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INTRODUCTION

Every vivid color displayed on a modern
television screen can be traced back to a
story of chemistry and physics. Behind
the sharp images of the OLED screen and
cutting-edge biomedical imaging lies a
remarkable class of materials known as
“‘quantum dots.”. These nanometer-sized
crystals, thousands of times smaller than
the width of a human hair, have the unique
ability to emit light with extraordinary
precision.

At its core, quantum dots are
semiconductors — materials that conduct
electricity — that follow the fundamental
rules of quantum mechanics.1 When made
extremely small, their electrons become
restricted to a limited space, a phenomenon
known as quantum confinement. This
confinement limits the energy levels that the
electrons can occupy, directly influencing
what color of light the dot emits. Smaller
dots release higher-energy level blue light,
while larger dots emit lower-energy red
light.1,2

HOW QUANTUMDOTS ARE MADE: THE
HOT INJECTION METHOD
Creating quantum dots requires
precision in both temperature and timing.
The most common technique, known as
the Hot-Injection Method, was developed
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in the 1990s by Moungi Mawendi4,5. In
this technique, the process begins by
heating a solution of organic molecules
and surfactants, which are substances
that stabilize the formation of crystals, to
a precise temperature. Once the solution
reaches the right conditions, precursors,
or compounds that supply the elements
needed to form quantum dots, are rapidly
injected.1

Within seconds, the atoms in the mixture
combine to form tiny “seeds” that grow into
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nanocrystals.I The overall temperature and
reaction time regulate how large the dots
will become: shorter and cooler reactions
make smaller, blue light-emitting dots,
while longer and hotter reactions produce
larger, red light-emitting ones.1 To prevent
the particles from clumping together, which
would scatter light unevenly and reduce the
dots’ brightness and colors, scientists add
surfactants that coat each crystal and keep
them evenly dispersed.1, 4
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Figure 1. Color-Tunable Carbon Quantum Dots for LED Light. The left image shows carbon quantum
dots glowing in different colors, each color produced by dots of different sizes. The right image shows
how these dots are layered inside an LED device, where they directly produce light, demonstrating how
quantum dots can create bright, customizable colors for lighting and display technologies.
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Figure 2. Hot-Injection Synthesis of Quantum Dots.The figure shows the major steps of the hot injection method: A heated cesium solution is prepared
(a), which then is rapidly injected into the lead precursor mixture in (b) to spark the immediate formation of seeds. The reaction is quickly cooled (c) to
control how large the dots grow. Finally, the quantum dots are separated and purified to produce a bright, stable colloidal (viscous) solution (d).

BUILDING A MORE STABLE DESIGN FOR
THEQUANTUMDOTS

While early quantum dots glowed with
precision, they were extremely sensitive
to air, light, and moisture. To overcome
this, scientists developed a core-shell
structure.5 In this design, a light-remitting
core, typically made of cadmium selenide
(CdSe), is coated with a shell of another
semiconductor such as zinc sulfide (ZnS).
2’ 5

The shell acts as a protective barrier
that shields the core from oxidation and
chemical defects, thus enhancing both the
brightness and longevity of the quantum
dot. By adjusting the shell’s thickness and
composition, researchers can fine-tune
how the dots absorb and emit lighti,s
This advancement transformed quantum
dots from delicate, short-lived crystals into
versatile tools that now advance discoveries
in science and medicine. 5, 7

APPLICATIONS ACROSS SCIENCE &
TECHNOLOGY

In display technology, quantum dots
are the key to the sharp, life-like images of
quantum-dot LED, or QLED, televisions.8
Older displays, such as LCDs, create color
by shining white light through color filters.
Thin layers of red, green, and blue materials
block certain wavelengths and only let
certain colors pass through. This method
wastes a significant amount of light, making
colors appear dimmer and less accurate.8,
1 QLEDS replace those filters with a thin
film of quantum dots, each engineered to
emit a precise wavelength when excited. A
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Figure 3. Core-Shell Ligand Structure of Hydrophobic Quantum Dot. This figure illustrates how a
quantum dot becomes more stable and functional by adding additional layers. In (a), the dot begins as
a simple semiconductor core. In (b), a protective ZnS shell is added to improve brightness and prevent
chemical damage. In (c), ligands attach to the surface, creating a hydrophobic outer layer that keeps
the quantum dot dispersed and protected in non-water environments.

