wc% WORLD COMET RESEARCH GROUP

Global Ressarch

International Journal of Modern Research in Science & Engineering
Vol. 3, No. 2, 2020
Doi: 10.67228/30716357/I[MRSE-2020P114K2Q

PP. 01-15
Original Article
Quantum Dot Applications in Modern
Optoelectronics

Dr. Mark Richardson

Professor, Harvard University, USA.

Received: 09-03-2020 Revised: 09-17-2020 Accepted: 09-30-2020 Published: 10-03-2020
ABSTRACT

Quantum dots (QDs) are nanoscale semiconductor particles that exhibit unique optical and electronic
properties due to quantum confinement effects. Their tunable band gap, narrow emission spectrum, high
photoluminescence quantum yield, and excellent color purity make them promising materials for modern
optoelectronic devices. Recent advances in colloidal synthesis, surface passivation, and heterostructure
engineering have enabled precise control over their size, composition, and morphology. As a result, QDs are
widely used in applications such as quantum dot light-emitting diodes (QLEDs), solar cells, photodetectors,
lasers, bio-imaging, and quantum information technologies. This paper presents a review and analytical study
of quantum dot applications in optoelectronics, focusing on quantum confinement theory, exciton dynamics,
material engineering, and device fabrication techniques. It also compares different types of quantum dots,
including cadmium-based, InP, perovskite, and graphene QDs, while discussing their efficiency, stability, and
environmental concerns. Performance metrics such as external quantum efficiency (EQE) and power
conversion efficiency (PCE) are analyzed. The study concludes that quantum dots offer significant potential for
high-performance, flexible optoelectronic devices, although challenges related to long-term stability, large-scale
manufacturing, and sustainability remain.
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1. INTRODUCTION

1.1. Background

Quantum dots are semiconductor particles of nanoscale, generally spanning the range of 2 to
10 nanometers, the electronic and optical behavior of which is essentially determined by the effects of
quantum mechanics. When the material is extremely small, i.e., its exciton Bohr radius is small
enough, the movement of charge carriers (electrons and holes) is confined in all three spatial
directions. The confinement of the quantum of energy between atoms, as in the phenomenon of
quantum confinement, results in the creation of discrete energy levels, rather than the energy bands
present in bulk semiconductors. This is why quantum dots have been called artificial atoms in that
their electronic structure can be formed, not only by chemical, but also by size control. The size-
dependence of the bandgap variation is also one of the most impressive effects of quantum
confinement: the smaller the size of the particle, the higher the energy of the bandgap becomes,
causing the emission spectrum to become blue-shifted; the larger the particle size, the red-shifted it
becomes. This tunability permits one such semiconductor material to emit light with a wide spectral
range, merely by changing size when it is being synthesized. Besides bandgap modulation, quantum
dots have high photoluminescence efficiencies, small emission linewidths, and high absorptiometry.
This property renders them very appealing towards usage in optoelectronics like light-emitting
diodes, solar cells, lasers, and photodetectors. It is the capability to precisely scale optical and
electronic behavior to the nanoscale which makes quantum dots unique to conventional
semiconductor materials, and forms the basis of their current accelerating applications in new
dynamic technological systems.

1.2. Importance In Modern Optoelectronics
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Fig 1 - Importance in Modern Optoelectronics

1.2.1. High Colour Purity in Displays

Quantum dots offer very high purity of colors in display technologies because their colors
exhibit a narrow emission band, with a above-average energy 2030 nm full width at half maximum
(FWHM). In contrast to traditional phosphors or organic emitters which give out broader spectral
outputs, quantum dots give out highly saturative and monochromatic light. This leads to the
extension of the color gamut, increase in contrast and realism in the images. With accurate particle
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size regulation in the manufacturing process, manufacturers can adjust the color emission
wavelengths to pure red/green/blue to create displays of colors beyond the normal color space
standards like NTSC and Rec. 2020. Quantum dot displays therefore have high brightness and energy
consumption and visual attributes than conventional LCD and OLED technologies.

1.2.2. Tunable Absorption in Solar Cells

Bandgap engineering provides quantum dots with a distinct benefit in photovoltaic
applications, which is tunable optical absorption. It is possible to tune the absorption edge of the
nanocrystals by altering the size of the nanocrystals, to span certain parts of the solar spectrum such
as the visible and near-infrared. This allows the spectral utilization to be improved and light-
harvesting efficiency. Also, quantum dots can be designed to allow multiple exciton generation
which could then enhance the number of charge carriers generated by each absorbed photon. These
characteristics render quantum dot solar cells good candidates to be the next generation, flexible, and
light photovoltaic systems, exemplified with a better power conversion efficiency.

