.
2. Device Structure
2.1 Laser diodes
The classical design of an in-plane Fabry-Perot
laser diode structure is shown in Figure 2(a).
The epitaxial structure is grown on a native
substrate. Such native substrate (GaN for blue
and green lasers, for example) has a crystal

lattice constant comparable to most of the top
epitaxial layers in order to reduce crystal
defects and improve the device efficiency.
Other substrates with highly mismatched lattice
constant and crystal structure (sapphire) can
also be used but this can lead to an increased
number of defects and therefore compromise
the material quality; this is usually a critical
consideration for laser diodes. Nevertheless,
mass-production substrates such as silicon
remain attractive for large scale integration, and
thus, buffer layers and strain compensating
methods have been developed to grow visiblelight laser structures on such platforms [18].
On top of the substrate, the n-cladding layer is
grown (n-GaN, for example), followed by the
undoped active region (InGaN/GaN quantum
wells/barriers for blue and green and
AlGaInP/GaInP for red) and the upper pcladding layer (p-GaN, for example). This
process will form the SCH and the quantum well.
The doping level of the cladding layers is
regularly in the range of 1017–1018 cm-3.
Semiconductor contact layers with high carrier
concentration are needed to create the
interface between the semiconductor diode and
the metal contacts. A high carrier concentration
in the order of 1018 - 1019 cm-3 is needed for the
contact layers. Achieving such high doping
concentration is challenging for the case of ptype GaN, and hence, besides the conventional
doping methods using foreign impurities,
polarization-based
carriers
concentration
enhancement [19] has also been developed to
circumvent some of the challenges.
The epitaxial layers of a laser diode vary based
on the target wavelength. As an example, a
blue laser diode epitaxial structure can consist
of a 1-3 μm n-type GaN cladding layer, a 100nm n-type Inx1Ga1-x1N waveguide layer (forming
SCH),
Inx2Ga1-x2N/Inx1Ga1-x1N
quantum
well/quantum barrier pairs (where x2>x1)
forming the undoped active region, a p-type
100-nm Inx1Ga1-x1N waveguide, and a 100-nm
p++-GaN contact layer. Due to p-type doping
challenges, the p-type contact layer can be split
into a thick moderately doped layer capped by
a thin highly doped p++-type layer. An AlGaN
electron-blocking layer can be added on top of
the active region.
The quantum well DH design plays an
important role in laser diodes. The
heterojunction barriers prevent injected carriers
from diffusing to adjacent layers, which results
in a thinner active region, i.e. the quantum well.
Therefore, the population inversion condition
can be achieved at a lower current density,

Figure 2: General design of (a) an edge-emitting laser diode (or SLD) and (b) a vertical-cavity
surface-emitting laser (VCSEL).
improving the laser threshold and the general
performance of the devices. Moreover, the high
refractive index of the active region improves
the optical confinement, which increases the
overall gain. The high bandgap of the top and
bottom layers prevents them from absorbing
the emitted photons, reducing the optical losses
and improving the efficiency of the laser diode.
Such a single-quantum-well (SQW) laser can
achieve a narrow spectral linewidth and a low
threshold current. A multi-quantum-well (MQW)
structure, generally formed by two or three
quantum wells, can be used to improve the gain
at higher injected current densities, but a
broadening in the spectral linewidth is expected.
After the epitaxial growth, the wafer should be
processed in cleanrooms to create the laser
chips. This process involves photolithography,
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 2(a), 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. Details about
lateral optical confinement (waveguiding) can
be found in Chapter 1 in Ref. [12]. In all cases,
the laser diode is consolidated by further
cleaving or etching the facets in order to form
the laser cavity. The resulting laser facets
provide a non-negligible reflectivity due to the
air-semiconductor interface, which is enough
for achieving lasing, but not in every case. Thus,
high-reflection (HR) coatings with reflectivity
around 95% are normally deposited on 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 will help to avoid catastrophic optical
damage (COD) at the output facet. However, it
is worth mentioning that GaN-based lasers
have higher rigidity and thermal conductivity
compared to AlGaAs-based lasers, which
makes their COD threshold optical density
substantially higher (tens of MW/cm2 compared
to a few MW/cm2) [20-22]. The mirror loss (𝛼𝑚 )
of a laser resonator is inversely related to the
reflectivity of the facet mirrors (𝑅1 and 𝑅2) and
1
1
the laser cavity length (𝐿) as 𝛼𝑚 =
ln (
).
2𝐿
𝑅1 𝑅2
Thus, HR coating technology is valuable for
visible laser diodes. Similarly, the length of a
laser diode has a significant impact in the
device properties, and it is usually found to be
in the order of several hundreds of micrometers.
Together with the device length, the ridge or
gain width have an impact in the electro-optical
properties of the laser diode. These dimensions
will influence the injection area and, more
importantly, will also determine the lateral mode
confinement, leading to either a singletransverse-mode or a multi-mode laser. Ridge
widths, ranging from a couple of micrometers in
the narrow-ridge lasers, to more than ten
micrometers in the broad area (BA) lasers, will
influence the mode selectivity. Other factors in
laser diode design involve the optical gain,
scattering loss, and the optical confinement
factor, which are related to the material
properties, composition, and wavelength of
operation, with further reading available in
references [12, 23].
A working example of commercial lasers can be
chosen from any of the leading visible laser
diode manufacturers such as Nichia, Osram,
Mitsubishi, Sony, Ushio, and others. These
companies show a track record of using native

