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Abstract. With the development of nanotechnology, quantum dots have garnered significant
attention as nanomaterials possessing unique optical properties. They are rapidly finding
applications in existing and emerging technologies and are poised to play a pivotal role across
various domains. This study aims to delve into the optical properties, synthesis methods, and
applications of quantum dots in fields such as luminescence, bioimaging, lasers, and beyond. The
article commences by introducing the definition, properties, and fabrication techniques of quantum
dots. Subsequently, it underscores the significance of quantum dot research, encompassing its
contributions to fundamental research, advancement of high-performance optoelectronic devices,
applications in biomedicine and clean energy, and facilitation of interdisciplinary collaborations.
Ultimately, the article emphasizes the potential of quantum dots to drive breakthroughs in multiple
realms, offering readers a comprehensive perspective on their pivotal role. This research critically
analyzes the application potential of quantum dots in diverse sectors, presenting novel avenues for
advancing nanotechnology and optoelectronics. These findings not only enrich the understanding of
quantum dots from a scientific standpoint but also provide robust support for innovation in areas like
biomedical science, energy solutions, and optical devices in the future.
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1. Introduction

Since 1984, in various places, Alexei Ekimov and Louis Brus started researching the optical
characteristics of CdSe quantum dots, introducing the term "quantum dots," which marked the rapid
development of the quantum dot field [1]. Over the past 40 years, scientists have devoted substantial
efforts and resources to the production methods and aspects of quantum dots' optics, achieving
remarkable progress. The study of 11-VI semiconductor quantum dots, such as CdSe or InP
nanocrystals, has drawn the attention of numerous research teams interested in investigating the
relationships between size, shape, and electrical properties. Applications in photo-electrochemistry
and microelectronics have been made, including quantum cascade lasers, solar energy conversion,
and light-emitting diodes [2].

With a deeper understanding of their optoelectronic properties, quantum dots have exhibited
significant advantages in the field of luminescence. Their emission wavelength can be tuned through
particle size control, offering tunability, and their emission spectra are narrow with high fluorescence
efficiency. Consequently, they find widespread use in manufacturing white light LED displays with
high RGB emission characteristics. For instance, CulnS2 quantum dots, owing to their deep red
emission and large Stokes shift, serve as excellent red-emitting sources for white light LEDs.
Simultaneously, ternary quantum dots' broad emission spectra fulfill the requirements for a high color
rendering index (CRI), demonstrating immense potential in the field of illumination [3]. Furthermore,
Quantum dots are also essential in the field of bioimaging. They have become innovative luminous
indicators for chemical research, molecular imaging, and biological diagnostics as nanoscale
luminescent particles.

Quantum dots differ from conventional fluorescent probes in that they have special optical and
electrical characteristics that allow for the simultaneous emission of several fluorescent colors. They
outperform fluorescent proteins and organic dyes in terms of brightness and photobleaching
resistance. Quantum dots are useful for tracking and imaging biological molecules like cells and
proteins because of their fluorescence stability. They are appropriate for single-molecule dynamic
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imaging and highly sensitive biological diagnostics thanks to the strong fluorescent signals, which
also help to improve imaging resolution and accuracy [4]. Additionally, quantum dot lasers utilize
the characteristics of quantum dots to achieve high-quality laser emission. By controlling external
current, electrons and holes are injected into the interior of quantum dots. Through stimulated
emission processes, they can emit coherent photons, forming laser beams. The laser's emission
wavelength is possible to be customized in order to suit the requirements of various applications by
varying the size and band structure of quantum dots. These lasers exhibit features such as low optical
gain threshold and high-temperature stability [5].

The evaluation of quantum dots' status in the field of luminescence science, as well as an analysis
of the challenges and opportunities they currently confront, are the main objectives of this article.
This study will review the definition and classification of quantum dots. This paper will talk about
the impact of quantum dots on luminescence and highlight the distinct characteristics of quantum dot
luminescence compared to other forms of luminescence. Subsequently, this study will introduce the
primary applications of quantum optical devices. Finally, this research will talk about some of this
study's shortcomings and give a prediction for where this field is headed.

