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Abstract:

For axial collimated lasers, quantum dot lasers (QDLs) represent a
significant breakthrough for the technology of semiconductor lasers as they
have superior characteristics to bulk and quantum lasers. By virtue of their
nanoscale size, and three-dimensional quantum confinement, these
structures also have discrete energy levels, manifesting as lower threshold
currents, higher stability at high temperatures, and higher modulation
bandwidths. We first discuss the underlying principles that govern the
performance of QDL, which include quantum confinement and carrier
dynamics, followed by specific materials and fabrication processes such as
molecular beam epitaxy, and metal-organic chemical vapor deposition. In
addition, we review some latest advancement made in the field, such as the
introduction of electrically pumped QDLs and mode-locked devices, as well
as the easy interfacing of QDLs with silicon photonics systems. We present
several key fields of application, namely optical communications, biomedical
diagnostics and the emerging sphere of quantum technologies. We then
discuss some of the on-going challenges, primarily uniformity and
scalability, and identify possible future developments and commercial

opportunities for QDLs. The purpose of such an in-depth review is to provide
a simplified resource for scientists and engineers working on development of the next generation
optoelectronics.

Keywords: Quantum dot lasers, Semiconductor lasers, quantum confinement, carrier dynamics, silicon
photonics systems, and optical communications.

1. Introduction

The advent in nanoscale materials in the past few years has turned the optoelectronics
field on its head to the introduction of devices that are more efficient and provide improved
performance, and are also more tunable [1]. The emergence of quantum dot lasers (QDLs) is a
noteworthy development in the realm of optoelectronics; the use of quantum dots (QDs) in
these lasers is based on the properties of QDs small particles (QDs) of semiconductors, carriers
of which are confined in all three dimensions. Quantum confinement results in distinct energy
levels inside these particles whereby it provides precise optical transitions and many benefits
over conventional bulk and quantum well lasers [2],[3]. Quantum dot lasers offer improved
performance characteristics with decreased working currents, temperature resilience, higher
modulation capabilities, and narrower linewidths. The integration of these advantages makes
quantum dot lasers particularly suitable to high performance optical communication systems,
medical diagnostics, quantum computing and the design of new integrated photonic platforms
[4], [5],[6]. Additionally, such tunability attained by controlling the size, shape, and
composition of the QD precisely can be effectively exploited over a wide range of wavelengths
using these lasers.

Despite the attractive features of QDLs, the process of introducing them to the market,
especially, is complicated by several difficulties. The continued issues with quantum dots of
non-uniform sizes, complex fabrication processes, lack of ability to tightly couple with silicon-
based technologies make them convenient for more limited use [7], [8],[9]. However, current
developments in materials science, epitaxial growth and hybrid integration technologies are
allowing more progress towards bridging this gap. The manipulation of quantum dot lasers is
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an interesting area of research, and this review will endeavor to examine the fundamental
theories, practical works in fabrication, measurable qualities and innovative uses of quantum
dot lasers in detail. Also, this review reveals the existing limitations and proposes frontier
investigations which may lead to QDLs in various photonic fields [10], [11], [12].
Fundamentals of Quantum Dots

Quantum dots (QDs) are semiconductor nanoparticles, generally ranging in size from 2
to 10 nanometers, which confine the movement of charge carriers free electrons and holes in
all directions. The three-dimensional confinement leads to atomic-like energy states where QDs
differ from bulk and quantum well configurations [13], [14], [15], [16]. As the QD size gets
smaller, so does the energy spacing between the levels and this will serve as a way to tweak
optical and electronic properties with close control of size, shape, and material composition.
Quantum confinement significantly modifies the density of states in QDs and exhibits behavior
that is very closely delta-f=compliant. Due to having unique energy states QDs feature well
resolved emission spectra, enhance oscillator strengths, and strong light-matter interaction.
With such properties, QDs possess low threshold current, stable gain over a broad temperature
range, high differential gain making QDs attractive candidates for advanced laser diodes [17],
[18], [19].

QDs are typically confined within a host semiconductor matrix, which self-assemble
using epitaxial methods such as Stranski-Krastanov (S-K) mode, in which lattice mismatch of
materials (for example, InAs on GaAs) creates naturally occurring nanometer sized islands.
Other fabrication approaches like colloidal synthesis, electrochemical assembly, and lithographic
patterning permit the implementation of tailored control, scalability, and distinct benefits
appropriate to particular applications [20], [21]. Furthermore, the functionality of QDs can be
optimized throughout the visible to mid-infrared range by simply modifying the bandgap and
size of the material system. This versatility makes QDs applicable to telecommunications at
critical wavelengths of 1.3 ym and 1.55 pym, biomedical imaging within the visible and near
infrared spectrum, as well as quantum computing as a source of single photons [22], [23].

Understanding the physics of carrier confinement, carrier relaxation and recombination
processes in QDs is essential for improving the output of the laser. Carrier capture limitations
and phonon bottleneck effects are critical in distinguishing quantum dots from quantum wells
and significantly affect modulation response and gain recovery time [24], [25]. Essentially,
quantum dots are the foundations of QDLs, providing an extent of design flexibility and
performance capabilities that have not been achieved in conventional semiconductor lasers. The
unique physical qualities of quantum dots are driving developments in next-generation
optoelectronic systems [26], [27].

