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Quantum dots — seeds of nanoscience

The Royal Swedish Academy of Sciences has decided to award Moungi G. Bawendi, Louis
E. Brus, and Alexei I. Ekimov the Nobel Prize in Chemistry 2023, for the discovery and
synthesis of quantum dots.

Introduction

This year’s Nobel Prize in Chemistry recognizes the discovery and synthesis of nanometre-sized
semiconductor crystals, the properties of which are determined by quantum size effects. Referred
to as quantum dots, such nanoparticles are so small that their physical size determines the
quantum mechanical states of the material’s charge carriers.

Quantum dots constitute a new class of materials
that is neither molecular nor bulk. They have the
same structure and atomic composition as bulk
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materials, but their properties can be tuned using g[

a single parameter, the particle’s size. For S
example, the optical absorption and emission of

CdSe quantum dots can be tuned across nearly =Bulk
Semiconductor

the entire visible range of the optical spectrum. Quantym.Dots

This is possible because the energy bandgap of @ Q O o
CdSe quantum dots varies between 1.8 eV (its

bulk value) to 3 eV (in the smallest quantum dots, ) ) .

. . . Fig. 1. Illustration of size-dependent bandgap.
see Fig. 1). Other material properties that are L
L Reproduced from G. Dong et al., Frontiers in
tuneable by quantum dot size include redox .
. . . Materials 2, 1 (2015).
potentials!, melting temperature2, and solid-

solid phase transitions,3 to name just a few.

The discovery of quantum dots, and the ability to synthesize such materials with high accuracy
but relatively simple chemical methods, was an important step in the development of nanoscience
and nanotechnology. The core principle of nanoscience is that, at the scale of nanometres,
materials and particles attain new, size-dependent properties that can be harnessed and
controlled for novel applications. The tools of chemistry are an indispensable enabler of
nanotechnology, with applications in areas as diverse as biotechnology, catalysis, sensing, medical
diagnostics, electronics, photonics, and quantum technology.
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Today it is possible to produce quantum dots with highly controlled, size-dependent properties
using relatively low-cost, solution-phase batch chemistries that make these revolutionary
materials widely available. With an estimated total market size of USD 4 billion in 2021, quantum
dots are used as high-quality light emitters in illumination and in display technology,+ as well as
for biomedical imaging.5 Ongoing nanotechnology research also explores applications of quantum
dots in infrared photodetection, solar energy conversion, light-emitting diodes, diagnostics and
photocatalysis.

Theory and early observations of quantum size effects

The basic theoretical concept underlying quantum dots is referred to as the ‘particle-in-a-box’
problem. When a quantum mechanical particle, such as an electron, is confined inside a ‘box’ with
a size L comparable to the particle’s de Broglie wavelength, the energies of the wave function’s
allowed eigenstates depend critically on L, and the energy spacing AE scales as 1/L2. This concept
has been textbook material since the very early days of quantum mechanics.6

Related wave function concepts are foundational to our understanding of the electronic structure
of molecules and crystalline materials, the dispersion of energy bands, the formation of bandgaps,
and the origin of metallic, semiconducting or isolating properties in bulk materials.”.8:9

The concept that material properties can depend on the macroscopic dimensions of a small
particle was pioneered in 1937 by Herbert Frohlich. He pointed out that the free-electron gas
model for metals8 1© gives very different results for small particles compared to bulk metals, and
that these differences should manifest themselves in a measurable material property, namely the
electrons’ specific heat.’t He estimated that the observation of this effect would require metal
particles smaller than 10 nm and temperatures on the order of a few degrees Kelvin.1

In the following decades, various researchers presented further theoretical studies of such
quantum size effects. For example, building on earlier work by Landau,? and following
experimental observations of oscillations of material properties as a function of magnetic field,3
Lifshitz and Kosevich predicted a periodicity of the thermodynamic potential due to quantum size
effects.1 Kubo predicted a quantum size effect on the electronic heat capacity as well as on spin-
flip processes in metals, and proposed to observe such effects using spin-resonance experiments
at low temperatures.'s Sandomirskii pointed out that quantum size effects should be observable
more easily in semiconductors compared to metals, owing to the smaller effective electron mass
and thus the larger de Broglie wavelength in semiconductors.’® Quantum size effects should
manifest themselves as an effective increase of the semiconductor’s bandgap as particle size is
reduced, observable as a shift of the optical absorption edge.’¢ They were also predicted to cause
a shift of the conduction band edge and valence band edge in semimetals, inducing a transition
from metallic to semiconducting properties that should be observable in optical characteristics.7