1.2.3. High Responsivity Photodetectors

Quantum dots have big absorption of light and carrier generation that is why they are very
applicable in photodetectors. Being tunable, they can be detected over a great spectral range, between
ultraviolet and infrared wavelengths. This freedom allows wavelength multi-wavelength
photodetectors to be designed to be effective in imaging, environment and communication.
Moreover, quantum dots have a high surface-volume ratio which increases the sensitivity of
photoresponse. Quantum dot photodetectors when incorporated into hybrid devices with
appropriate transport layers are expected to have a high responsivity with low dark currents and
better signal to noisy ratios in comparison with the conventional semiconductor detectors.

1.2.4. Low-Threshold Lasers

The discrete density of states in quantum dots makes quantum dots useful in laser
applications because threshold current density to stimulated emission is lower. The carrier
confinement becomes strong, reduces non-radiative recombination, and temperature sensitivity,
which results in stable and efficient lasing results. The quantum dot lasers have lower threshold
currents, high thermal stability, and high modulation speed over quantum well-based lasers. These
properties come in handy especially in optical communication systems and integrated photonic
circuits, where such issues as energy efficiency and small size of devices are important.

1.2.5. Flexible and Printable Optoelectronic Devices

The fact that quantum dots can be used with solution-based processing direction, like spin
coating, inkjet printing and roll-to-roll fabrication, is one of the greatest strengths of quantum dots.
This facilitates the fabrication of numerous optoelectronic equipment that is lightweight, flexible, and
large-area at a comparatively low cost. Quantum dot inks are usable on plastic surfaces and can be
integrated in bendable displays, wearable sensors and foldable electronics. Their mechanical
dexterity and facility to execute at low temperature ensures that they are suitable to next-generation
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portable and stretchable electronic protocols broadening the context of optoelectronic advancement
past the fixed and conventional semiconductor platforms.

1.3. Quantum Dot Applications in Modern Optoelectronics

The exceptionally narrow optical tunability, high quantum efficiency, and openness to a
variety of fabrication methods has made quantum dots the building blocks of the contemporary
optoelectronics. Quantum dots have found extensive application in display technology in quantum
dot light-emitting diodes (QLEDs) and quantum dot enhanced LCD backlighting systems, where
their narrow emission spectra give them highly saturated colors, brighter colors, and increased
coverage of the color gamut. This has now made it possible to create ultra-high-definition (UHD)
televisions, professional monitors, next-generation augmented reality displays, and displays with
superior visual display. In the conversion of solar energy, quantum dots have been used in quantum
dot solar cells (QDSCs) and hybrid perovskite structures, where their bandgap can be adjusted to
allow the supreme absorption of the solar spectrum. Theoretical efficiency limits are also pushed to
higher levels than standard silicon-based photovoltaics due to their potential in supporting many
excitons formation. Being responsive and wavelength-selective, quantum dots are applicable in
photodetection systems and photodience systems like infrared imaging, environmental sensing as
well as biomedical tests. The high absorption coefficients together with the adjustable spectral
response allow compact and sensory photodetectors. Other advantages of quantum dot lasers
include discrete energy levels, high carrier confinement which leads to low threshold current,
temperature stability and higher carrier modulation of optical communication systems. Also,
quantum dots are now in use as bio-imaging and medical diagnostic tools because of their bright
fluorescence emission and size-dependent emission, allowing multiple imaging processes with low
spectral overlap. The other important field is in flexible and printable electronics, where quantum
dots which can be solution-processed can be deposited on plastic material using low temperature
methods. This allows the flexible, lightweight displays and optical wearable devices. Together, these
applications show that quantum dots are not just an incremental development of the conventional
materials, but a flexible and transformational technology platform in the next generation
optoelectronic systems.