substrates, ridge waveguide self-aligning
techniques, and high-bandgap front facet
coatings and treatments to avoid COD on wattlevel visible lasers, as well as lasers of lengths
up to approximately 1 mm. Of course,
proprietary epitaxial structures are less known
to the literature.
For the case of VCSELs, the classical design is
shown in Figure 2(b). The semiconductor
epitaxy
follows
the
same
material
considerations and challenges of the edgeemitting laser, with additional complexity given
by the need of integrating the bottom and top
mirrors, as well as the isolation layer to form the
laser aperture for electrical and optical
confinement. The efforts behind the VCSEL
deserve stand-alone studies such as previously
reported in [24]. The realization of visible
VCSELs required several years of additional
development following the demonstration of its
edge-emitting counterpart [25, 26]. Several
challenges involved the overall optical and
carrier lateral confinement design, including
conductive layers for lateral injection of
electrical current, prevention of p-layer
absorption, as well as the realization of highreflectivity mirrors with greater than 99%
reflectivity, necessary due to the extremely
short cavity length. Nevertheless, VCSELs
stood out due to their many attractive features
such as single longitudinal mode operation,
remarkable beam quality, on-wafer testing and
high-volume manufacturability, as well as twodimensional array integration.
The single longitudinal mode operation of
VCSELs is due to the short cavity of the device
providing a large free-spectral range ( 𝐹𝑆𝑅 ),
𝑐
following the relation 𝐹𝑆𝑅 =
, or the
2 𝑛eff,g 𝐿

equivalent mode spacing ( ∆𝜆 ), following the
relation ∆𝜆 ≈

𝜆2
2 𝑛eff,g 𝐿

, where 𝑛eff,g is the group

effective refractive index of the cavity, 𝑐 is the
speed of light in free space, 𝜆 is the wavelength
of the laser in free space, and 𝐿 the cavity
length.
To achieve single longitudinal mode operation
in edge-emitting laser diodes, wavelengthselective gratings are needed. The FSR in the
relatively long cavities of edge-emitting lasers is
much smaller than the FSR of VCSELS, thus,
allowing multiple adjacent cavity longitudinal
modes to coexist in a practical laser diode.
Features such as the distributed-feedback
(DFB) laser utilizes a Bragg grating with
alternating refractive indices to select a single
wavelength for lasing according to the Bragg
condition. A similar design relies on two DBR

gratings on both ends of the laser functioning
as wavelength selective mirrors.
Overall, the light of a laser diode provides a
seemingly small linewidth emission, especially
when compared against LEDs and SLDs, but
despite this fact, the differences in linewidth
between a standard Fabry-Pérot laser diode
and a single-longitudinal-mode laser diode are
significant for certain applications. The optical
linewidth of diode-based light emitters will
eventually become a key element on their
usability and value, and thus, forms the base of
further discussion in this document.

