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QUANTUM DOTS

The Advances of Quantum Dot Research
since 1993

The paper on the hot-injection synthesis of colloidal nanocrys-
tals by Murray, Norris and Bawendi [1] from 1993 is without
a doubt the pivotal publication that earned the three Nobel
laureates in chemistry their recognition. It changed the field
from the discovery and confirmation of the new quantum size
effect into a hotbed of new developments, simply because na-
noparticles were now accessible with a size purity that allowed
to study the physical effects of size in unprecedented detail,
ranging from fundamental spectroscopy to the kinetics of nu-
cleation and the fabrication of new metamaterials. This article
discusses the most seminal discoveries, in the subjective view
of the author, that have resulted from the achievements that
were recognized by the Nobel committee. Unsurprisingly, these
involve many of the main protagonists, since the research of
Ekimov, Brus, and Bawendi has spawned a very active and en-
gaging community.

A direct result from the availability of high-quality nanocrystals
was the ability to observe the photoluminescence of single
quantum dots. In these experiments, Nirmal et al. observed
that instead of emitting photons continuously, these parti-
cles switch abruptly between a luminescent, bright state and
a non-emissive dark state [2]. The phenomenon was quickly
explained by Alexander L. Efros, who, having already provided
the physical explanation for the quantum size effect [3, 4], is
the person who, most of all, deserves to be recognised as one
of the fathers of the field. In his 1997 paper in Physical Review
Letters, he explained the fluorescence intermittency or “blink-

ing” as switching of the nanocrystals between a charged and a
charge-neutral state [5]. The charged state does not emit due
to an Auger-like mechanism, in which the energy resulting from
the recombination of an excited electron/hole pair (exciton) is
transferred to the extraneous charge carrier, which undergoes
intra-band excitation. Its energy is subsequently dissipated
as heat. This mechanism is absent in bulk semiconductors,
because the intra-band excitation violates conservation of the
crystal momentum. This selection rule is increasingly lifted with
decreasing volume of the particles, making the Auger recom-
bination a true effect of the nanoscale [6]. Being about two
orders of magnitude faster than radiative recombination, the
Auger mechanism effectively suppresses the radiative recom-
bination channel of the quantum dots. The same process is
not only responsible for the off-times, it also provides one pos-
sible mechanism for charging the particles in the first place:
by exciting two excitons at the same time, the recombination
of one of them is able to promote one of the charge carriers of
the second exciton out of the potential well of the nanocrystal.
This mechanism can be highly detrimental: it interferes with
the reliable emission for applications ranging from single pho-
ton sources for quantum computers to fluorescent markers in
live cells. At the same time, the reverse process - fission of a
single, hot exciton into two pairs of charge carriers in a lower
energy state - provides the basis for multi-exciton generation
and devices with an external quantum efficiency of >100 %.
As such, the discovery of quantum dot blinking and the Auger
effect in these systems has kept the field busy for 30 years.
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Fig. 1: Schematic of the evolution of atomically flat nanoplatelets with increas-
ing thickness in monolayers (ML). Thin platelets grow faster and then ripen to
provide material for the more slowly growing, thicker species. © 2021 Pun et
al., Acc. Chem. Res. 2021, 54 (7), 1545-1554, licensed under CC-BY-NC-ND 4.0.
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With the hot-injection synthesis firmly established for the
preparation of near-spherical, O-dimensional particles, pre-
parative methods were soon expanded to shape-anisotropic
nanocrystals. The first 1-dimensional CdSe nanorods were
published by the Alivisatos group in 2000 [7], followed by more
complex dot-in-rod structures with a CdSe seed embedded
in a CdS rod in 2007 [8, 9]. These structures show very high
photoluminescence, emit polarised light, and possess, at the
same time, strong quantum confinement and a large, effective
volume for the exciton. Therefore, the rate of the Auger mech-
anism in nanorods is slow enough to make radiative recombi-
nation competitive and overcome some of the adverse effects
discussed above. The concept of anisotropic growth was ex-
tended to two dimensions by Sandrine Ithurria, who in 2008
produced 2-dimensional nanoplatelets in highly concentrated
precursor melts [10]. These nanoplatelets are remarkable in
that they possess the cubic zincblende structure, yet only grow
along two of the possible three dimensions. The preference for
in-plane growth is extremely strong, leading to platelets that
are atomically flat. This stands in contrast to the quantum dots
and rods, which can only be synthesised with an, albeit narrow,
size distribution. An elegant mechanism that explains this sym-
metry breaking was published in 2017 by the Norris group [11].
They showed that growth along the narrow edges of a nano-
platelet is strongly favoured kinetically over island formation on
the wide facet, because on the narrow facet the growth does
not increase the number of atoms that occupy edge or corner
sites. Hence, small, random variations in the shape of small
nuclei break the symmetry and push the reaction into a popu-
lation of platelets with a single thickness. Thicker platelets are
formed over time when the feedstock of the nucleating species
is used up and larger nuclei can form due to Ostwald ripening
(see Fig. 1). This way, successive growth of increasingly thick-
er nanoplatelets form, until the narrow facet becomes large
enough that the kinetic differentiation no longer holds.