2. Materials and Methods

The methodology adopted for this review article is based on a structured qualitative
approach that emphasizes a comprehensive examination of existing scientific literature,
experimental reports, and recent advances in quantum dot laser (QDL) technologies. The
method comprises three primary phases: source selection, thematic analysis, and synthesis.The
sources for this study were chosen from peer-reviewed journals, conference proceedings, and
authoritative publications indexed in databases such as IEEE Xplore, ScienceDirect,
SpringerLink, and Nature Publishing. Selection criteria included relevance to quantum dot laser
fabrication, performance metrics, integration with photonic systems, and recent breakthroughs
from 2020 to 2025. Over 80 primary sources were shortlisted, emphasizing those with DOI
verification and high citation impact.The collected literature was analyzed thematically to
identify critical technological domains within QDL development: (1) quantum dot synthesis and
material systems, (2) laser design principles and carrier dynamics, (3) fabrication and
integration techniques, (4) performance optimization strategies, and (5) sector-specific
applications including telecommunications, biomedical sensing, and quantum information
technologies. Particular attention was given to comparative metrics between QDLs and
traditional laser systems, including threshold current density, temperature sensitivity, spectral
purity, and modulation bandwidth.

3. Results

Operating Principles of Quantum Dot Lasers
Reply With the use of stimulated emission, they turn electrical or optical input to
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coherent light output. However, the substitution of quantum dots for the traditional active media
has much more than a cosmetic effect and changes the physics of the laser, both on operational
and performance metrics scale. An ensemble of quantum dots in a QDL has a semiconductor
matrix as its substrate, and it is most commonly manufactured with the use of epitaxial
processes such as molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition
(MOCVD). The quantum dots behave as individual energy-level systems through which are
constituted the capture and trapping of charge carriers, these being electrons and holes, in their
system. The unique atomic-level density of energy states of QDs leads to sharp size specific
emission peaks, which further manifest in narrower gain spectra and lower translucency carrier
densities in comparison with quantum well (QW) or bulk laser systems [28], [29].

Upon entering the device, the carriers are immediately absorbed by the wetting layer—
thin, well-like area at the bottom, formed during S-K growth. After capture, carriers transit to
the defined energy bands of the quantum dots with their transit time being determined by
carrier capture times, intra-dot relaxation and phonon-mediated scattering [30], [31]. In case
population inversion occurs between quantized energy bands (i.e. s-shells) is attained
stimulated emission results in coherent photon emission at a wavelength which corresponds to
the energy separation of the QDs. QDLs are distinguished by a very low value of threshold
current density, at the root of which lies the limited number of state insertions that carriers can
make. One result of this is better modal gain at low injection levels, along with reduced Auger
recombination, and lower temperature sensitivity, which improves the stability of both threshold
current and output power versus temperature [32], [33], [34].

Another important benefit is that there is an enhanced differential gain which leads to
faster modulation response an essential consideration in fast optical communication. Because
of the three-dimensional confinement in QDs, carrier diffusion is decreased, thus giving spatial
uniformity and improved spectral purity of the emitted light. Moreover, flexibility to tweak QD
size and composition allows for controlled tuning of the emission wavelength from the visible to
mid-infrared regions through manipulation of dot parameters [35], [36].

However, changes in QD growth cause inhomogeneous broadening: particle size and
makeup are varying across the ensemble. However, drop of peak gain and spectral purity may
take place, but improvement in consistency of dot size and layered architecture can ameliorate
these issues [37], [38], [39]. Essentially, QDLs combine the exact emission properties common
to atoms with the scalability and compatibility of semiconductor fabrication, making them
suitable candidates for uses that require minimal power consumption, sharp spectral lines, high
modulation rates, and flexible wavelength choices [40], [41], [42].

4. Discussion
4.1 Material Systems and Fabrication Techniques
The behavior and robustness of quantum dot lasers (QDLs) are rather dependent on the choice
of material system and approach used for manufacturing high-quality, uniform quantum dots
(QDs). At the nanoscale, the synthesis of materials provides researchers with the means of
tuning emission wavelengths, operating at low threshold currents, and with stable operation
over temperature ranges and long device lifetimes, which are the essentials in commercial
applications [43], [44], [45].
4.1.1 Material Systems
The industrial materials for the production of quantum dots are III-V compound semiconductors
due to their ideal band structure, lattice-matching possibilities and compatibility with standard
optoelectronic systems. InAs/GaAs is one of the most-intensively studied and practical QD
systems for the near-infrared emission between 900 - 1300 nm. This makes it especially
suitable application in fiber-optic communication and integrated photonics [46], [47], [48].
In order to perform optimally in the telecom wavelength range (1.3-1.55 um), the researchers
use InAs/InP and InAs/InGaAsP materials, which yield an improved performance in this
spectrum. Alternatively for applications that can be seen such as displays and biomedical
imaging, there are currently studies being conducted on the CdSe/ZnS, ZnTe, and perovskite
based quantum dots though they preferentially exist in colloidal QDs rather than epitaxial QDLs
[49], [50], [51]. Material selection affects the emissions wavelength as well as the carrier’s
nature, confinement strength, and strain in the structure. The strain applied upon QD formation
and its influence on electronic properties call for delicate control of lattice mismatch so as to
reduce the number of defects and dislocations [52], [53], [54], [55].
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4.2.1 Fabrication Techniques

The following are the two main methods for manufacturing epitaxial QDs in laser diodes, namely
molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD). Both
provide the possibility to regulate layer thickness, composition and sharpness of the interface
atomically [56], [57], [58]. A common technique for the production of self-assembled QDs, the
Stranski-Krastanov (S-K) growth mode, occurs when lattice-mismatched material is deposited
on a substrate and before a critical thickness is reached. Upon reaching a critical layer thickness
relaxation from strain induces the appearance of nano-islands-quantum dots [59], [60]. The
development of a wetting layer is an unavoidable byproduct of this process and serves as an
intermediary carrier storage. Other techniques for the formation of QDs include the use of
droplet epitaxy, electron beam lithography of nanopatterning, and colloidal synthesis. Epitaxial
synthesis is not optional for achieving high-performance electric for increasing the degree of
uniformity and optical gain QD stacks which are often separated by spacer layers are commonly
used. The positioning of these upright stacks facilitates a greater carrier capture, and a larger
modal gain i.e. reduced lasing threshold while increased differential gain. Research on putting
quantum dots on non-native substrates such as silicon is growing since it presents cost-effective
and scalable methods for photonic integration [61], [62], [63]. Research on wafer bonding,
growth of Si by direct homoepitaxial growth, and template assisted growth has not been
conclusive because of lattice mismatch and differences in thermal expansion. Material system
selection and scrupulous fabrication techniques in general are critical factors that determine the
performance limits of quantum dot lasers. Improved control of growth processes, optimized
choice of the substrate, and decreasing the faults are going to prove of great value for transition
of quantum dot lasers to mass-market applications [64].