2.2 Superluminescent diodes
The design of a visible-light superluminescent
diode (SLD) follows exactly the same epitaxial
growth (InGaN for blue and green, and AlGaInP
for red) and fabrication steps needed for edgeemitting laser diodes [Figure 2(a)], including the
lateral confinement structures such as the ridge
waveguide. However, it is necessary to
suppress the formation of the resonant
longitudinal modes through at least one of a
variety of approaches, including tilted facets,
integrated absorbers, anti-reflective coatings,
curved ridge waveguides, and etched facets. In
any of these approaches, the single-pass
optical gain (𝐺𝑠 ) is an important parameter. This
is similar to the semiconductor optical amplifier
(SOA), with the difference being that SLD
amplifies its own spontaneously generated light.
In SLDs where one of the facets has a high
reflectivity, i.e., double-pass SLDs, the optical
power is proportional to the square of the
single-pass optical gain. The single-pass
𝐽
optical gain is given by 𝐺𝑠 = exp [(Γ𝑔0 𝜂 −
𝑑

𝛼) 𝐿], where Γ is the optical confinement factor,
𝑔0 is the gain coefficient of the active region, 𝜂
is the quantum efficiency, 𝐽 is the applied
current density, 𝑑 is the thickness of the active
region, 𝛼 is the absorption coefficient of the
material, and 𝐿 is the length of the device. The
gain and absorption coefficients, as well as the
quantum efficiency, are all affected by the
material quality and properties of the
semiconductor used to fabricate the device. In
this sense, they can only be improved or
modified by epitaxy. The confinement factor
and active region thickness are also defined at
the time of fabrication and are the result of
epitaxial and optical design. Similar to the laser
diode, the chip length is a parameter with a
significant impact on the optical properties of
the device while at the same time being easy to
modify. Increased lengths lead to higher light

amplification due to higher optical gain but can
also lead to early optical gain saturation.
Detailed advances in III-nitride-based SLDs
can be found in Refs. [27, 28].
Similar to edge-emitting laser diodes, the
configuration of conventional SLDs designed to
emit light through their edge limits on-wafer
testing and makes the manufacturing of SLD
arrays challenging. Surface-emitting designs
are more suitable for array formation. Despite
the fact that surface emission designs can be
easily achieved in LEDs and laser diodes,
similar designs cannot be easily adopted for
SLDs, mainly because of the thin active region.
The small active-region thickness does not
provide enough double-pass gain. Therefore,
ASE does not take place. While VCSEL
designs resolve this issue by increasing the
reflectivity of the cavity mirrors to ensure
multiple passes of the photons through the
device gain medium, optical feedback can
result in lasing action, which makes it
unsuitable for SLD designs.
However, apparent vertical emission from
SLDs has been reported using different designs.
Grating out-couplers and micro mirrors used to
redirect the emitted photon through the surface
have been proposed [29] [30]. It is also possible
to fabricate a sloped waveguide to achieve
surface emission by relying on the total internal
reflection of the device [31]. However, it is
important to note that these surface-emission
designs that rely on the horizontal waveguide
design introduce optical losses or limit the highvolume manufacturability of SLD arrays.

3. Applications
The characteristics of visible light such as
wavelength size, photon energy, or color
rendering characteristics, make the visible light
emitted by laser diodes and SLDs attractive for
applications discussed as follows.

3.1 Displays, augmented and virtual reality
The relative ease of collimation, wide range of
optical output power, and color consistency
have made visible laser diodes stand out for
applications in light shows, holographic
displays, wall projectors, home TV displays,
and retinal projectors. Moreover, the high
spectral purity of laser diodes makes them an
ideal choice for expanding the color gamut of
displays and projectors [32].