2(17)
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During the 1960s, the development of microelectronics stimulated a strong interest in the
electronic properties of thin films. In experiments conducted in thin bismuth layers,8 as well as
in two-dimensional electron gas formed at silicon surfaces,’ quantum effects manifested
themselves as oscillations of resistivity, Hall resistance and magnetoresistance as a function of
film thickness.2° The periodicity of the observed oscillations matched the electron wavelength at
the expected effective mass.!8 It was established that prerequisites for the ability to energetically
resolve quantization effects are low temperatures as well as sufficiently long carrier relaxation
times.18-20 It was also recognized that materials of high quality are required because the carrier
mean free path needs to exceed the thickness d of the film.18 A systematic 1/d2 dependence of the
optical absorption in CdS films was observed2! and compared to theoretical:¢ predictions.

A qualitative breakthrough occurred when the development of molecular-beam epitaxy (MBE) in
ultra-high vacuum,?2 used in combination with mass spectrometry, enabled the deposition of
high-quality semiconducting thin films with precise control of thickness and composition. This
made it possible to optically resolve multiple quantum states in thin (< 5 nm) GaAs quantum wells
formed between AlGaAs layers, after selective chemical etching to remove the GaAs substrate.23
These observations received much attention in the semiconductor physics community because it
had been previously considered impossible to make heterostructures with sufficient quality to
observe quantum phenomena so clearly.

By the early 1980s, the experimental observation of quantum phenomena in thin films was well
established. A theoretical understanding also was well developed, including that of the role of
Coulomb interaction (exciton effects) that become particularly pronounced in low-dimensional
structures such as quantum wells, where electron and hole wave functions are more likely to
overlap.24 25 Semiconductor heterostructures proved to be highly useful material systems for
high-speed and opto-electronics, as recognized by the Nobel Prize in Physics in 2000 to H.
Kroemer and Z. I. Alferov.

However, the above observations concerned quantum size effects in structures embedded inside
or on top of bulk materials, which could not be considered materials by themselves. The
predictions pioneered by Frohlich, that small particles should have size-dependent material
properties, were not yet accessible to experimental test.

Quantum dots in a glass matrix

The first discovery of quantum size effects in nanoparticles was made in the context of coloured
glass. Historically, glassmakers knew very well that dopants such as gold, silver, cadmium,
sulphur, and selenium could be used to change the optical properties of glass. For example, optical
filters with different cut-off frequencies, so-called Schott glasses, were produced by controlling
the type and amount of dopant as well as the details of the thermal process after melting of the

3(17)
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glass.2¢ It was also understood that the glass properties were related to the inclusion of ‘colloidal
particles’ in the glass, but the details of the mechanism had not been investigated.2”

In 1979, Alexei Ekimov began working on doped glasses at the S.I. Vavilov State Optical
Institute.2” He aimed to understand the chemical composition and structure of colloidal particles
in coloured glasses, as well as the mechanism of their growth.2” Using techniques familiar to him
from his PhD training in semiconductor physics, he and his co-workers measured the optical
absorption spectrum of heat-treated silicate glasses with additions of Cu and Cl of the order of a
few percent, above the solubility limit of the matrix. At the cryogenic temperature of 4.2 K, the
team found exciton lines similar to those observed in CuCl thin films, but the shapes of which
varied with details of the heat treatment.28 The researchers attributed this observation to the
formation of a crystalline phase of CuCl in the glass matrix as a result of phase decomposition of

a supersaturated solution during heat treatment. o
wo60 40 30 25 20 a4
T

Furthermore, by varying temperature and
duration of the heat treatment, they were able to 34t
control the average size of CuCl crystals forming .
in the glass melt.29 Using small-angle X-ray <

scattering, they determined average crystal sizes
in the range from a few nanometres to tens of
nanometres and confirmed that crystal size

varied with heat treatment time, as expected from szr

a theoretical model3° of recondensation growth 0 2 30
that also predicted the observed narrow size A
distribution.29

Fig. 2. Dependence of the spectral positions of
Crucially, the wavelength of the observed CuCl exciton absorption lines at T = 4.2 K on the

exciton absorption lines varied systematically average radius @ of CuCl nanocrystals in glass.