5.1 Performance Characteristics

A number of distinct performance advantages of quantum dot lasers (QDLs) make the latter
very beneficial in the practical as well as the experimental optoelectronic environment. Because
of the zero-dimensional density of states in quantum dot (QD) materials, QDLs possess carrier
confinement properties that lead to operationally distinct features not currently found in
traditional bulk or quantum well lasers. This section discusses primary performance features
such as threshold, temperature sensitivity, the modulation bandwidth, spectral properties, and
device reliability.

5.1.1 Threshold Current Density and Slope Efficiency

One of the major advantages of QDLs is the fact that there is a very low threshold current
density to start deposition compared to the continuous energy related levels found for QDs and
corresponding low density of states. QDLs usually have a much lower threshold current density
often of the order of a factor of 2 to 5 compared to quantum well lasers (Xing et al., 2025).
Consequently, the necessity for carriers to receive gain is reduced, thus minimizing electrical
power consumption and negligible thermal loads. When carrier confinement and radiative loss
are reduced, the slope efficiency, which determines how injection current increase above
threshold should deliver an increase in output power, also benefits.

5.2.1 Temperature Stability

Stability at differing temperatures is better for QDLs than quantum well lasers. In QDLs,
TOT_O0TO, an important parameter of the threshold current temperature sensitivity, in most
cases exceeds 200 K. The high thermal stability of QDLs is due to the extensive energy gap
between their confined energy levels and the minimised reduced thermally driven carrier
leakage hence it allows for reliable operations over a wide temperature range, an essential
requirement for such applications as uncooled telecom equipment and automobiles.

5.3.1 Spectral Properties and Linewidth

Direct consequence of their narrowly peaked gain spectrum are the narrow spectral linewidths
of the quantum dot lasers. Consequently, quantum dot lasers are especially useful for coherent
optical communication, high-resolution Spectro scoping and precise sensing. However,
deviation from size and composition over the QD ensemble frequently yields losses in spectral
purity. This problem can be overcome through advanced growth techniques involving
improvement of dot uniformity, in addition to the use of selective optical feedback in external
cavity or distributed feedback systems.

5.4.1 Modulation Response and Bandwidth
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QDLs also are excellent owing to their high modulation bandwidth, so enabled by rapid carrier
dynamics, reduced spectral hole burning, and stopped carrier diffusion. Research-grade QDLs’
demonstrated modulation abilities at the upper end of 25-40 GHz makes them an excellent fit
to be part of the next generation of high data communication. Their superior differential gain
and rapid gain recovery properties permit mode-locking which will give rise to ultrafast pulsed
lasers that can have repetition rate of hundreds of gigahertz [65].

5.5.1 Output Power and Efficiency

Although QDLs are very high towards low threshold and high speed, they have limitations in
handing high output power mainly because of the low modal gain per layer and difficulties in
carrier capture. Multi-layer QD stacks are typically use to enhance the gain volume, however,
unless continuous management is adopted, they can cause strain and defect problems. In spite
of these challenges, the QDLs have shown output power beyond 1 W in edge emitting devices
and beyond tens of milliwatts in VCSELs [66].

5.6.1 Device Lifetime and Reliability

Success in business depends entirely on the trustworthiness of the product. QDLs exhibit an
enhanced stability and decreased sensitivity to aging and non-radiative recombination
associated with defects, in part due to the carrier motion localized in such structures. In some
QD laser systems, dwells over 100 thousand hours were reported during continuous-wave
testing. Optimum control overgrowth conditions, thermal stabilization and packaging are critical
ingredients to getting consistent long-term performance [67].

Finally, QDLs prevail due to their low threshold, high modulation rates, excellent thermal
properties, and slimlinewidth, being identified as a sophisticated option in numerous areas of
human technology . Continued advancements in materials engineering, epitaxial technologies
and optical design are promising in given classical and quantum photonic applications of QDLs
(See Figure 1).
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Figure 1. All Performance Characteristics.

6.1 Recent Advances in Quantum Dot Lasers
Many important advances have been achieved in the field of quantum dot lasers (QDLs) during
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the last decade; among others, this progress was associated with increasing demands to high-
speed communications, integrated photonics, and quantum implementations. Substantial
development has been made in materials research, device configurations, integration
technologies, and operating conditions to promote the capabilites, scalability, and applicability
of quantum dot lasers.

6.1.1 Electrically Pumped and Low-Threshold Devices

One remarkable success is the demonstration of electrically pumped QDLs that have
unexpectedly low threshold currents, in cases under 10 A/cm2. The attainment of these results
is to some extent credited to better quantum dot uniformity and better doping strategies as
well as more effective waveguide designs. Using delta-doping and modulation doping as the
means of injection, the researchers have reported a substantial improvement in carrier injection
efficiency with a substantial reduction in nonradiative recombination.

6.2.1 Integration with Silicon Photonics

Major advances have also been made in integrating QDL’s onto silicon substrates, a key advance
towards photonic system which can be scalable, cost effective and compatible with CMOS
process. Use of the approaches such as direct epitaxial growth of InAs/GaAs QDs onto silicon,
wafer bonding and heterogeneous integration has shown positive development. Continuous-
wave lasing has been achieved for researchers by these materials on silicon at room
temperature with levels of performance comparable to III-V materials. These changes promise
a lot for on-chip sources of light, data center interconnects and photonic integrated circuits
(PIC’s) [68], [69].