To form a color display, three primary colors are
needed: red, green, and blue. By controlling the
intensity of each color in a single pixel, the
overall observed color by the human eye can
be controlled precisely. Since lasers have
narrow spectral linewidths, the range of colors
they can produce is substantially wider than
that of LEDs and other competing display
technologies.
While laser-based displays have been in
development for decades, the recent
advancement in laser diodes, especially in
high-power green-color laser diodes based on
InGaN, opened the door for low-cost, compact
laser displays. Prior to the extension of the
emission wavelength of InGaN-based lasers to
the >520-nm range, laser displays relied on
second-harmonic generation (SHG) techniques
to produce the needed green light. This is done
by doubling the frequency of a NIR laser
emitting around 1060 nm, for example. The NIR
laser can be a diode-pumped solid-state laser
or a laser diode [33, 34]. This technique can
also be used for all three colors by doubling
three different frequencies [35]. Replacing
these SHG green lasers with laser diodes
allows for a significantly more compact design
at a lower cost. While edge-emitting lasers can
be used in scanning-based projectors, forming
a large array of these lasers to create a display
is challenging.
On the other hand, VCSEL arrays can easily be
monolithically fabricated. However, unlike their
NIR counterparts, visible-light VCSELs are still
immature for the aforementioned fabrication
challenges. Recently, some of these
challenges have been addressed by using
novel DBR designs based on curved mirrors or
nano-porous n-type GaN to create blue- and
green-light VCSELs [36-38]. Moreover, a
quantum-dot-based VCSEL design that can be
used to produce laser light in the blue–green
range has also been previously demonstrated
[39].
The brightness (defined as the optical power
divided by the product of the source area and
its solid angle of divergence [40]) of laser-based
displays is also improved considerably
compared to LED-based displays due to the
high directionality of laser light arising from its
high spatial coherence. However, it is this high
degree of spatial coherence that results in
speckle noise from rough surfaces [41].
Compared to incoherent light sources, such as
LEDs, the speckle noise degrades the image
quality significantly. Reducing the degree of
spatial coherence is possible and is needed to

improve the quality of the formed images from
projectors [41, 42].
Visible-light SLDs, however, have a lower
degree of spatial coherence than laser diodes
while maintaining higher spectral purity
compared to LEDs. For these reasons, SLDbased displays combine the low speckle noise
of LEDs with the high brightness and
moderately wide color gamut of lasers. A
compact red-green-blue SLD module for
projection, as seen in Figure 4, has been
recently reported [43, 44]. The choice between
SLDs and laser diodes depends on the needed
color gamut and light uniformity. The narrow
linewidth of lasers makes them more suitable
for achieving a wider color gamut while SLDs
provide a lower speckle density.

Figure 4: Photograph of a red, green, blue SLD
module in operation. Reproduced with
permission from [43].
Besides display panels, different types of
displays can be formed using laser diodes and
SLDs. Raster scanning combined with a single
red-green-blue laser source can be used in
laser- and SLD-based projectors. These can
also be used in head-up displays and smart
glasses. The scanning is done using mirrors
based on microelectromechanical systems
(MEMS). They can also be used in retinal
projection and holographic displays [45-47]. In
retinal projection, the power requirement is
substantially lower since the light is projected
directly to the eyes at eye-safe levels. Figure 4
shows a schematic of headset composed of the
various optics needed to focus and scan laser
light of the three primary colors into the retina
[48]. The figure also shows the projected image
by a green laser as captured by a camera.

3.2
Underwater
communication

optical

wireless

Wireless communication based on visible light
has attracted significant attention. By sending
data using the widely available LEDs used as

Figure 3: Schematic of a headset for retinal
projection of red, green, and blue lasers.
The bottom image shows a real image
projected by this system. HIC: holographic
image combiner, HM: half mirror, AF:
attenuating filter, CF: color-balancing filter,
DM: dichroic mirror, BL: beam-shaping lens,
LSP, laser scanning projector, L: lens, M:
mirror. Reproduced with permission from
[48].
lighting sources, light-based communication
can save energy and provide high-speed data
transmission. However, laser diodes and SLDs
have
significantly
broader
modulation
bandwidths than LEDs, and so, they can further
improve the data throughput by more than an
order of magnitude. SLDs in particular combine
the high lighting quality of LEDs with the high
modulation bandwidth approaching that of laser
diodes, making them an attractive middle-