Every vivid color displayed on a modern television screen can be

traced back to a story of chemistry and physics.

blue LED backlight passes through a thin
layer of red and green quantum dots, each
re-emitting light at a specific wavelength.5,
9 Since the colors come directly from the
quantum dots rather than color filters, the
displays are more energy-efficient, reducing
power consumption and heat production.9
As a result, these displays cover a wider

color range and deliver more vibrant images
on the screen.8

In biomedicine, quantum dots are
also used as glowing biomarkers to help
scientists study cells and diseases.8 For
example, these quantum dots can be
conjugated to antibodies that specifically
target cancer cells, which makes these cells
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Even though limitations still remain, the future holds bright for quantum dots. As safer materials

become available and new synthesis strategies and durable designs emerge, quantum dots are

predicted to become even more widely implemented across science and engineering.

light up under a special microscope.
This allows doctors and researchers to
observe how diseases spread or respond
to treatment at a cellular level. Unlike
traditional dyes, which typically tend to
fade within minutes, quantum dots can
remain bright for hours or even days.8
This lasting fluorescence enables extended
imaging sessions, allowing researchers to
monitor biological processes over time
without the repeated addition of new dyes.
This is valuable for monitoring long-term
cellular changes or drug effects that would
otherwise be missed with conventional
markers.8, 2

In solar energy, quantum dots can be
precisely engineered to absorb sunlight by
controlling their size during synthesis. This
ability makes them promising for new types
of quantum-dot solar cells that can capture
sunlight more efficiently for conversion
into electricity.9

Finally, in quantum computing and
communication, quantum  dots
being explored as the basis of qubits,

are

Light-emitting
diodes (LEDS)

the fundamental wunits of quantum
information.8, 1 Their ability to trap and
control single electrons or photons allows
them to store and process information at
an atomic scale, making them ideal for
next-generation quantum computing and
secure communication technologies.8, 1.
Since they can be precisely engineered and
integrated into semiconductor systems,
quantum dots offer a scalable and energy-

efficient way to build quantum devices.1,8

CHALLENGES AND FUTURE
DIRECTIONS

severalscientificand practical challenges.
The most pressing issue is their toxicity.8, 7
Many of the most efficient quantum dots
contain heavy metals such as cadmium or
lead, which pose environmental and health
risks. Researchers are now developing safer
alternatives, including indium phosphide
(InP) and carbon-based quantum dots.
However, these versions tend to be less
bright and more unstable, so 8,5 regulatory
agencies in regions such as the European
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Union have begun restricting cadmium-
based materials in commercial electronics,
prompting the industry to accelerate the
shift toward more environmentally-friendly
designs. 7, 8

Another challenge stems from quantum
dot production. While laboratory methods,
like the hot-injection method, can produce
high-quality quantum dots in small
quantities, replicating the same control on
an industrial scale remains difficult. 7, 8

Finally, quantum dots still remain
sensitive to environmental conditions over
time. For example, prolonged exposure
to air, heat, or sunlight can reduce their
brightness. 1, 9 Scientists are addressing this
by developing stronger protective coatings
and embedding dots into solid materials
to improve their durability. For example,
CdSe quantum dots coated with thick ZnS
shells have shown to improve photostability
under UV exposure, demonstrating how
surface engineering can protect dots from
environmental degradation.g
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Figure 4. Applications of Quantum Dots. Panel (A) shows the combined major fields that use quantum dots, including solar cells, LEDs, optical sensors,
photocatalysis, biomonitoring, and drug or gene delivery. Panel (B) illustrates how quantum dots can be built into electronic devices, such as transistors,
to improve performance and sensitivity. Panel (C) shows a quantum-dot solar cell, where a layer of nanocrystals enhances light absorption. Panel (D)
demonstrates their use in medical imaging, where quantum dots highlight a tumor with bright, long-lasting fluorescence.
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CONCLUSIONS

Quantum dots represent one of the
most precise demonstrations of how
manipulating matter at the nanoscale can
reshape entire fields of technology. By
controlling their size, composition, and
surface structure, scientists can manipulate
these atoms with atomic precision to enable
breakthroughs in displays, biomedical
imaging, renewable energy, and quantum
information  science.g Even though
limitations still remain, the future holds
bright for quantum dots. As safer materials
become available and new synthesis
strategies and durable designs emerge,
quantum dots are predicted to become even
more widely implemented across science
and engineering.7, 4
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