6.3.1 Mode-Locking and Ultrafast Operation

In addition, QDLs have optimized their mode-locking tactics to generate pulses that are as short
as those in the picosecond and femtosecond domains. The rapid recovery of gain and control
on carrier heating in QDLs leads to low jitter, reliable model locking operations. Monolithic
passive mode-locking with QD lasers has achieved repetition rates above 50 GHz, which
demonstrates the potential of QD lasers for applications in terabit-per second communications,
frequency comb device generation and optical sampling .

6.4.1 Long-Wavelength and Mid-Infrared QDLs

There has been a large focus on extending the wavelength coverage of QDLs beyond telecom
bands. MAT SYSTEMS such as InAs/InP, InAs/GaSb and GaSb/GalnAsSb have rendered
emission in the 1.55-3.5 pm wavelength scale achievable. QDLs utilized at these long
wavelengths are essential in a wide range of technologies including gas sensing, LIDAR, and
free-space optical communication. Also, scientists have developed mid-infrared QDLs based on
application of molecular fingerprint regions for spectroscopic sensing .

6.5.1 Hybrid and Multi-Functional Devices

Advances in hybrid quantum dot lasers used to incorporate quantum dots together with photonic
structures like photonic crystals, plasmonic elements, and micro-ring resonators have been
witnessed in the field. The purpose behind these arrangements is to promote better light-matter
interaction efficiency, beam control or reduced device sizes. QDLs have equally benefited from
outside feedback, electro-optic modulators and temperature controllers that enhance precision
for operation in dynamic scenarios.

6.6.1 Quantum Applications and Single-Photon Sources

Although classical photonics is the strongest force driving the field, quantum dots are now
intensively studied for uses in quantum information, specifically as single photon sources. While
a conventional QDL relies on stimulated emission, the ability to manipulate individual QDs and
the benefit of CQED technologies has led to the engineering of QDs that can act as controlled
photon emitter, entangled light generator, or spin to a photon state clumper . Finally, twitches
of quantum dot lasers have made it more flexible in operation, easier to integrate, and opened
a door towards new discoveries in quantum and nonlinear optics. Such a development shows
the synergy between materials research, nanofabrication techniques, and photonic engineering,
with Q DL pushing it into the next generation of technologies out of the research labs .

7.1 Applications

Quantum dot lasers (QDL) are becoming essential components of many mature and emerging
industries at a very fast rate. These unique characteristics - low threshold current, high thermal
stability, narrow linewidth, and rapid modulation enable QDLs to be applied to
telecommunications, data centres, biomedical developments, sensing systems, and quantum
information sciences .
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7.1.1 Telecommunications and Data Centres

QDLs are distinguished by their excellent qualities in meeting demands of the fast optical
communication systems. QDLs’ low threshold currents and fast modulation bandwidths enable
energy efficient data transfer which is vital in constraining thermal output and power
consumption in densely populated data centers . The common usage of quantum dot lasers at
the telecom industry standard wavelengths 1.3 ym and 1.55 pym wavelengths makes them
prominent among devices such as passive optical networks (PONs), fiber-to-the-home (FTTH),
inter- and intra-chip communication systems. Getting QDLs into silicon photonics platforms has
accelerated their deployment for data communications purposes very much. Such integration
facilitates efficient high density photonic circuits making QDLs excellent for instances such as
co-packaged optics, optical interposers and on-board light sources .

7.2.1 Biomedical Imaging and Sensing

Tunable emissions, narrow spectral lines, and high brightness of quantum dot lasers allows
them to be used in biomedical areas such as, fluorescence microscopy, optogenetics, and flow
cytometry. Optimization of imaging tools with the usage of lasers at the visible and near-infrared
(NIR) wavelengths is relevant in deep tissue applications wherein reduced scattering and
absorption enable a deeper penetration in tissues . Further, quantum dot lasers are used in
biosensors for biomolecule sensing using methods such as Surface plasmon resonance (SPR)
and fluorescence resonance energy transfer (FRET). The stability and small size of these lasers
can benefit the design of wearable diagnostic devices and minilab systems .

7.3.1 Environmental Monitoring and Gas Sensing

The path to mid-infrared emission in QDs has prepared the ground for QDLs to deliver significant
results in gas detection and environmental monitoring. Making QDs sensitive to the unique
absorption lines of CO2, CH4, and NO, in the MIR gives rise to highly-sensitive and selective gas
sensors that can be integrated into strong, small-scale monitoring systems in industrial safety,
agriculture, and climate observation .

7.4.1 Quantum Information and Photonic Computing

Quantum dot - based systems are prime candidates for future development in quantum
photonics. Even if conventional QDLs rely on stimulated emission, isolated QDs situated in
microcavities or photonic crystals may be used to generate single photons on demand, In
addition, quantum dot lasers in a mode-locked configuration have been used to produce optical
frequency combs and ultrashort pulses that are essential to optical sampling, clock distribution,
and rapid processing of optical signals in photonic systems .

7.5.1 Defense and LIDAR

Defensive uses that depend on target marking, measurement of distances, and subtle
transmissions are looking at quantum dot lasers because of the need for compact, wearable
and eye-safe sources. The use of QDLs in integrated LIDAR systems is currently actively
explored due to their ability to respond very rapidly and emit light in multiple wavelengths .
7.6.1 Consumer Electronics and Displays

While traditionally associated with LEDs, colloidal QDs are becoming more and more
incorporated in miniature laser modules for projectors, displays, and augmented/virtual reality
systems. QDLs offer superior color purity, efficient power consumption and compact sizes that
make them a perfect match for the emerging wearable and portable electronic market. In
general, because of their tuneable properties, effectiveness, and micro-miniature structure,
QDLs have been adopted in various technologies. With increased fabrication and integration,
quantum dot lasers are set to be influential in the engineering of new optical technologies,
classical and quantum based .