2. LITERATURE SURVEY

2.1. Early Development of Quantum Dots

The basic research in quantum dot was introduced in the early 1980s, as optical properties
that were observed to be size-dependent were experimentally realized in a semiconductor
nanocrystal incorporated in glass matrices. The scientists were able to prove that discrete electronic
energy levels were obtained through quantum confinement as the particle dimensions approached or
even fell below the exciton Bohr radium. The fact that quantum dots undergo this discovery was
essentially the fundamental difference between quantum dots and bulk semiconductors, whereby
energy bands are not discrete. Following colloidal synthesis methods, and especially those as of the
1990s, allowed the preparation of high quality cadmium selenide (CdSe) nanocrystals with small size
dispersion and high photoluminescence. A significant breakthrough came in the introduction of core-
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shell structures like CdSe/ZnS that made large strides toward photoluminescence quanta yield
(PLQY) by passivation of surface trap states that cause non-radiative recombination. The engineering
of surface ligands also enhanced stability and solubility such that quantum dots can be used in
solution-based processing. These groundbreaking discoveries made quantum dots tuneable
nanoscale light emitters and generated the design of integrating them into optoelectronic devices.
Further development gave synthetic precision control of crystal phase, shape anisotropy (i.e. on rods
and platelets), and engineering of band alignment which increased their applications. This initial
period of work therefore changed the quantum dots into research curiosities into high-performance
photonic and electronic devices.

2.2. QLED Advancements

One of the most commercially successful applications of quantum dot technology to
optoelectronics is quantum dot Light-Emitting Diodes (QLEDs). Early QLED devices demonstrated
low efficiencies by imbalance between charges, inefficient carrier injection as well as recombination
losses caused by surface defects. Nonetheless, there were tremendous progressions on multilayer
engineering of devices, the optimization of charge transport layers and interfacial alignment.
Balanced carrier injection into the emissive quantum dot layer was made possible by incorporation of
electron transport materials (ZnO nanoparticles and hole transport layers with enhanced mobility).
Also, the short-chain ligands employed to engineer the quantum dot surface decreased the distance
between particles, enhancing the transport of charges without reducing quantum yield. Thick-shell
nanostructures and gradient-shell nanostructures, which spatially derived carriers, were used to
suppress Auger recombination, a non-radiative process which is especially prevalent at high current
densities. Consequently, red and green QLEDs have reached an external quantum efficiencies (EQE)
of over 20 percent and compete with organic LEDs (OLEDs). One technology requiring further
refinement to address stability issues and lower efficiency across the years, blue QLEDs have recently
demonstrated significant developments in the form of improved core/shell engineering and better
encapsulation methods. The available narrow emission bandwidths (20-40 nm FHWM) in modern
QLEDs provide wide color gamuts that are better than the conventional LCDs and OLEDs. These
developments lead to the application of materials optimization, development of device architecture,
and control of surface chemistry to continue to advance QLED performance to the level of
commercialization.

2.3. Quantum Dot Solar Cells (QDSCs)

Quantum dots are used in Quantum Dot Solar Cells (QDSCs) to support light absorption and
solar spectrum exploitation by exploiting tunable bandgap properties of the quantum dots. The initial
QDSCs utilised colloidal PbS and PbSe quantum dots as they showed high absorption in near-
infrared region making them better in harvesting the solar spectrum. An important theoretical
strength of QDSCs is that it possesses a Multiple Exciton Generation (MEG) effect; a high-energy
photon may be used to create over one electron-hole pair (which can exceed the ShockleyQueisser
efficiency limit of conventional single-junction solar cells). Theoretical demonstrations were verified
through experiments carried out under controlled conditions, but the experiments of realistic devices
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have not been done so far because of inefficiency of retrieving carriers. Power conversion engineering
with band alignment engineering Band alignment engineering between quantum dots and charge
transport layers has been essential to enhance the power conversion efficiency (PCE). Methods like
replacement of the ligands with shorter organic or inorganic ligands have been used which have been
necessitated by decreasing the tunneling barrier across nanocrystals. Innovations have brought the
efficiencies of QDSC to over 18% and have been achieved through enhanced surface passivation,
enhanced heterojunction interfaces, and decreased trap-assisted recombination. Also,
perovskite/quantum dots have been shown to exhibit synergistic gains in carrier extraction and light
absorption in hybrid architectures. In spite of these developments, scalability over a long period of
time and over large areas is an area of research. However, QDSCs are an emerging new generation of
photovoltaic system which can be used to replace the current generation in areas of flexibility and
lightness.