The energy of the absorption line increases

with the size of the nanocrystals: the position of ,

proportional to a~
Ekimov and A.A. Onushchenko, JETP Lett 1981,
34, 345—349.

the absorption line was increasingly blue-shifted + Reproduced from AL

for smaller crystals down to nanocrystals as small

as a few nanometres.3%32

Ekimov immediately attributed this observation to quantum size effects,3132 giving reference to
the observation of quantum size effects in MBE-grown, two-dimensional quantum wells a few
years before.33 As qualitatively expected from textbook quantum mechanics for a single particle
confined in a spherical infinite well, the absorption line shifted with the inverse square of the
average particle radius a (Fig. 2).31:32 Semiconductor quantum dots had been discovered.

Two corrections to the simple textbook model were needed to achieve quantitative agreement
between data and theory. The first was to include the attractive Coulomb interaction between

4(17)
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electron and hole, the so-called exciton effect, known to be strong when electron and hole are
confined in the same space.25 This resulted in the following expression32 for the photon energy
hw of the exciton absorption line:

h?m?
hw = E; — Egy + M
Here, E, is the bulk material’s semiconductor bandgap, Ee.. is the exciton binding energy, and M
is the charge carrier effective mass. The second correction was to also take into account the finite
dispersion of particle sizes.3# When doing so, the value of M that was needed to reproduce the
observed slope of the data was in good agreement with the known value for CuCl.35

The initial observation of quantum size effects by Ekimov was determined to be in the so-called
weak confinement regime, characterized by quantum size effects of the exciton as a whole, but not
of the electron and hole individually.34¢ Subsequently, also the intermediate and strong
confinement regimes34 were demonstrated.36

Ekimov’s discovery of semiconductor quantum dots in a glass matrix showed that it was possible
to observe profound signatures of quantum size effects not only in thin films but also in
suspended, independent nanoparticles produced by a relatively simple traditional glass process.
However, a limitation of Ekimov’s groundbreaking discovery was that his team’s quantum dots
were ‘frozen’ in glass and not suitable for further processing.

Colloidal quantum dots

An approach to synthesize quantum dots as colloids, in a sol-gel process, and thus suitable for
further processing, emerged shortly later, independently of the discoveries by Ekimow.

During the 1970s, there was significant interest in wusing semiconductors for
photoelectrochemistry, with the expectation that optical excitation of the semiconductor would
create reactive charge carriers that could drive chemical reactions.3” Of particular interest was the
possibility to control electrical and optical properties of semiconductors by doping. A focus of the
research was on the photophysics and surface redox chemistry of electrons and holes,* 3841 on
solar energy conversion by photoelectrolysis,42 and on photovoltaics at the interface between
semiconductor and electrolyte.43

Several groups worked on colloidal crystallites of CdS, ZnO, and TiO, because the energy levels in

these materials were potentially suitable for photocatalysis.43 For example, TiO. powder
suspended in liquid was found to photocatalyse the decomposition of acetic acid to produce

5(17)
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methane,44 and CdS microelectrodes prepared in the presence of a copolymer loaded with RuO.
and Pt were found to be active catalysts for cleavage of H,O and H.S.38

Evidence of quantum size effects in colloidal nanoparticles was found in 1983 when Louis Brus
and co-workers investigated CdS crystallites. Using previously known methods for the synthesis
of nanoparticles,38 they prepared relatively small CdS particles in solution in the presence of a
styrene/maleic anhydride copolymer that helped prevent coagulation and flocculation.4s 46 A
freshly prepared colloid showed a narrow size distribution around 4.5 nm, as determined by
transmission electron microscopy. However, when left to age for one day, crystallites dissolved
and recrystallized to form larger particles with a broader size distribution around 12.5 nm (a
process3© also referred to as Ostwald ripening).4s Using resonance Raman scattering and
absorption spectroscopy to investigate the electronic states, Brus and co-workers found
differences between fresh and aged particles. Whereas the larger aged particles featured an
excitation spectrum like that expected for bulk CdS, the fresh smaller particles exhibited a blue
shift and broadening of the exciton line. The authors attributed this difference between small and
large particles to a quantum size effect moderated by electrostatic interaction between electron
and hole.45