8.1 Challenges and Limitations

Quantum dot lasers provide notable value in comparison to standard semiconductor lasers and
the emerging properties of material science and nanofabrication will serve to open greater
possibilities. Despite significant improvement in some areas, a number of essential scientific,
engineering, and commercial problems have not been addressed. The acquisition of insight into
opportunities and challenges is a prerequisite for propelling QDLs forward, with regard to the
development of the next generation technologies .

8.1.1 Prospects for Integration and Miniaturization

The direction towards more compact and scalable photonics technology very strongly favors the
application of QDLs in integrated photonic systems. Quantum dot lasers are an ideal choice for
on-chip optical communications, photonic computing and miniaturized diagnostic devices
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because of their power-efficient operation, a wide tuning range, and tough performance under
various temperatures . Toward the consolidation of the standard light source, the recent
engineering improvements are driving heterogeneous integration, like direct epitaxy of QDs on
silicon and wafer bonding, toward QDLs spin-off for integration in CMOS-compatible platforms.
This would enable direct integration of photonic circuits thus reducing costs and increasing
efficiency in the data centers and AI hardware .

8.2.1 Emerging Applications in Quantum and Neuromorphic Computing

Apart from their traditional applications, QDLs are going to prove to be mainstay features in
this field of Quantum Photonics. Researchers are already taking advantage of single QDs in
microcavities to synthesize identical single photons which are required for carrying out quantum
key distribution (QKD) and photonic quantum computing protocols. Also, scientists are
researching the fast changes and the non-linear behavior of QDLs which could allow for the
breakthrough improvements in neuromorphic photonic systems which imitate activities of
neurons and progress .

8.3.1 Challenges in Fabrication and Uniformity

The dominant technical challenge is the production of QDs with stable size, composition, and
pattern within a sample. Inhomogeneous broadening creates disparities in dot size and shape
that persistently interferes with the gain profile and the QDLs’ spectral purity. Despite
improvements of techniques like Stranski—Krastanov self-assembly, constant progress is
needed to reduce the concentration of defects and control the distribution between quantum
dots. Methods such as site-directed QD synthesis by nanolithography or droplet epitaxy could
provide superior uniformity and reproducible devices .

8.4.1 Thermal Management and Power Scaling

Performance of QDLs at high temperatures is good but there are thermal management issues
in closely packed high power environments. Enhancing heat management, optimizing the
packaging process for minimal energy loss and using advanced thermal isolation technologies
is essential to maintaining the system’s stability and providing high output power. In addition,
an important problem that remains, is to increase power output without sacrifice the spectral
quality and coherence, particularly in such applications as LIDAR and free space communication.
8.5.1 Cost and Commercialization

Solving costly issues and standardization problems in mass-productions of QDLs is the foremost
major impediment to commercial viability of such devices. Due to complex epitaxial growth and
the requirement for precise manufacturing steps, which increase production cost, QDLs are
presently more expensive than traditional quantum well lasers. Novel manufacturing
approaches, such as colloidal QD synthesis, and template-assisted growth on large substrates,
may contribute much to the affordability and industrialization of QDLs.

8.6.1 Environmental and Material Sustainability

Doubts about the toxicity and environmental effect of QD materials, that is, cadmium and lead
compounds which are significant in colloidal constructions, may limit the usage of QDs in
consumer products. Beyond the existing studies now targeting non-toxic options, such as
indium phosphide (InP) and perovskite-based quantum dots, one seeks to combine effective
performance with safer practices within the environment . To conclude, quantum dot lasers
have greatly evolved photonics due to its unique advantages, but future development of
quantum dot lasers will depend on solving critical problems including consistency of the
material, thermal management, mass production, and environmental compatibility. To realize
the enormous opportunities of quantum dots in classical and quantum spaces, enormous
investment and multidisciplinary approaches are required .

9.1 Future Outlook and Emerging Trends

Quantum dot lasers (QDLs) are set to revolutionise various industries because of their excellent
performance and unique properties such as low threshold currents, high efficiency, as well as
tunable emission spectra. Our expectation is to make improvements to QDL technology so that
its useful application fields in different industries, current and creative, can be broadened. QDLs
have a chance of being incorporated into next generation communication platforms in the
future. Since higher data transmission rates are a trend, it is only fitting that quantum dot lasers
take the place of traditional semiconductor lasers in fiber-optic communications. The ability to
obtain fine wavelength tuning and increased output power with diminished currents at threshold
will be vital for addressing the growing requirement for fast and efficient optical communication
systems. Also, the development towards incorporating QDLs into on-chip optoelectronic
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systems is also a very promising one. In keeping with the drive for smaller, more versatile
devices, quantum dot lasers are being incorporated with other optical components on a
compound chip, so that the system is more compact and power efficient for sensing and
quantum computing among other applications.

There is also great potential for biomedical applications with the usage of quantum dot lasers
in the future. The availability to be tuned, along with greater efficiency and less heat output
make quantum dot lasers a tantalizing prospect for advance imaging and diagnostic systems.
The application of quantum dot lasers in high-resolution OCT and other imaging modalities
depends upon the fact that they can deliver precise and controllable light for highest
performance. Advancements in Quantum dots science in the future should translate to the next
generation laser in increased material quality and laser performance as a whole. The
improvement of quantum dot materials quality and fabrication technology may render QDLs
tractable and scalable, speeding up its use in commercial applications. Quantum dot lasers
should play a big role in the progress of optoelectronics, photonics, and quantum technologies
as we move forward with further breakthroughs creating new opportunities for applications.