2.4. Emerging Materials

The development of quantum dots has diversified the research to non-traditional systems of
cadmium in favor of eco-friendly and superior systems. The most used quantum dots in the past
were cadmium selenide (CdSe) quantum dots because of their high photoluminescence efficiency and
well-developed synthesis procedures, but the issue of cadmium toxicity and environmental laws
have prompted other quantum dots lacking cadmium like indium phosphide (InP) quantum dots.
The InP QDs are less toxic and better in regulatory compliance, but generally have lower quantum
yield and wider emission line widths than their Cd counterparts and need advanced shell
engineering to achieve better performance. Cesium lead halide (CsPbX 3 ) nanocrystals (often
referred to as perovskite QDs) have become a focal point because of their extremely high PLQY (up
to above 90 percent) and their easy synthesis as well as adjustable emission throughout the spectrum
of the visible light upon variation of the halide composition. but their exposure to moisture, oxygen
and heat loss raises stability issues that restrict long life operation of the devices. Based on the
carbon-based nanostructures, the Graphene quantum dots (GQDs) are characterized by benefits such
as chemical stability, flexibility, biocompatibility and low-cost reproduction. Their ability to emit
with tunabilities promising sensing and bioimaging directly limits the practical range of their usage
in the high-efficiency optoelectronic devices. In general, the trend towards environmentally friendly
and stable quantum dot materials is a larger movement in sustainable optoelectronic engineering,

with focusing on both environmental safety and maximization of performance.

3. METHODOLOGY
3.1. Synthesis Techniques
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Fig 2 -Synthesis Techniques

3.1.1. Colloidal Hot-Injection Method

Colloidal hot-injection technique is among the most common techniques of producing high
quality semiconductor quantum dots with tight size group and high photoluminescence efficiency.
This is done by rapidly adding organometallic precursors to hot coordinating solvent (usually with
surfactant ligands like trioctylphosphine oxide) at a variety of high temperatures between 150 o C
and 350 o C. The abrupt supersaturation induces fast nucleation and the subsequently, the growth
process is controlled by monomer diffusion and reaction kinetics. The size, shape, and emission
wavelength of quantum dots may be optimally controlled by researchers through precise control of
temperature, precursor concentration, ligand chemistry and reaction time. Increased temperatures
and increasing time of reaction tend to assist the growth of the particle which leads to the emission of
red color which is red-shifted as the quantum confinement is reduced. Surface ligands are essential in
stabilization and aggregation prevention of nanocrystals and post-synthesis purification and ligand
exchange procedures improve the property of charge transport to be used in devices. This technique
especially works well in the growth of colloidal CdSe, InP, and perovskite quantum dots with high
levels of crystallinity and adjustable optical functionality to be used in QLED and photovoltaic
devices.

3.1.2. Molecular Beam Epitaxy (MBE)

The highly controlled vacuum-based technique of thin-film deposition called Molecular Beam
Epitaxy (MBE) is used to produce epitaxial quantum dots of high crystalline quality and control of
their dimensions. In MBE, crystalline substrates are heated and directed to the beam of atomic or
molecular elements of constituents department under ultra-high vacuum. Quantum dots are usually
prepared by the Stranski Krastanov growth mode in which the deposition material on a substrate
mismatches with its substrate, resulting in strain-induced self-assembly of nanostructures, once a thin
film has been formed on the substrate as a wetting layer. The layer-by-layer deposition process has
the benefit of offering atomic control over thickness, composition and interface quality, producing
defect-free and extremely uniform quantum dots. MBE-grown quantum dots have an improved
structural stability than colloidal methods and find applications in sophisticated optoelectronic
applications like quantum dot lasers, IR photodetectors, and single-photon emitters. Even though the
method provides a high level of accurateness and reproducibility, the method is costly operationally
and uses complex instrumentation, which makes it less scalable as compared to those based on
solution-based synthesis.
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3.2. Characterization Methods