2. Basic Descriptions of Quantum Dots

Quantum dots are nanocrystals embedded in semiconductors with wider bandgaps, typically
ranging in size from 1 to 100 nanometers. Due to their size being much smaller than the wavelength
of light, the interaction between light and quantum dots is restricted, leading to significant differences
in their optical properties compared to macroscopic materials. When incorporated into semiconductor
materials with wider bandgaps, quantum dots produce a dimensional potential well that limits the
movement of electrons and holes in three spatial directions. Because of this confinement, electrons
and holes are separated into different energy levels, creating a distinct energy level structure akin to
atomic energy levels with room for up to two electrons or holes with opposing spins in each level. As
a result, "artificial atoms" are a common term used to describe semiconductor quantum dots [6].

In the classification of quantum dots, colloidal quantum dots (CQDs) refer to semiconductor
nanocrystals with diameters less than 20 nanometers that are solution-processed, typically obtained
through chemical synthesis. The reduction in size enhances the quantum confinement effect on
electrons, increases the effective bandgap, causing blue shifts in optical absorption and fluorescence
emission, and leads to different wavelengths for absorption and emission. The size of colloidal
quantum dots and the choice of surfactants influence their energy level structure, thus playing a
crucial role in optoelectronics and optical applications. Colloidal quantum dots absorb light by
causing electrons to move from the ground state to the excited state, then emit photons to return to
the ground state. This process produces emitted light, the color of which can be altered by varying
the quantum dots' size and makeup. This endows colloidal quantum dots with the potential to serve
as single-photon emitters, even achievable at room temperature [6, 7].

On the other hand, self-assembled quantum dots are formed through natural physical and chemical
processes, allowing semiconductor quantum dots to spontaneously arrange and assemble into ordered
structures. This self-assembly occurs at the nanoscale, producing specific ordered arrangements akin
to crystal structures. The self-assembly process involves the interaction of materials on surfaces or in
solutions, causing quantum dots to spontaneously form ordered structures. Currently, self-assembled
quantum dots can create densely packed films on surfaces, with potential applications in photonic
devices like solar cells and photodiodes. By adjusting solution concentration and surface interactions,
the structure and properties of self-assembled films can be controlled [8].

3. Principle

When it comes to the fluorescence characteristics of Carbon Quantum Dots (CQDs), their
mechanisms derive from two main sources: fluorescence resulting from gap shifts in the conjugated
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n-electron region and fluorescence coming from surface flaws. The phenomenon of fluorescence can
be achieved by creating finite conjugated m-electron regions in graphene-like structures, generating
energy gaps that trigger fluorescence emission. The process of reduction of oxidized graphene
produces sp2 electron-hole islands, which serve as traps for electron-hole pairs. Additionally, surface
defects are also a source of fluorescence, as they can capture excitons and result in energy level
reduction. Fluorescence is produced in the sp2 electron region by the recombination of electron-hole
pairs. These flaws can be stabilized through functionalization and surface alterations, encouraging
the recombination of electron-hole pairs and resulting in greater fluorescence. Therefore, the
fluorescence behavior of CQDs is a result of the combined effect of gap transitions in the conjugated
n-electron region and surface defects [9].

On the other hand, upconversion photoluminescence (Upconversion PL) is a phenomenon where
high-energy fluorescence is generated by absorbing multiple low-energy photons. Upconversion has
advantages in in vivo imaging, as it can utilize deep-penetrating light (such as near-infrared excitation)
and has high spatial resolution [10]. However, there is some controversy regarding the existence of
multiphoton excitation. While the majority of studies tend to agree that multiphoton processes play a
role in the upconversion fluorescence of carbon quantum dots (CQDs), other studies contend that this
is not the only way to account for the upconversion of GQDs as excitation and emission have a set
energy difference that is equivalent to the energy difference between the © and o orbitals. In reality,
© electrons undergo low-energy excitation at intermediate energy levels and then enter the HOMO o
orbital through relaxation processes, ultimately emitting shorter wavelength photons.
Photoluminescence involves transitions from LUMO to HOMO, and the energy gap is a function of
GQD size, and it narrows as size grows. This phenomenon known as upconversion fluorescence is
related to anti-Stokes transitions. This theory provides us with a new perspective for explaining the
photoluminescence mechanisms of CQDs and GQDs (seen from Fig. 1) [9].
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Figure 1. An example of a schematic showing the electrical transitions of GQDs; a) Representing
the normal photoluminescence of GQDs with small sizes. b) Depicting the regular
photoluminescence of GQDs with larger sizes. c) Illustrating the phenomenon of upconverted
photoluminescence observed in GQDs with big sizes. d) Portraying the upconverted
photoluminescence characteristic observed in GQDs with small size