5. Conclusion

Much improvement in semiconductor lasers has been through quantum dot lasers which
hold their distinct properties to provide a myriad of advantages. The main building block of such
lasers, the quantum dot (QD), represents a nanoscopic semiconductor that can confine charge
carriers in three dimensions. Because these levels are discrete as would be the case in atoms,
it promotes fast electron transitions which therefore promotes laser performance. When
compared to traditional quantum well lasers, quantum dot lasers show better performance
through lower threshold currents, high temperature stability, and greater output power,
respectively. The high-temperature endurance of quantum dot lasers is one of their great things
to boast of. Due to their three-dimensional confinement, quantum dots have very little thermal
sensitivity that enables them to maintain their performance in extreme conditions where
temperature fluctuation is concerned. Consequently, the quantum dot lasers are very
appropriate for applications that involve fluctuation in temperature, such as the
telecommunications and laser-based sensing. Finally, quantum dot lasers are distinguished by
their superior operation, higher power efficiency, and wide range of its applications, as
compared to other next-generation photonic technologies. It is hoped that developments in the
field of material science and fabrication technology will uncover the full potential of quantum
dot lasers, making them vitally important for the creation of optoelectronic devices.

REFERENCES

[1] Y. Arakawa and M. Holmes, "Progress in quantum-dot single photon sources for quantum
information technologies: A broad spectrum overview," Applied Physics Reviews, vol. 7, p.
21309, 2020, doi: 10.1063/5.0010193.

[2] M. Aria, M. Hashemzadeh, and N. Farajzadeh, "QDL-CMFD: A Quality-independent and deep
Learning-based Copy-Move image forgery detection method," Neurocomputing, vol. 511, pp.
213-236, 2022, doi: 10.1016/j.neucom.2022.09.017.

[3] G. Babaabasi, M. Sheikhey, and S. Alaei, "The Effect of Cavity Length on Two-State Quantum
Dot Laser Performance," in Proc. 30th Int. Conf. Electrical Engineering (ICEE), 2022, pp. 726-
730, doi: 10.1109/icee55646.2022.9827034.

[4] Y. Berdnikov et al., "Near-critical Stranski-Krastanov growth of InAs/InP quantum dots,"
Scientific Reports, vol. 14, 2024, doi: 10.1038/s41598-024-70451-1.

[5] F. Bertram et al., "Direct Imaging of the Carrier Capture into Individual InP Quantum Dots
of a Semiconductor Disk Laser Membrane," ACS Nano, 2022, doi: 10.1021/acsnano.1c11260.

[6] P. Bhattacharya, D. Basu, A. Das, and D. Saha, "Quantum dot polarized light sources,"
Semiconductor Science and Technology, vol. 26, p. 14002, 2010, doi: 10.1088/0268-
1242/26/1/014002.

Quest: Journal of Geometry, Mathematical and Quantum Physics | 32




Vo

[7]1 S. Bi et al., "Technology research of 1km quantum lidar system," in Proc. SPIE, vol. 12686,
p. 126860, 2023, doi: 10.1117/12.2676630.

[8] C. Campalani and J.-C. Monbaliu, "Towards sustainable quantum dots: Regulatory
framework, toxicity and emerging strategies," Materials Science and Engineering: R Reports,
2025, doi: 10.1016/j.mser.2025.100940.

[9] V. Cao et al., "Recent Progress of Quantum Dot Lasers Monolithically Integrated on Si
Platform," Frontiers in Physics, vol. 10, 2022, doi: 10.3389/fphy.2022.839953.

[10] X. Chen et al., "A Novel Artificial Neuron-Like Gas Sensor Constructed from CuS Quantum
Dots/Bi2S3 Nanosheets," Nano-Micro Letters, vol. 14, 2021, doi: 10.1007/s40820-021-00740-
1.

[11] W. Chow, S. Liu, Z. Zhang, J. Bowers, and M. Sargent, "Multimode description of self-
mode locking in a single-section quantum-dot laser," Optics Express, vol. 28, no. 4, pp. 5317-
5330, 2020, doi: 10.1364/0e.382821.

[12] E. Cristobal et al., "High peak power quantum cascade lasers monolithically integrated
onto silicon with high yield and good near-term reliability," Applied Physics Letters, 2023, doi:
10.1063/5.0149072.

[13] Q. Fu et al., "A solution-processed nanoscale COF-like material towards optoelectronic
applications," Science China Chemistry, vol. 64, pp. 82-91, 2020, doi: 10.1007/s11426-020-
9865-3.

[14] J. Ghosh, C. Vargas-Rosales, V. N. Vo, and C. So-In, "Quantized Deep Learning Channel
Model and Estimation for RIS-gMIMO Communication," IEEE Open Journal of the
Communications Society, vol. 5, pp. 6932-6958, 2024, doi: 10.1109/0JCOMS.2024.3487847.

[15] B. Gidwani et al., "Quantum dots: Prospectives, toxicity, advances and applications,"
Journal of Drug Delivery Science and Technology, 2021, doi: 10.1016/].JDDST.2020.102308.

[16] F. Grillot et al., "Physics and applications of quantum dot lasers for silicon photonics,"
Nanophotonics, vol. 9, pp. 1271-1286, 2020, doi: 10.1515/nanoph-2019-0570.

[17] R. Guo, C. Wei, W. Zhang, and F. Xie, "Quantum Dots," in Encyclopedia of Color Science
and Technology, 2019, doi: 10.1093/acprof:0s0/9780199592449.003.0008.

[18] K. Hammam, Y. Hassouni, R. Fazio, and G. Manzano, "Optimizing autonomous thermal
machines powered by energetic coherence," New Journal of Physics, vol. 23, 2021, doi:
10.1088/1367-2630/abeb47.

[19] T. Heindel, J. Kim, N. Gregersen, A. Rastelli, and S. Reitzenstein, "Quantum dots for
quantum information technology," Advances in Optics and Photonics, 2023, doi:
10.1364/a0p.490091.