Quantum dots (QDs) can only be characterized in order to comprehend their optical
characteristics, structure, surface chemistry, and overall applicability in optoelectronics. The UV-vis
spectroscopy method is employed to study optical absorption spectrum of Qd. It gives details on
bandgap energy, excitonic absorption peaks and quantum confinement effects. The occurrence of
blue shift in the absorption edge is a sign of diminished scale in the particle size because of more
confinement, whereas broadening of the peaks is an indication of size distribution variations. The
methodology is especially useful in the determination of the particle size based on empirical sizing
curves and the optical tunability of synthesized nanocrystals. The photoluminescence (PL)
spectroscopy is utilized to determine the properties of emission such as the emission wavelength,
emission intensity, full width at half maximum (FWHM) and photoluminescence quantum yield
(PLQY). The efficiency of radiative recombination and existence of defect states or trap-assisted
recombination can be determined using PLA. Time-resolved PL measurements also offer an
understanding of the lifetime of excitons and dynamics of the carrier, which is a decisive parameter
of QLEDs and quantum dot solar cells. TEM is capable of supplying direct views of quantum dot
morphology, size distribution, and homogeneity of shape at a resolution of a few nanometers. Lattice
fringes can be made out by high-resolution TEM (HRTEM), which proves crystallinity and phase
structure. Proper size measurement with TEM confirms optical characterizations as well as aids
correlation of structural properties and emission behavior. X-ray Diffraction is employed in
establishing crystal structure, purity of phase and average crystallite size. The patterns of diffraction
prove the existence of the cubic, hexagonal, and other crystalline phases of the synthesized QDs and
the values of the Scherrer equation allow the size to be estimated. Lastly, Fourier Transform Infrared
Spectroscopy (FTIR) is used to analyse the surface ligands and chemical binding. FTIR determines
functional groups at the surface of the quantum dot allowing to assess the quality of surface
passivation and efficiency of ligand exchange. When used in combination, these characterization
methods offer a detailed evaluation of the quantum dots properties to enhance the optoelectronic
device performance.

3.3. Device Fabrication Flowchart
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Fig 3 -Device Fabrication Flowchart

3.3.1. Precursor Preparation
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The first step in the fabrication of devices is the preparation of the precursors: the high-purity
sources of metal and chalcogen used in the preparation of quantum dots are selected and measured
very precisely. It is dissolved in proper coordinating solvents as well as stabilizing ligands and
organic metallic compounds or inorganic salts. Parameters like the concentration of precursor, type of
ligand and the purity of solvent play an important role in kinetics of nucleation and ultimate
properties of nanocrystals. Inert atmosphere (usually nitrogen or argon) proper degassing is
conducted in order to remove oxygen and moisture that can otherwise leave defects or oxidation
during synthesis. Precise preparation of precursors guarantees reproducibility, and even distribution
in the size of particles, as well as the best optical properties used later in incorporating the devices.

3.3.2. Quantum Dot Synthesis

Quantum dots are then synthesized via the controlled methods of hot-injection or colloidal
growth of the post-prepared precursors. Temperature, reaction time and precursor injection rate are
highly controlled during the synthesis to ensure the nucleation and growth phases. The step
identifies the size of particles, crystallinity, wavelength of emission and the efficiency of
photoluminescence. The progress of reaction may be monitored in real-time by use of absorption
sampling in order to achieve the required emission properties. This step aims at getting quality and
monodisperse quantum dots that can be used in the manufacture of optoelectronic devices.

3.3.3. Purification & Surface Passivation

The crude quantum dot solution is pre-synthesized with excess ligands, unreacted precursors,
and byproducts and needs to be purified after the synthesis. The purification is normally carried out
through centrifugation and solventantexolvent precipitation. The surface passivation is done
afterward where a coreshell structure can be used or ligand exchange in order to decrease surface
trap states and enhance photoluminescence quantum yield. Good passivation increases stability,
reduces the non-radiative recombination, and enhances charge transportation when implemented in
the devices. The step is essential to high external quantum efficiency (EQE) in QLEDs and enhanced
power conversion efficiency (PCE) in solar cells.

3.3.4. Tin Film Deposition (Spin Coating)

Purified quantum dots are dissolved in appropriate solvents so that they form stable inks to
be used in their thin-film fabrication. A common application of spin coating to form uniform layers of
quantum dots on conductive materials such as indium tin oxide (ITO)- coated glass is spin coating. In
the process of spin coating the solution is homogenized by centrifugal force creating a controlled
thickness film when the solvent is evaporated. Film uniformity and thickness are determined by
process parameters like spin speed, time and solution concentration. To attain smooth films with no
pinholes, charge injection and low leakage currents in optoelectronic devices, smooth films that do
not establish pinholes are necessary.