ground solution for simultaneous high-speed
communication and lighting [27]. The narrow
linewidth of DFB lasers and VCSELs also
allows
for
dense
wavelength-division
multiplexing (DWDM), in which separate data
streams can be transmitted over the same
channel
using
different
wavelengths.
Furthermore, due to their higher optical power
and directionality, laser diodes and SLDs can
be used in as transmitters in communication
links over relatively long distances. This is
especially
important
in
underwater
communication.
Traditional
wireless
communication
technologies based on the use of radio
frequency (RF) waves are impractical in
underwater environments. This is due to the
high
attenuation
experienced
by
electromagnetic (EM) in the RF range. The
relatively high conductivity, 𝜎 , of seawater
(around 4 S/m) causes this attenuation,
especially
for
high
frequencies.
The
relationship between the attenuation coefficient,
𝜒(𝜔), and the angular frequency, 𝜔 , can be
expressed as follows [49]:
√8𝜋𝜎𝜇𝜔
𝜒(𝜔) =
,
𝑐
where 𝜇 is the permeability of the seawater and
𝑐 is the speed of light. As the frequency
increases, the attenuation increases, which
limits the overall usable bandwidth for longrange transmission.
The limited modulation bandwidth causes the
maximum achievable data rate to be orders of
magnitude smaller than those usually available
using RF communication in free space. Given
these limitations on the propagation distance
and the available bandwidth, other techniques
have been developed for high-speed data
transmission underwater.
The main alternative for RF in underwater
environments
has
been
acoustic
communication, in which sound waves are
used to transmit data. They can propagate for
significantly longer distances in seawater
compared to RF waves. However, acoustic
communication is hindered by several factors
such as noise, multipath and the high latency,
the latter being due to the low speed of sound
waves in water (1.5 km/s) compared to EM
waves (2.26×105 km/s). This makes acoustic
communication impractical in which timely
response is crucial, such as in military
applications. Moreover, the product of the
speed, 𝑟 , offered by acoustic communication
and the transmission distance, 𝑅, is limited by
the following upper bound [50]:
𝑅 × 𝑟 ≤40 km⋅kbit.

This means that while acoustic communication
can in fact support transmission for relatively
long distances, the maximum data rate it
provides is limited. For applications in which
high data rates are required and huge amounts
of data are needed to be transferred every
second, such as in internet of things (IoT)
networks and in live video streaming
applications, a different communication
technique is required that can provide a broad
bandwidth and can support long-distance
transmission.
The use of optical wireless communication
(OWC) in the visible band is an excellent
alternative to the aforementioned technologies
[51, 52]. Optical waves in the blue and green
range of the EM spectrum experience minimal
attenuation in seawater, allowing them to
effectively propagate over relatively long
distances when compared to RF waves, as can
be seen in Figure 5. Moreover, with the latest
developments in semiconductor light sources,
compact, power-efficient transmitters featuring
modulation bandwidths in the GHz range have
become accessible and affordable. These
advancements have brought about a surge in
the study of underwater OWC (UOWC)
systems. These systems include line-of-sight
(LOS) [53, 54], diffuse-LOS [55], and non-LOS
links [56]. Each of these configurations is more
suitable for certain applications depending on
the required coverage and the ease of
alignment of the communication link. For
example, Figure 5 shows the transmitter in a
non-LOS link. The receiver can detect the
scattered light underwater. In a LOS link, on the
other hand, the receiver is placed on the
opposite side facing the transmitter.
While the use of LEDs as well as laser diodes
is possible, laser diodes have the advantages
of having broader modulation bandwidths and
higher optical power that allows for longdistance transmission. The selection of the best
transmitter based on the intended channel is
essential. Different factors need to be taken into
consideration
before
establishing
the
communication link, including the link
configuration, the inherent optical properties
(IOPs) of the water in the channel, and the
turbulence induced fading.
For most LOS links, laser diodes with blue or
green emission are more practical given the low
attenuation of light in the blue-green region of
the EM spectrum. The attenuation coefficient, 𝑐,
is the sum of the coefficients of the absorption,
𝑎, and the scattering, 𝑏. Multiple studies have
been demonstrated based on blue laser diodes

that achieved data rates beyond Gbit/s and
transmission distances of around 20 m [53, 5759]. Green light has also been shown to be
more practical in other environments that are
more turbid with transmission distances up to
34.5 m [54, 60]. In highly turbid water, however,
it was shown using VCSELs that the use of red
light is more practical, due to the lower
attenuation in these environments [61]. The use
of visible-light LEDs is also possible, but they
cannot offer the broad bandwidth of laser
diodes [62-64]. While SLDs in underwater
communication is also possible, laser diodes
are preferred in any scenario in which
simultaneous illumination is not needed due to
their higher speed and optical power. Different
techniques are used to improve the data rate
and the reliability of the underwater links. High
spectral efficiency modulation schemes provide
significant improvements. These techniques
include orbital angular momentum multiplexing
[58], orthogonal frequency-division multiplexing
[54, 59, 65], wavelength-division multiplexing
[66], and, more recently, probabilistic shaping
(PS) [62].
Optical communication can complement the
existing
networks
of
acoustic-based
underwater communication links. While
acoustic communication can be established
over for kilometers underwater (compared to
meters for RF and tens of meters for optical
OWC), they suffer from a limited modulation
bandwidth (<1 MHz) and high latency (1.5-km/s
speed compared to 2.26 × 105 km/s for EM
waves) [67]. The data rates offered by
underwater OWC is unparalleled (in the range
of Gbit/s) [53, 54, 60], which opens the door for
applications that require high data throughput,
such as live video streaming, which also
benefits from the low latency. It is also worth
noting that underwater OWC suffers from strict
alignment requirements, unlike acoustic
communication. However, the directional data
transmission can be of use in applications that
require a degree of privacy.
3.3 Instrumentation: industry and research
Laser diodes and SLDs have many attractive
features that make them ideal for a wide variety
of industrial and research applications. Their
compact formfactor and low manufacturing cost
allowed their widespread in different fields,
ranging from medical imaging, to indoor
horticulture, to spectroscopy. The controllability
of the emission spectrum is another advantage
of these devices that is critical in wavelengthsensitive applications.