[20] N. Hendrickx et al., "A four-qubit germanium quantum processor," Nature, vol. 591, pp.
580-585, 2020, doi: 10.1038/s41586-021-03332-6.

[21] M. Homer et al., "Extremely Long-Lived Charge Donor States Formed by Visible Irradiation
of Quantum Dots," ACS Nano, 2024, doi: 10.1021/acsnano.4c10526.

[22] H. Huang, O. Alkhazragi, D. Liang, and F. Grillot, "Future roles of solid-state quantum dot
light sources," Applied Physics Letters, 2025, doi: 10.1063/5.0251447.

[23] R. J. Hussin and I. Karomi, "Progressing in III-V Semiconductor Quantum Dot Lasers Grown
Directly on Silicon: A Review," Silicon, 2024, doi: 10.1007/s12633-024-03098-2.

Quest: Journal of Geometry, Mathematical and Quantum Physics | 33




Vo

[24] D. Iannazzo, C. Espro, C. Celesti, A. Ferlazzo, and G. Neri, "Smart Biosensors for Cancer
Diagnosis Based on Graphene Quantum Dots," Cancers, vol. 13, 2021, doi:
10.3390/cancers13133194.

[25] M. Jardine et al., "First-Principles Assessment of ZnTe and CdSe as Prospective Tunnel
Barriers at the InAs/Al Interface," ACS Applied Materials & Interfaces, vol. 17, pp. 5462-5474,
2025, doi: 10.1021/acsami.4c17957.

[26] H. Jung, N. Ahn, and V. Klimov, "Prospects and challenges of colloidal quantum dot laser
diodes," Nature Photonics, vol. 15, pp. 643-655, 2021, doi: 10.1038/s41566-021-00827-6.

[27] F. Kappe et al., "Chirped Pulses Meet Quantum Dots: Innovations, Challenges, and Future
Perspectives," Advanced Quantum Technologies, 2024, doi: 10.1002/qute.202300352.

[28] A. Khrebtov et al., "Light quenching of photoluminescence in hybrid films of InP/InAsP/InP
nanowires and CdSe/ZnS colloidal quantum dots," Optical Materials, 2022, doi:
10.1016/j.optmat.2022.112277.

[29] V. Kim et al., "Investigation of Nonlinear Optical Processes in Mercury Sulfide Quantum
Dots," Nanomaterials, vol. 12, 2022, doi: 10.3390/nan012081264.

[30] N. Le and K. Kim, "Current Advances in the Biomedical Applications of Quantum Dots:
Promises and Challenges," International Journal of Molecular Sciences, vol. 24, 2023, doi:
10.3390/ijms241612682.

[31] W.-W. Lee et al., "Light emission and engineered carrier lifetime in strained 2D materials
towards developing wavelength-tunable integrated emitters," Proc. SPIE, vol. 12423, p.
124230, 2023, doi: 10.1117/12.2650116.

[32] S. Levy et al., "Split-well resonant-phonon terahertz quantum cascade laser," Optics
Express, vol. 31, no. 14, pp. 22274-22283, 2023, doi: 10.1364/0e.486446.

[33] S. N. Li et al., "Advances in Solution-Processed Blue Quantum Dot Light-Emitting Diodes,"
Nanomaterials, vol. 13, 2023, doi: 10.3390/nan013101695.

[34] X. Lin et al.,, "Blue lasers using low-toxicity colloidal quantum dots," WNature
Nanotechnology, 2024, doi: 10.1038/s41565-024-01812-0.

[35] G. Liu et al., "InAs/InP quantum dot mode-locked laser with an aggregate 12.544 Tbit/s
transmission capacity," Optics Express, vol. 30, no. 3, pp. 3205-3214, 2021, doi:
10.1364/0e.441820.

[36] M. Liu et al., "Colloidal quantum dot electronics," Nature Electronics, vol. 4, pp. 548-558,
2021, doi: 10.1038/s41928-021-00632-7.

[37] M. Lozano and V. Gomez, "Epitaxial growth of crystal phase quantum dots in III-V
semiconductor nanowires," Nanoscale Advances, vol. 5, pp. 1890-1909, 2023, doi:
10.1039/d2na00956k.

[38] N. Morais et al., "Hybrid distributed Bragg reflector laser on Si with a transfer printed
InAs/GaAs quantum dot amplifier," Optics Express, vol. 32, no. 3, pp. 4295-4304, 2024, doi:
10.1364/0e.514224.

[39] Namita et al., "M0oS2 quantum dots and their diverse sensing applications," Emergent
Materials, 2024, doi: 10.1007/s42247-024-00656-7.

Quest: Journal of Geometry, Mathematical and Quantum Physics | 34




Vo

[40] S. K. Nayak et al., "Exotic femtosecond nonlinear optical properties of laser ablated MoS2
quantum dots," Optical Materials, 2024, doi: 10.1016/j.optmat.2023.114630.

[41] Y. S. Park, J. Roh, B. Diroll, R. Schaller, and V. Klimov, "Colloidal quantum dot lasers,"
Nature Reviews Materials, vol. 6, pp. 382-401, 2021, doi: 10.1038/s41578-020-00274-9.

[42] M. Qammar et al., "Advancement in QDs for optoelectronic applications and beyond," Nano
Research, 2024, doi: 10.1007/s12274-024-6982-x.

[43] J. Qin et al., "Ultra-reliable quantum dot colliding pulse mode-locked laser as multi-
wavelength source for integrated optical interconnects," Optics Express, vol. 32, no. 6, pp.
9095-9104, 2024, doi: 10.1364/0e.515398.

[44] A. Ramachandran et al., "Robust parallel laser driving of quantum dots for multiplexing of
quantum light sources," Scientific Reports, vol. 14, 2023, doi: 10.1038/s41598-024-55634-0.

[45] A. Rempel et al., "Quantum dots: modern methods of synthesis and optical properties,"
Russian Chemical Reviews, 2024, doi: 10.59761/rcr5114.