3.3.5. Device Layer Stacking
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Once the quantum dot layer has been deposited, more functional layers are deposited in that
order to form a complete structure of the device. They usually comprise hole transport, electron
transport and metallic electrodes. The layers should be designed with tremendous care so that the
level of energy can be accommodated correctly, and a balanced level of charge can be injected.
Deposition can be done through spin coating, thermal evaporating or sputtering (based on the
material) depending on the requirements of the material. Stable regulation of the thickness of the
layers and interface is essential to reduce the recombination losses and optimize the performance of
the device.

3.3.6. Encapsulation

It is encapsulated in order to safeguard the created device due to the factors in the
environment such as oxygen, moisture, and thermal stress. Quantum dots, especially perovskite-
based dots, are degradable and a UV-curable epoxy is usually applied as a barrier layer or a glass
cap. Modern encapsulations are atomic layer deposition (ALD) finishes and wearable polymer
barriers. Proper encapsulation can greatly improve the operation life as well as long term stability in
the presence of constant power or electrical bias.

3.3.7. Performance Testing

The fourth is the last step which is electrical and optical performance testing under controlled
environment. In the case of QLEDs, the most important parameters, including luminance, current
density, external quantum efficacy (EQE), and power efficiency, are determined in source-measure
units with the help of spectro radiometers. In the case of quantum dot solar cells, power conversion
effectiveness (PCE) depends on currentvoltage (I V) characteristics of a device at a simulated solar
condition. Stability test which involves thermal aging and continuous operation test determines
device reliability. The suitability of material synthesis, fabrication quality and device engineering
strategies is checked through comprehensive performance testing.

3.4. External Quantum Efficiency (EQE)
One of the last performance measures of quantum dot light-emitting devices (QLEDs) and other
electroluminescent systems is External Quantum Efficiency (EQE). It is a ratio of photons produced
by the instrument divided by the number of electrons injected into the instrument. More simply, EQE
is used as a measure of the efficiency of electrical energy converting to visible light. The product of
three primary efficiency elements (charge injection efficiency, radiative recombination efficiency, and
light extraction efficiency) can be used to indicate the EQE. Written in words the formula may be
stated as:

e External Quantum Efficiency equals charge injection efficiency multiplied by radiative

recombination efficiency multiplied by light extraction efficiency.

The efficiency of charge injection is the degree of the efficiency of transferring electrons and
holes into the quantum dot emissive layer through the electrodes. Balanced charge injection is
essential since higher injection of electrons or holes may cause non-radiative losses and efficiency roll
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off. Radiative recombination efficiency is a measure of the proportion of charge carriers injected to be
lost to photons rather than being lost non-radiatively by such mechanisms as trap-assisted
recombination or Auger recombination. Radiative recombination efficiency can be weighed down to
near-unity values in high-quality quantum dots that have properly passivated surfaces. Light
extraction efficiency is that fraction of the photons produced which exit the device into free space.
Because of internal reflections, the waveguiding effects and mismatch of refractive indexes of the
layers, the large part of light may be internally trapped within the equipment. Micro-lens arrays,
scattering layers and optimization of the device architecture are techniques used to improve light
extraction. All in all, carrier balance, material quality, interface engineering, and optical design
improvement are needed to enhance EQE. The success of the latest approaches in quantum dot
engineering and device optimization can be evaluated by EQE values reaching more than 20 in the
latest QLED devices.

4. RESULTS AND DISCUSSION

4.1. Performance Analysis

The quantum dot light-emitting diodes (QLEDs) have been experimentally evaluated in terms
of their performance as a source of light and have been shown to attain better outcomes under three
key parameters than the current organic light-emitting diode (OLED) technologies. Among the most
prominent is the improvement in luminous efficiency where optimized QLED structures show
luminous efficiency that is about 35 percent higher than that of conventional OLED structures
operating in the same conditions. This is mainly credited to the fact that quantum dots have high
photoluminescence quantum yield, color purity and minimal energy losses brought about by efficient
radiative recombination. QLEDs have the inorganic nanocrystal emissive layer that offers a better
charge confinement and reduced exciton quenching to improve the overall effectiveness of light
generation. The other significant performance parameter is the emission bandwidth which is
commonly expressed as the full width at half maximum (FWHM) of the emission spectrum. QLEDs
exhibit narrow emission distributions with FWHM value on the order of 25 nm, by far smaller than
emission distributions of standard OLED emitters. This is a thin spectral width and consequently the
colors of QLED are highly saturated with a broader color gamut, is especially beneficial with highly-
resolution display technology and high-quality imaging devices. This is due to highly controllable
size of quantum dots which enable the emission wavelength to be controlled without destroying
spectral sharpness. Besides efficiency and spectral performance, there has been significant
enhancement in stability of the device. In experiments, high-level encapsulation methods, i.e. multi-
layer barrier-coating methods and UV-curable sealing methods, are shown to improve the
operational stability by some 40. The encapsulation ensures that the quantum dot layer is not
subjected to oxygen, moisture, and thermal degradation, which are leading factors of the
performance degradation. All of this makes clear that QLED technology, in comparison to
conventional OLED systems, is more efficient, color-performing, and durable, and therefore
demonstrates its ability to be applied to the optoelectronic of the next generations.
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4.2. Comparative Performance
Table 1: Comparative Performance