Figure 5: A photo of an underwater OWC
450-nm laser transmitter showing high
power transmission (50 mW) over a
moderately long distance (10 m) in a diving
pool.
In spectroscopic applications, for example,
tunable narrow-linewidth emission is required.
To achieve that, external cavities are utilized to
tune the wavelength by using a grating or
changing the cavity length [68]. The longer
external cavity also improves the linewidth and
reduces the FSR, which improves the
spectroscopic resolution of the system. The
output facet of the laser diode in such a system
can be antireflection coated to minimize the
effects of the internal cavity whose FSR is
significantly wider than that of the external
cavity (transforming the laser diode into an SLD)
[68]. In other words, in cases which rely on
external cavities, an SLD is more suitable.
However, in the absence of an external cavity,
a laser diode would be required for
spectroscopy due to its narrow spectral
emission. Laser cooling, which also requires
precise control over the emission spectrum,
might also make use of external cavities and
injection locking [69-72].
In Doppler cooling [73], which is used in highprecision atomic clocks, a laser beam with a
precisely controlled frequency is not absorbed
by the randomly moving atoms to be cooled
down. This is done by ensuring that the
frequency is slightly lower than that of the
atoms’ electronic transitions. However, due to
the Doppler blueshift in the frequency for atoms
moving toward the laser source, these atoms
absorb the photon, reducing their overall

momentum due to the random nature of the
spontaneous emission that results from the
photon absorption. In other words, the
variations in the velocities of the atoms
decreases, which lowers the temperature.
Another application in which the emission
spectrum control is of use is indoor horticulture,
which uses artificial light sources with spectra
matching the absorption of the intended plants
[74]. The high efficiency and directionality can
also reduce the required power for these farms.
Furthermore, wavefront modulation can be
used in holographic systems that can
redistribute the light efficiently and direct it to
the plants [75].
The coherence of laser diodes and SLDs is
another feature that can be utilized in various
applications. These applications rely on the
interference of light waves. For example, they
can be used in displacement sensors [76], in
optical coherence tomography (OCT), which is
widely used in the medical field to study tissues
non-invasively, and in fiber-optic gyroscopes
(FOGs) [77].
In OCT, the light beam is split into two paths in
a Michaelson interferometer using a beam
splitter. The tissue to be studied is placed at the
end of one of the two paths and a mirror is
placed at the end of the other path. The
reflected light beams from the tissue and the
mirror travel back to a detector through the
beam splitter. Only the light reflected from
layers of the tissue within a thickness equal to
the coherence length of the light source
interfere with the light reflected from the mirror.
The coherence length is defined as the length
is space for which two points along the
propagation direction are correlated and can
experience interference. Therefore, having a
short coherence length improves the axial
resolution of the OCT system. By sweeping the
position of the mirror, we can control the depth
whose interference pattern is observed at the
detector. It is also possible to study the
spectrum of the received interference pattern to
extract the information about the depth profile
through a Fourier transform of the received
spectrum.
Since the coherence length is inversely
proportional to the linewidth of the emission
spectrum of the used light source, SLDs are
preferred for this application over laser diodes
[78, 79]. Moreover, light with a shorter
wavelength has a significantly shorter
coherence length for the same linewidth,
making visible-light SLDs ideal for OCT.