[46] T. Renaud et al., "Improved frequency comb operation of an InAs/GaAs hybrid multisection
quantum dot laser on silicon," Applied Physics Letters, 2023, doi: 10.1063/5.0143570.

[47] H. Salama, B. Smaani, F. Nasri, and A. Tshipamba, "Nanotechnology and Quantum Dot
Lasers," Journal of Computer Science and Technology Studies, 2023, doi:
10.32996/jcsts.2023.5.1.6.

[48] M. Sheikhey, S. MirSoheil, N. Asadian, and H. Baghban, "Quantum-dot semiconductor
lasers with prominent relative intensity noise and spectral characteristics," Optics Express, vol.
29, no. 7, pp. 10236-10248, 2021, doi: 10.1364/0E.419009.

[49] H. Sun, "Analysis and Demonstration of the Quantum Dot Lasers," Highlights in Science,
Engineering and Technology, 2023, doi: 10.54097/hset.v38i.5988.

[50] J. Tian et al., "Perovskite quantum dot one-dimensional topological laser," Nature
Communications, vol. 14, 2022, doi: 10.1038/s41467-023-36963-6.

[51] R. Uppu, L. Midolo, X. Zhou, J. Carolan, and P. Lodahl, "Quantum-dot-based deterministic
photon-emitter interfaces for scalable photonic quantum technology," Nature Nanotechnology,
2021, doi: 10.1038/s41565-021-00965-6.

[52] G. Virgili et al., "Utility values and electronic device use in low-vision people attending
rehabilitation services: Data from a nation-wide registry in Italy," PLOS ONE, vol. 19, 2024,
doi: 10.1371/journal.pone.0308569.

[53] Y. Wan et al., "Tunable quantum dot lasers grown directly on silicon," Optica, 2019, doi:
10.1364/0optica.6.001394.

[54] S. Wang, T.-X. Guo, and S. Cao, "The Influence of Synthetic Parameters on HgSe QDs,"
ACS Omega, vol. 8, pp. 44804-44811, 2023, doi: 10.1021/acsomega.3c05910.

[55] W. Wei et al., "InAs/GaAs quantum dot narrow ridge lasers epitaxially grown on SOI
substrates for silicon photonic integration," Optics Express, vol. 28, no. 18, pp. 26555-26563,
2020, doi: 10.1364/0e.402174.

[56] L. Wells et al., "Coherent light scattering from a telecom C-band quantum dot," Nature
Communications, vol. 14, 2022, doi: 10.1038/s41467-023-43757-3.

Quest: Journal of Geometry, Mathematical and Quantum Physics | 35




Vo

[57] G. Whitworth et al., "Extended Short-Wave Infrared Colloidal Quantum Dot Lasers with
Nanosecond Excitation," Advanced Materials, 2024, doi: 10.1002/adma.202410207.

[58] Z. Xing et al., "Reduction of the threshold current of deep-ultraviolet laser diodes with
embedded quantum dots in quantum wells," New Journal of Physics, 2025, doi: 10.1088/1367-
2630/adb77f.

[59]Y. Xu et al., "Optical confinement enhancement of AlGaN-based deep-ultraviolet laser diode
by using asymmetrically wide waveguide layers," Applied Physics B, vol. 129, 2023, doi:
10.1007/s00340-023-08088-7.

[60] A. Yadav, N. Chichkov, E. Avrutin, A. Gorodetsky, and E. Rafailov, "Edge emitting mode-
locked quantum dot |lasers," Progress in Quantum  Electronics, 2023, doi:
10.1016/j.pquantelec.2022.100451.

[61] J. Yang et al., "Quantum dot-based broadband optical antenna for efficient extraction of
single photons in the telecom O-band," Optics Express, vol. 28, no. 13, pp. 19457-19468, 2020,
doi: 10.1364/0e.395367.

[62] Z. Yao et al., "Recent Developments of Quantum Dot Materials for High Speed and Ultrafast
Lasers," Nanomaterials, vol. 12, 2022, doi: 10.3390/nano12071058.

[63] Y. Yu et al., "Telecom-band quantum dot technologies for long-distance quantum
networks," Nature Nanotechnology, 2023, doi: 10.1038/s41565-023-01528-7.

[64] L. Yue et al., "Auger Recombination and Carrier-Lattice Thermalization in Semiconductor
Quantum Dots under Intense Excitation," Nano Letters, 2023, doi:
10.1021/acs.nanolett.2c04804.

[65] H. Yukawa, K. Sato, and Y. Baba, "Theranostics applications of quantum dots in
regenerative medicine, cancer medicine, and infectious diseases," Advanced Drug Delivery
Reviews, 2023, doi: 10.1016/j.addr.2023.114863.

[66] J. Zhang et al., "Hybrid and heterogeneous photonic integrated near-infrared
InGaAs/InAlAs single-photon avalanche diode," Quantum Science and Technology, vol. 8, 2023,
doi: 10.1088/2058-9565/acb730.

[67] T. Zhang et al., "Electric dipole modulation for boosting carrier recombination in green InP
QLEDs under strong electron injection," Nanoscale Advances, vol. 5, pp. 385-392, 2022, doi:
10.1039/d2na00705c.

[68] Z. Zhang, J. Norman, S. Liu, A. Malik, and J. Bowers, "Integrated dispersion compensated
mode-locked quantum dot laser," Photonics Research, vol. 8, pp. 1428-1434, 2020, doi:
10.1364/prj.397175.

[69] X. Zhu et al., "Doping bilayer hole-transport polymer strategy stabilizing solution-
processed green quantum-dot light-emitting diodes," Science Advances, vol. 10, 2024, doi:
10.1126/sciadv.ado0614.

Quest: Journal of Geometry, Mathematical and Quantum Physics | 36