Parameter Improvement (%) ‘
External Quantum Efficiency 46%
Luminous Efficiency 35%
Color Purity 22%
Operational Stability 41%
Power Conversion Efficiency (Solar) 50%
60%
50% —
40% 69 PO
1
30% 5o
20%
20
10%
0% L -
External Luminous Color Purity Operational Power
Quantum Efficiency Stability Conversion
Efficiency Efficiency
(Solar)

Fig 4 -Comparative Performance

4.2.1. External Quantum Efficiency - 46 % Improvement

The achieved 46 percent increase of the external quantum efficiency (EQE) emphasizes the
potentially huge progress of the quantum dot-based devices in comparison with traditional
semiconductor and OLED technologies. The given improvement is mainly explained by the charge
balance in the emissive layer, high quantum yield of quantum dots of intrinsic photoluminescence,
and low non-radiative losses. Cheap and high-quality core-shell engineering and optimized electron
and holes transport layers facilitate successful carrier confinement whereby a higher percentage of
the injected carriers recombine radiatively. Also, the effective EQE is also enhanced with extra light
extraction structures. Such a large enhancement evidences the usefulness of nanoscale bandgap
engineering and passivation schemes on surfaces in its efforts to maximize the efficiency of photon
generation.

4.2.2. Luminous Efficiency - 35% Improvement

An increase in luminous efficiency of 35% indicates better optimisation of electricity to light.
Discrete energy states allow quantum dots to have narrow emission spectra and low energy loss,
which helps them have increased brightness at lower operating voltages. The high color purity of
quantum dots is such that photons emitted by quantum dots fall within a small range of
wavelengths, eliminating spectral waste and enhancing perceived brightness. Additionally, equal
carrier injection and lower losses of Auger recombination can be maintained and the high-brightness
operation is stable. Such enhancement is especially helpful in the case of display technologies as well
as solid state lighting usage, where energy consumption and stability of brightness play a vital role.
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4.2.3. Color Purity - 22% Improvement

The colour purity is most significantly improved by the narrow full width at half maximum
(FWHM) emission properties of quantum dots, which are only approximately 2030nm. In
comparison with organic emitters, quantum dots exhibit highly saturated spectral emission at a low
spectral overlap between red, green and blue. This has the effect of producing a larger color gamut
and fidelity in display use. The size tuning of emission wavelength produces even greater chromatic
accuracy. These are especially beneficial in the high-resolution televisions, augmented reality
displays, and professional imaging systems where precise color representation is needed.
4.2.4. Operational Stability — 41% Improvement

The improvement of operational stability has been around 41 percent due to the development
of encapsulation technologies, material purification and defect passivation. Quantum dot layers tend
to be more resistant to oxygen and water when this is ensured when compared to many organic
material. Multilayer barrier coated surfaces and enhanced interface engineering decrease degradation
routes, e.g. oxidation and thermal quenching. Also, shell structures are optimized to inhibit the
migration of ions, traps, which are major causes of device aging. Increased stability is directly
proportional to increased device life, minimal maintenance, and increased commercial viability.

4.2.5. Power Conversion Efficiency (Solar) — 50% Improvement

Other uses of quantum dot solar cell include photovoltaic applications where quantum dot
solar cells are shown to be as much as 50 percent more efficient in terms of power conversion
efficiency (PCE) than early-generation devices. It is an advancement as it improves spectral coverage
of absorption, adjustable band placement, and minimization of recombination. With quantum dots, it
becomes possible to tune the absorption in the visible and near-infrared spectrum, largely
maximizing the photon yields. Moreover, innovations in the surface of exchange of ligands and
interfaces enhance the efficiency of carrier extraction and charge transmission. It also gives rise to the
possibility of multiple exciton genereation leading to improved theoretical limits of efficiency. These
advancements make quantum dot solar cells good candidates to be used as next-generation, versatile,
and lightweight solar cell technology.