The bibliography of the early work by Brus and co-workers indicates that the USA-based team
knew about the earlier observation of quantum size effects in two-dimensional quantum wells,23
but were not aware of the discovery of semiconductor quantum dots in a glass matrix by Ekimov
two years earlier in what was then the USSR.27

Following his team’s experimental discovery of quantum size effects in colloidal nanoparticles,
Brus presented a model describing the effect of particle size on electron and hole redox potentials
for surface chemical reactions. Using an effective-mass approximation and a spherical model
potential, and considering the polarization of the surrounding solution caused by the difference
in dielectric constant between semiconductor and solution,4” they predicted quantum size effects
on photochemical redox potentials and on the lowest exciton energy for semiconductor crystals
smaller than about 5 nm. In follow-up work soon after, Brus also included the Coulomb
interaction between electron and hole.48

Quantum size effects in nanoparticles likely had been observed previously without being
recognized as such. For example, studies of fine-grain suspensions of AgBr49 and of Agl powderss°
in the late 1960s revealed variations in the exciton absorption coefficient that were dependent on
crystal structure and grain size, but no systematic size-dependent observations of absorption
wavelength or discussion of quantum size effects were reported. An observed systematic size
dependence of the optical absorption in CdSe nanocrystals with radius less than 5 nm and
embedded in glass was classified as an ‘optical anomaly’.5% 52 Observations of a size-dependent

6 (17)
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shift in luminescence and Raman spectra of small CdS particles were attributed to quantum size

effects but without comparison to theory.53

Rossetti and Brus had already reported above-bandgap absorption of 20-nm colloidal CdS
particles in 1982.4° Around the same time, Henglein observed a colour change in colloidal CdS
deposited on 13-nm Si0,39 At the time, he attributed this effect to amorphous structure,3? but
later, following Brus’ discoveries, established crystalline structure and attributed the colour

changes to quantum size effects.54

A comprehensive reviewss from 1986 listed several works where quantum size effects in small
metal nanoparticles likely had been observed, including in the Knight shifts® and in the
temperature dependence of the magnetic susceptibilitys”? at low temperatures. The review
concluded, however, that quantum size effects in optical properties of metal particles had not been

observed.
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Fig. 3. Ilustration of quantum dots. Left: transmission electron microscope image of a CdSe nanocrystal. Centre:
Atomic structure of a nanocrystal. Right: Electronic states in a core-shell quantum dot, with the dot itself in the
centre bracketed by a wide-bandgap shell. Reproduced from A. L. Efros and L.E. Brus, ACS Nano 15, 6192 (2021).

Improved synthesis of quantum dots

The discovery of quantum size effects in colloidal nanocrystals (Fig. 3) stimulated significant
research efforts devoted to understanding their optical and photochemical properties, in the hope
of being able to use size to design desirable physical and chemical properties.58-¢¢ However,
progress was in part hampered by limited homogeneity and quality of the available nanocrystals,
with variations in size, shape, crystallinity and surface electronic defects making it difficult to

7(17)
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isolate inherently size-dependent behaviour.53 For example, luminescence from nanocrystals
available in the late 1980s was typically limited by a quantum yield of only a few percent.59: 61

In 1993, Moungi Bawendi and co-workers developed a method for the synthesis of quantum
dots with much more well-defined size and with high optical quality.2 This discovery opened the
door to the development of applications of colloidal quantum dots. Their synthesis begins with
the injection and immediate pyrolysis of organometallic reagents (the precursors for the desired
nanoparticles) into a hot coordinating solvent with a high boiling point. The rapid increase of
reagent concentrations results in abrupt supersaturation and in nucleation that takes place at a
well-defined moment. Injection is accompanied by a sudden drop in temperature and dilution of
the precursors such that growth stops. After reheating to the desired growth temperature, a slow
growth and annealing process takes place in the coordinating solvent that helps to stabilize the

resulting colloidal dispersion. This principle of
followed by
controlled growth was known from the production of

temporally discrete nucleation
monodisperse lyophobic colloids.®3 Finally, particles
can be selected using purification and size-
dependent precipitation. The result is macroscopic
quantities of nanoparticles with regular core
structure and shape, with consistent surface

derivation and electronically passivated

semiconductor surface, and with a well-defined size
that is determined by dynamic temperature control

Absorbance (arbitrary units)

\\t .
37A

during the growth phase.52 Relatively sharp optical

absorption (Fig. 4) and emission spectra were
observed at room temperature, with a luminescence
quantum yield up to 10%. By removing aliquots
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particle sizes can be obtained during a single growth
run.62
The hot-injection synthesis method developed by | Fig. 4.