4. Performance

Considering the various optical characteristics mentioned above, QDs have found widespread
applications in various luminescent processes, showcasing excellent performance. Here, this study
provides specific characteristics of quantum dot luminescence in different contexts. Researchers and
their team have explored the absorption and emission characteristics of Green Quantum Dots (GQDs)
and Red Quantum Dots (RQDs) films by fabricating quantum dot thin films. According to the study's
findings, the absorption peaks of GQD and RQD films are similar to those of quantum dot solutions
and are situated at 512 nm and 610 nm, respectively. This suggests that the quantum dot films retain
the original absorption characteristics of the quantum dots. Upon incorporating quantum dots, the
absorption in the short wavelength region of the LED increases, particularly in the ultraviolet region.
This is due to the ability of quantum dots to absorb short-wavelength light, which is otherwise
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constrained in traditional LEDs, making it challenging to fully utilize this energy range. Furthermore,
traditional LEDs might be subject to color gamut limitations, resulting in relatively poor color quality.
Traditional LEDs typically use RGB combinations for color output, but color balance issues may lead
to inaccurate or dull colors. The color quality of the LED is changed by the inclusion of quantum dots
with various excitation wavelengths. Quantum dot emission light has an impact on the hue of LED
emission. For green emission, different excitation wavelengths cause changes in color coordinates.
The absorption and emission properties of quantum dots can produce extremely clean green
luminescence, particularly under UV stimulation. This luminescent property allows LEDs to achieve
higher-quality color output. Quantum dots enable more saturated and accurate colors, enhancing color
quality and color gamut range [11].

Conventional far-field fluorescence photography is limited in quality by the Abbe diffraction limit
to around 200 nm, or half the imaging wavelength. Methods for super-resolution microscopy have
overcome this limitation, enabling scientists to achieve nanoscale biological imaging and opening up
new realms in cell biology research. Although STED (Stimulated Emission Depletion) technology is
a wholly optical measurement technique that produces super-resolution imaging, its application
requires high laser power, which may cause photobleaching and phototoxicity problems, restricting
its usage in long-term live-cell imaging. In super-resolution microscopy techniques, quantum dot
labeling has garnered attention as fluorescent probes. The use of quantum dots in STED technology
has been described in several research, notably when using commercially available red-emitting
ZnS/CdSe or ZnS/CdTe quantum dots. Due to their narrow emission spectra, quantum dots can
effectively match the excitation and depletion spectra of STED technology, achieving high-resolution
imaging. These quantum dots' photostability permits depletion imaging in environments with high
light intensity, and their bigger two-photon excitation cross-section enables the achievement of
depletion effects at comparatively lower laser power. These characteristics make quantum dots a
powerful tool in super-resolution microscopy techniques [12]. Some results are listed in Fig. 2 [13].
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Figure 2. Immunostaining and Qdot705 labeling of REF cells for STED imaging. Vimentin fibers
were labeled with Qdot705 and imaged as follows: Panel (a) utilized both the STED laser beam and
the excitation (Exc.) beam; Panel (b) utilized only the STED laser beam; Panel (c) presented the
result of subtracting the image in Panel (b) from that in Panel (a); and Panel (d) displayed a
confocal image. The white squares seen in Panels (c) and (d) indicate the areas magnified in the

insets of Panels (e) and (f) respectively
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5. Application

In the field of optoelectronic devices, Graphene Quantum Dots and Carbon Dots have
demonstrated promising potential in applications such as photodetectors (PDs). These materials
leverage the collection and control of photo-generated charge carriers, effecting a transformation from
the inverse process of electroluminescence. In the context of photodetectors, CD and GQD
characteristics render them highly sensitive to light responses within specific wavelength ranges.
Through carefully designed device structures and precise control of CD and GQD band structures,
researchers have successfully created high-performance photodetectors. For instance, by fabricating
core-shell heterojunction photodetectors, broader spectral response, higher responsivity, and faster
response rates can be achieved. These devices have exhibited remarkable performance in experiments,
including responsivities as high as several hundred milliamps per watt and response times in the
microseconds range. For GQDs, their unique charge transport characteristics make them strong
candidates for high-performance photodetectors. By designing asymmetric electrodes combined with
materials such as gold and silver, carrier recombination has been effectively suppressed, resulting in
photodetectors with high on-off ratios even under weak light conditions. These devices demonstrate
significantly reduced rise and decay times, showcasing the superiority of the materials and device
structures [14].