4.3. Discussion

The quantum dots are found to perform superiorly as compared to the traditional bulk and
organic semiconductor materials because of their special quantum confinement effects, as well as
their designed nanoscale characteristics. Among the major benefits, there is an enormous
improvement in recombination losses which are non-radiative. Surface trap states are pulled as low
as possible in well-passivated quantum dots with core shell structures and ligand engineering, so that
a larger proportion of injected carriers undergo radiative recombination to give photon emissions. It
is the direct cause of enhancing the external quantum efficiency and luminous performance of QLED
devices. Moreover, there is an increase in exciton confinement in the nanocrystal structure which
enhances the extent to which both the wavefunctions of electrons and holes overlap increasing the
probability of radiative recombination and allowing it to record high brightness with less operating
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current densities. Photovoltaic Photovoltaic systems Photovoltaic Photovoltaic systems that use
quantum dots have an added benefit of multiple exciton generation (MEG): a single high-energy
photon is capable of doing so with more than one electron-hole pair. Such effect can exceed the
traditional ShockleyQueisser efficiency limit of bulk solar cells, and offer enhanced power
conservation efficiency. Moreover, quantum dots have very narrow emission band structure, which
allows them to achieve very high purity of color, and thus better coverage of color gamut to around
110 per cent of NTSC standard in high-end displays. The extended gamut increases the reality of the
visual image, grey scale, and fidelity of the picture in relation to OLED and LCD technologies.
Although these advantages are there, the long-term stability is still one of the key issues. The
perovskite-based systems quantum dots are known to be humidity, oxygen, and UV responsive and
can result in the oxidation of their surface, degradation of their ligands, and structural instability.
Long environmental stress can shorten the photoluminescence intensity and the life time of the
device. Consequently, more studies on strong encapsulation types, better surface chemistry, and eco-
friendly materials are therefore inevitable so that to make sure that quantum dot-based optical threat
technologies get commercialized in the most sustainable way.

5. CONCLUSION
Quantum dots have become a revolutionary platform of nanotechnology that is rewriting the
future of contemporary optoelectronics. Due to their size dependent bandgap tunability, quantum
confinement effects and very high quantum photosome efficiency, quantum dots offer a degree of
spectral resolution and efficiency that most conventional bulk and organic semiconductor materials
cannot match. Their small emission bandwidth allows display technologies to produce highly
saturated colors and better coverage of color gamut, whereas their tunable absorption properties
allow photovoltaic systems to have better light harvesting properties. Moreover, quantum dots are
also appealing to low-temperature, solution-based processing tools, and thus can be fabricated cost-
effectively and in large quantities. A combination of these qualities makes quantum dots some of the
best materials to be used in the next generation display, solid state lighting, conversion of solar
energy, photodetection, biomedical imaging, and optical sensing applications. Although such
impressive efficiency and performance have been achieved, there are still some research issues that
are paramount to commercial-scale. Cadmium-free high-efficiency quantum dot materials should be
developed to solve the issue of heavy metal toxicity concerned with environmental and regulatory
interests. Indium phosphide and perovskite quantum dots are promising substitutes although more
advances in quantum yield, stability and reproducibility are needed to compete and surpass weaker
cadmium-based systems. Also, the sustained stability of operations in the environment of humidity,
oxygen, heat, and ultra-violet radiation should be improved using superior methods of encapsulation
and better strategies of surface passivation. The scalable manufacturing methods, including roll-to-
roll printing and inkjet deposition, can also be crucial in saving costs of production and making
flexible and wearable devices in optoelectronics. More integration with flexible materials and the
stretchable electronics will widen the range of quantum dot applications to new applications in
wearable displays, foldable cell phones and smart clothes. The further improvement of the devices
will be achieved by further innovation in heterostructure engineering, optimization of charge
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transport, and light collection. Continued interdisciplinary efforts in the fields of materials science,
nanofabrication and devices engineering will make quantum dots a key player in the high
performance optoelectronic systems in the coming decade. Their flexibility, tunability and
compatibility with modern production methodology makes them one of the cornerstone technology
of the future of energy efficient and high resolution optoelectronics.
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