Room-temperature optical

Bawendi and co-workers constituted an adaptable | absorption spectra of CdSe nanocrystallites
and reproducible chemical strategy for synthesizing | dispersedin hexane and ranging in size from
~12 to 115 A. Reproduced from C.B. Murray,
D.J. Norris, and M.G. Bawendi, J. Am.

Chem. Soc. 115, 8706 (1993).

monodisperse nanoparticles using a wide range of
material systems. It thus opened the door to the
development of large-scale applications of quantum
dots.
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Further developments

Semiconductor quantum dots embedded in glass as discovered by Ekimov remain interesting to
this day for use as nonlinear optical elements, for example for signal amplification in fibre-optic
communication systems.t4

Following the discoveries by Ekimov and Brus, quantum dots were produced using other
methods. The name quantum dot was introduced by Mark Reed in 1986, to describe a completely
confined zero-dimensional object, in the context of a top-down approach to define quantum dots
in solids. His team used electron-beam lithography and etching to pattern an MBE-grown
GaAs/AlGaAs quantum well to form a quantum dot.65 “Quantum dot” followed the existing
terminology for two-dimensional quantum wells and one-dimensional quantum wires.

Another approach to creating quantum dots on a solid substrate is the so-called Stranski-
Krastanov®® growth method. It makes use of the formation of islands or droplets during the
deposition of one material on top of a substrate that is not lattice-matched.¢” By covering the
resulting ‘island’ with an additional layer of material with a higher bandgap, heterostructure
quantum dots with defined optical properties can be created in a self-organized manner.
Heterostructure quantum dots embedded into a solid matrix of other materials, as described
above, can be electrically contacted; they are used in a variety of applications, for example in
quantum dot lasers for optical communication.68

Today, ‘quantum dot’ refers to a nanostructure in which quantum mechanical effects manifest
themselves in the electronic structure, either through quantum size effects, many-body
interactions (excitonic states) or high surface-to-volume ratio such that surface states dominate
the electronic structure. In addition to a small size comparable to the carriers’ de Broglie
wavelength, it is now recognized that the quantum phase coherence length (typically limited by
inelastic scattering) needs to exceed the system size.

The discovery of colloidal quantum dots and their controlled synthesis by Brus and Bawendi
and their colleagues initiated significant efforts to further improve the quality and optical
properties of colloidal quantum dots, and to explore possible applications such as light-emitting
diodes.®9 A drastic increase in the optical quality of colloidal quantum dots was enabled by the
development of core-shell quantum dots,”> 7t to realize passivation methods well known from
semiconductor optics. Core-shell nanoparticles were created that consisted of a wide-bandgap
shell, such as ZnS, to confine electrons and holes to a small-bandgap core (such as CdSe). In this
way, the charge carriers in the core were separated from surface states, such as unsaturated bonds,
that are detrimental to optical performance. Adding such an additional layer in the same reaction
became possible by making modifications”2 to the hot-injection synthesis method to avoid size-
selective precipitation to achieve near monodisperse nanocrystal synthesis.”? The resulting

9(17)
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CdSe/ZnS core-shell quantum dots had a luminescence quantum yield at room temperature of up
to 50%, with better long-term stability and reduced bleaching compared to uncapped quantum
dots.”

The integration of inorganic quantum dots with biological systems was made possible with the
synthesis of water-soluble quantum dots with high optical quality. This achievement was
important because luminescent quantum dots up to that point were prepared in organic non-
polar solvents. Two methods for achieving water solubility were demonstrated simultaneously for
core-shell quantum dots. One added a third layer of silica to enable further functionalization using
polysilanes.”3 The other approach used a bifunctional ligand — a molecule with a thiol and a
carboxylic acid terminus — to change the polarity of ZnS-shelled CdSe quantum dots. The thiol
group bonded to Zn on the quantum dot, displacing an organic ligand and exposing the polar
carboxylic acid group to render the quantum dots water soluble.74 Both methods also allowed
covalent coupling to functional biomolecules such as proteins, peptides, and nucleic acids. Such
functionalized quantum dots retained much of their advantageous optical properties, offering a
new tool for labelling biomolecules outside and inside of cells, with better stability and with a wide
range of available excitation and emission wavelengths.73. 74

Subsequent work widely expanded the scope of quantum dots and included the exploration of
different materials and improved understanding of the growth process,”s synthesis of quantum
rods with elongated shape or branches,?6- 77 and of platelets with atom-scale thickness control.”8
Widely explored application areas of quantum dots include use in photovoltaics79 and other forms
of energy conversion,8¢ 81 in photodetectors,82 in biomedical imaging and nanomedicine,5 8! and
generally in infrared technology,8! where quantum dots may give access to bandgap ranges not
easily accessible with other materials.