On the other hand, in the field of solar cells, solar energy resources are abundant and
environmentally friendly, but the costs remain relatively high. The next generation of solar cells needs
to be more efficient than 50% in order to attain more widespread applications while also being less
expensive. In this regard, QDs are considered ideal candidate components of photovoltaic panels due
to their theoretical efficiency of up to 63%. Recently, quantum dot solar cells (QDSCs) have garnered
many interest. Their concept is analogous to Intermediate Band Solar Cells (IBSCs), allowing two
sub-bandgap photons to generate electron-hole pairs through an intermediate band, enhancing the
photo-current. The device structure of QDSCs resembles that of Quantum Well Solar Cells (QWSCs),
but employs quantum dots in place of quantum wells. Quantum dots possess properties akin to atomic
density of states, enabling the generation of additional photocurrent while maintaining open-circuit
voltage. Quantum dot semiconductors (QDSCs) can accomplish the necessary quasi-Fermi level
separation because of their three-dimensional confinement. The past few decades have provided
favorable conditions for research, thanks to high-quality quantum dot fabrication methods. However,
QDSC efficiency still faces challenges (seen from the results given in Fig. 3), including internal
radiative and non-radiative recombination within quantum dots, inefficient sub-bandgap absorption,
and voltage losses, among others [15].
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Figure 3. Schematics of (a) the band diagram of an IBSC and (b) device structure of QD-1BSCs

Another application is quantum dot lasers. Traditional semiconductor lasers usually utilize ultra-
thin semiconductor layers or quantum wells to achieve laser generation. However, solution-
processable techniques have advantages in applications like integrated photonics, optical
interconnects, and wearable devices. One of the gain media that can be handled in solution, graphene
guantum dots (GQDs), have extremely small dimensions and can reach a quantum confinement state.
Significant advancements have been made in the optical gain properties of GQDs in recent years,
including photochemical charging's control of ground-state absorption and nonradiative Auger decay.
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This has led to multiple breakthroughs in GQD laser technology, including continuous-wave lasers,
low-threshold sub-wavelength lasers, and more [5].

6. Limitations and Prospects

While research on Quantum Dots (QDs) has made significant progress and unveiled various
intriguing properties with enormous potential across multiple disciplines, there are still limitations
and challenges to address. For instance, the toxicity associated with lead in halide perovskite quantum
dots hinders their industrialization progress. Although many QD materials have shown relatively low
toxicity in some cases [8], biocompatibility of QDs remain critical issues, particularly in applications
like biomedicine. Further research is needed to comprehensively understand the interactions between
QDs and biological systems to ensure their safety. Similarly, while QDs such as CdSe/InP exhibit
high quantum efficiencies, other QDs may be affected by nonradiative pathways (e.g., nonradiative
energy transfer and surface defects), leading to reduced quantum efficiency. Improving the optical
performance of QDs, especially enhancing quantum efficiency, remains an important research
direction. Similar challenges exist in CQD lasers, where intrinsic Auger recombination leads to rapid
deactivation of CQD gain materials [5], keeping CQD lasers primarily in research laboratory
environments. Moreover, despite the existence of some simple synthesis methods, challenges in terms
of cost and efficiency may still arise when scaling up the production and preparation of QDs,
indicating a significant gap towards commercialization goals.

Undoubtedly, as a nano-material with wide-ranging application prospects, Quantum Dots (QDs)
will continue to be explored in various directions to unleash their greater potential. While some high
quantum efficiency QD materials already exist, improving quantum efficiency remains a crucial
avenue for development. Researchers will continue to seek novel QD synthesis methods, control
surface properties, and optimize structures to achieve higher quantum efficiency. Although QDs are
still in the developmental stage in terms of efficiency, they have already demonstrated significant
potential in nanotechnology, applied across multifunctional materials, bioimaging agents, drug
delivery systems, photocatalysis, and electrocatalysis. Despite not having fully comprehended all
optical and electronic properties of QDs, it is without a doubt that with further research and
development, QDs will play a pivotal role in bioluminescence and biomedical research in the near
future. They exhibit strong versatility, adjustable properties to meet varying demands, and have
showcased their multifunctionality in niche areas like photocatalysis. Excitingly, research interest is
expanding from traditional fields like bioimaging to more pressing domains such as green chemistry
and clean energy production. Researchers across disciplines are recognizing the advantages of QDs,
and such interdisciplinary collaboration will offer more opportunities for QD development. So,
Quantum Dots (QDs) as a nano-material with numerous superior properties and broad application
potential will continue to make breakthroughs and advancements in future research, contributing
significantly to the progress of science, technology, and industries.