Besides the axial resolution, the scanning
resolution in the transverse plane is enhanced
by using shorter wavelengths due to the smaller
diffraction limit (which is equal to 𝜆/2𝑁𝐴, where
𝑁𝐴 is the numerical aperture of the objective
lens), which is another advantage of relying on
visible light in obtaining high-resolution OCT
cross-sectional images of the tissue of interest
[78].
The short coherence length of visible-light
SLDs is also advantageous in FOG systems,
which rely on the Sagnac interference to
measure the orientation. The light reflected
through Rayleigh scattering in the optical fiber
within a segment equal in length to the
coherence length interferes with the signal,
introducing noise. Therefore, SLDs are more
suitable for FOGs compared to laser diodes
whose coherence length is longer [80, 81].
Laser diodes in visible wavelengths, particularly
in the red region (630 nm to 680 nm), are used
for health treatments known as low-level laser
therapy [82, 83]. The exact function of laser
light interacting with cells remains a topic of
investigation, but with the current availability of
laser diodes emitting at several wavelengths in
the blue, green, and red region, low-level laser
therapy continues to attract attention.
The integration of visible lasers and SLDs in
PIC allows for visible-light applications but in a
miniaturized platform with no moving parts (see
Figure 6). Instead of relying on bulky discrete
optical components, they simply use compact
integrated components. These integrated
devices can be useful for projection and
sensing, as well as compact atomic clocks.
Examples of applications of visible PICs include
tunable lasers [84], flow cytometry systems [85],
and laser beam steering [86], among others.
In visible PICs, SLDs can be operated either as
the gain section of a tunable laser, as well as
the broadband source for on-chip gyroscopes.
On the other hand, single-frequency lasers,
such as visible DFB lasers [88, 89] can be
suitable for spectroscopy and atomic clocks. In
both cases, devices with a single transverse
mode are preferred for PIC applications.
The utilization of blue lasers for metal welding
takes advantage of the high optical absorption
of short wavelengths in metals. Blue laser
diodes integrated as a laser bar or laser banks
(see Figure 7) have been used for welding of
steel and copper, using aggregate optical
powers of up to 1 kW [90, 91]. The short

Figure 6: A photonic integrated circuit (PIC)
designed for visible light and the optical
fibers used for light coupling and collection.
Reproduced with permission from [87].
wavelength of the blue laser at 450 nm allows
the optimization of the optical spot size and the
homogeneity of the welding spot, opening a
new avenue for material processing and highpower applications of visible-light laser diodes.
4. Conclusions and perspective
The development of semiconductor light
emitters at the visible band has benefited

Figure 7: A bank of blue laser diodes with a
total optical power of 250 W used for
welding of metals [91]. The bank (shown on
the left) consists of 64 laser diodes and a
lens. The beams can be seen to be focused
in the water tank.
numerous applications with scientific and
economic impact. While the basic light emitters
such as LEDs are the most widely spread, laser
diodes and SLDs offer unique properties with
value due to their degree of temporal and
spatial coherency. Visible laser light beams
form the basis of applications in projectors,
atomic clocks, and optical communications,
while SLD light enables high-resolution OCT
and sensors. Table 1 provides a comparison of
these semiconductor visible-light sources and

Table 1: Comparing different types of semiconductor visible-light sources
Source

LEDs

SLDs

LDs

Temporal
Coherence

Low
(spectral linewidth
of tens of nm)

Moderately low
(spectral linewidth below 10
nm)

High
(spectral linewidth below 1
nm)

Spatial
Coherence

Low

Relatively high

High

Efficiency

Suffers from
droop

No droop

No droop

Modulation
Bandwidth

10s of MHz
(Hundreds MHz
for micro-LED)

Hundreds of MHz

Beyond GHz

Speckle
Density

Low
(below human
perception)

Moderately low

High

Beam
Divergence

High

Low

Low

Lighting, displays,
short-range indoor
communication

Lighting, augmented and
virtual reality displays,
communication over
moderately long distances,
interference-based sensors
(e.g., OCT, FOG)

Long-distance
communication, underwater
communication, high-power
metal welding,
spectroscopy, PICs,
horticulture, laser cooling
and atomic clocks

Ideal for

the advantages they offer. Both types of
devices are expected to continue growing in
use given their increased availability in the
market and wavelength selection. Visible light
offers more than just illumination. Thus, visiblelight lasers and SLDs will continue to form part
of the technological environment for years to
come.
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