An important consideration is the toxicity of some quantum dots and their precursor materials.
Health effects of quantum dots have been explored, not the least in the context of potential
medical applications,5 and ongoing research efforts aim to find production processes with less
toxic reagents, and to find ways to avoid altogether the use of heavy metals such as cadmium, lead,
or mercury in quantum dots.

Seeds of nanoscience

The discovery of quantum dots was an important step in the development of nanoscience, and it
inspired many chemists to engage in this interdisciplinary field.

Nanoscience is about studying phenomena that occur when materials are structured or patterned

on a scale of less than about 100 nm. This size range includes, for example, the wavelength of
light, the de Broglie wavelength of charge carriers, the size where plasmonic resonance occurs, as
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well as the size of large biomolecules. Nanostructures also have a large surface area in relation to
their volume, which also leads to new properties. Nanotechnology is about harnessing such new
properties for improving the performance of materials or for enabling entirely new applications.

The large variety of relevant phenomena and the wide range of materials and applications that
can be explored make nanoscience a very rich field with many different branches. Nanotechnology
uses the tools of semiconductor physics, organic and inorganic chemistry, molecular biology, and
biotechnology. Applications range from modern electronics to industrial scale catalysis, and from
precision medicine to quantum technology. Today, most large research universities have centres
or departments dedicated to nanoscience and nanotechnology.

In a sense, nanotechnology and nanoparticles have been used for many centuries.52 For example,
a hair-blackening recipe originating from the Greco-Roman period has been shown to work by
the formation of 5-nm PbS nanocrystals inside the hair cortex,83 and the famous Roman Lycurgus
cup has been shown to derive its red colour from enclosed Au particles in the size range 5-60
nm.8 Classical Mie scattering changes the colour of transmitted light.85 It also was known for a
long time that the colouring of glass by adding CdS or CdSe to silicate glass in amorphous,
supersaturated solutions was due to nucleation and growth of crystallites, and that glass colour
could be varied by changing the synthesis and annealing procedures.8¢

However, the modern field of nanoscience requires precise and ideally atom-level control of the
synthesis of nanostructures. Therefore, the ability to fabricate materials at nanometre size and
with sub-nanometre precision and high fidelity, safely, in benchtop chemical batch reactions,
represents a key milestone in the development of the field of nanoscience. This year’s Laureates
played a central role in establishing these capabilities and in this way provided seeds for the rich
field of nanoscience to grow.

Heiner Linke

Professor of Nanophysics

Member of the Royal Swedish Academy of Sciences
Member of the Nobel Committee for Chemistry

Further reading

History: Montanarella, F.; Kovalenko, M. V. Three Millennia of Nanocrystals. ACS Nano
2022, 16 (4), 5085-5102.

Applications in medicine: Abdellatif, A. A. H.; Younis, M. A.; Alsharidah, M.; Al Rugaie, O.;
Tawfeek, M. H. Biomedical Applications of Quantum Dots: Overview, Challenges, and Clinical
Potential. Int J Nanomed 2022, 17, 1951-1970.
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Review articles: Ekimov, A. I. Optical-Properties of Semiconductor Quantum Dots in Glass
Matrix. Phys Scripta 1991, T39, 217-222; Efros, A. L.; Brus, L. E. Nanocrystal Quantum Dots:
From Discovery to Modern Development. ACS Nano 2021, 15 (4), 6192-6210.

Related Nobel Prizes

The Nobel Prize in Chemistry 1996 — “for their discovery of fullerenes”, molecules that approach
the size of quantum dots (C60 = 0.71 nm)

The Nobel Prize in Physics 2000 — “for developing semiconductor heterostructures used in high-
speed- and opto-electronics”

The Nobel Prize in Physics 2010 — “for groundbreaking experiments regarding the two-
dimensional material graphene”
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