7. Conclusion

In conclusion, Quantum Dots (QDs) stand as a distinctive nanomaterial showcasing remarkable
potential and wide-ranging application prospects in the field of luminescent science. Since the
introduction of the concept of QDs, one has witnessed groundbreaking progress across various
domains after years of research and development. This study explored QDs as nanocrystals embedded
in semiconductors with wider bandgaps, typically ranging in size from 1 to 100 nanometers. Common
types include colloidal quantum dots and self-assembled quantum dots. This paper delved into their
characteristics and performance in applications such as LED displays, bioimaging, optoelectronic
devices, and more. Despite significant strides, QDs still face challenges such as toxicity and optical
performance. Further research will be concentrated on enhancing quantum efficiency, addressing
toxicity concerns, and exploring new application areas. These efforts will further propel QD
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applications in multiple fields, providing crucial momentum for scientific research and industrial
advancement. Overall, as a multifunctional nanomaterial, Quantum Dots will continue to lead
research and innovation in the field of luminescent science. With the deepening understanding of
their properties and applications, QDs are anticipated to reveal even more astonishing characteristics
across various domains, ushering in new possibilities for industry development.

References

[1] Efros AL, Brus L E. Nanocrystal quantum dots: from discovery to modern development. ACS nano, 2021,
15 (4): 6192-6210.

[2] Costa-Fernandez J M, Pereiro R, Sanz-Medel A. The use of luminescent quantum dots for optical sensing.
TrAC Trends in Analytical Chemistry, 2006, 25 (3): 207-218.

[3] Kim H, Han JY, Kang DS, et al. Characteristics of CulnS2/ZnS quantum dots and their applications on
LEDs. Journal of Crystal Growth, 2011, 326 (1): 90-93

[4] Kairdolf B A, Smith A M, Stokes T H, et al. Semiconductor quantum dots for bioimaging and
biodiagnostic applications. Annual review of analytical chemistry, 2013, 6: 143-162.

[5] Park Y S, Roh J, Diroll B T, et al. Colloidal quantum dot lasers. Nature Reviews Materials, 2021, 6 (5):
382-401.

[6] Beveratos A, Abram I, Gé&ard J M, et al. Quantum optics with quantum dots: Towards semiconductor
sources of quantum light for quantum information processing. The European Physical Journal D, 2014,
68: 1-14.

[7] BaoJ, Bawendi M G. A colloidal quantum dot spectrometer. Nature, 2015, 523 (7558): 67-70.

[8] Editoral M. Self-assembled quantum dots. Springer Science & Business Media, 2007.

[9] Molaei M J. The optical properties and solar energy conversion applications of carbon quantum dots: A
review. Solar Energy, 2020, 196: 549-566.

[10] Zheng X T, Ananthanarayanan A, Luo K Q, et al. Glowing graphene quantum dots and carbon dots:
properties, syntheses, and biological applications. small, 2015, 11 (14): 1620-1636.

[11] Yan C, Du X, Li J, et al. Effect of excitation wavelength on optical performances of quantum-dot-
converted light-emitting diode. Nanomaterials, 2019, 9 (8): 1100.

[12] Podder S. Fluorescent Quantum Dots, A Technological Marvel for Optical Bio-imaging: A Perspective
on Associated In Vivo Toxicity. Application of Quantum Dots in Biology and Medicine: Recent Advances.
Singapore: Springer Nature Singapore, 2022: 143-163.

[13] Hanne J, Falk HJ, G&litz F, Hoyer P, Engelhardt J, Sahl SJ, et al. STED nanoscopy with fluorescent
guantum dots. Nat Commun. 2015, 6.

[14] Li X, Rui M, Song J, et al. Carbon and graphene quantum dots for optoelectronic and energy devices: a
review. Advanced Functional Materials, 2015, 25 (31): 4929-4947.

[15] Zheng Z, Ji H, Yu P, et al. Recent progress towards quantum dot solar cells with enhanced optical
absorption. Nanoscale research letters, 2016, 11: 1-8.

137