Extending the properties of nanoscale objects beyond the con-
finements of a single quantum dot is not limited to anisotropic
shapes. Very early on, quantum dots have been described as
‘artificial atoms’, i.e., objects that possess hydrogen-like states
from size-quantisation of the excitons and can be regarded, in
first approximation, as hard spheres. It was therefore obvious
to make use of the availability of nanocrystal samples with nar-
row size dispersity and assemble these particles in ordered lat-
tices and supercrystals and mesocrystals. This was first done
by the group of Chris Murray, the first author of the hot-injection
paper. For binary mixtures, the combination of particle size,
shape, material and surface capping offers a practically infinite
number of possible combinations, and the work has produced
a wealth of different structures, including lattices predicted by
the radius ratio rules, ones that do not [12], and even quasi-
crystalline lattices [13]. The results show very convincingly that
the approximation as hard spheres is not valid and that the
surface chemistry of the nanocrystals plays a decisive role in
their interaction. It also showed that neighbouring particles do
not readily interact electronically to form ‘artificial molecules’
or even minibands [14]. However, nanoparticles in highly or-
dered superlattices exhibit cooperative effects and coherence
of the excitons in superlattices with a high long-range order.
This leads to superfluorescence, in which the individual emit-
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ters couple to form a single giant dipole with long coherence
times [15], a phenomenon that is highly attractive for quantum
dot-based lasers with size-dependent emission wavelengths.
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Fig. 2: Transition electron micrographs and optical spectra of dot-in-rod par-
ticles during cation exchange, from CdSe/CdS (a, d) via Cu,Se/Cu,S (b, e) to
ZnSe/ZnS (c, f). Reprinted with kind permission © 2012 The American Chem-
ical Society [18]. (g-h) Mechanism of the autocatalytic cation exchange reac-
tion of Cd** against Ag'. Reprinted with kind permission © 2014 American
Physical Society [20].

The inorganic core of quantum dots is not chemically inert ei-
ther. In 2007 the Alivisatos group showed that in the moderate-
ly ionic II-VI and IV-VI semiconductors the cations can be rapidly
and quantitatively exchanged against monovalent silver [16]
and copper [17] ions under conservation of the anion sublat-
tice. The reaction occurs at room temperature in a matter of
seconds. Prerequisites are the availability of ‘naked’ cations
and a complexing agent that is able to bind the released cati-
ons from the original quantum dots. While this is in principle
also possible in bulk materials, the nanostructure provides the
large surface area required for an efficient exchange. Cation
exchange can be reversed if enough divalent ions are provided
as a thermodynamic driving force. This has led to complex na-
nomaterials that are either difficult or impossible to synthesise
directly. For example, ZnSe/ZnS dot-in-rod structures have
been made, starting from CdSe/CdS, by sequential cation ex-
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change using Cu* [18] (see Figure 2 a-f). Cu,Se, having octahe-
dral rather than tetrahedral symmetry, was employed to pro-
duce eight-armed octapods by exchanging the cations to Cd%*
under conservation of the original crystal shape [19]. Such a
shape would otherwise be unattainable by direct synthesis of
CdSe, which, due to its F43m space group, only forms tetra-
pods. The cation exchange mechanism was explained by the
Norris group in 2014 as a swap between Ag* or Cu™ moving on
interstitial sites with Cd®* or Zn?* on lattice sites. The exchange
is catalysed by an already exchanged, neighbouring ion. Hence,
the cation exchange rapidly proceeds as a continuous front
through the nanocrystal [20] (see Figure 2 g-h).

CdSe has undoubtedly been the work horse of the community,
thanks to the ease with which it can be synthesised with pre-
cise control over size and shape. Nevertheless, it has its dis-
advantages, the most pressing being the reliance on toxic cad-
mium, which is prohibitive for broad, commercial application.
The hunt for new materials is as old as the field itself. One of
the most exciting advances, though ironically one that does not
do away with the issue of heavy metals, was the discovery of
methylammonium lead halide perovskites as fluorescent semi-
conductors in 2009 by Kojima et al. [21]. Compared to the bi-
nary semiconductors, the perovskite materials are remarkably
defect-tolerant. This is caused by the strong spin-orbit splitting
induced by the heavy lead atoms that leads to a very simple
band structure without deep intra-band states. Being based on
organic cations like methylammonium or formamidinium, the
original lead halide perovskites are rather soft materials and
not stable against elevated temperatures. In 2015, Kovalen-
ko and co-workers solved that issue by introducing Cs™ as the
central cation. It raised the temperature range up to 200 °C,
making it possible to obtain CsPbX; (X = Cl, Br, I) perovskite
nanocrystals from a hot-injection reaction. The reaction pro-
duces cubic nanocrystals with remarkable size control and col-
our purity. Compared to CdSe, perovskites are more ionic and
are more easily dissolved in a suitable solvent. Also, they easily
undergo anion exchange upon introduction of a new halide or
even by mixing two samples with different halides [23]. That ef-
fect prevents the formation of heterostructures like core/shell
or dot-in-rod particles, which is the major approach to increase
chemical and optical stability and fabricate nanomaterials with
new, emergent properties using binary semiconductor nano-
crystals. Hence, tuning the emission colour of perovskites is
often done by composition rather than size control. The impact
and opportunities from the development of the perovskite
quantum dots can be seen in two research articles in this issue
of the Bunsen-Magazin.

The last 30 years have seen an explosion of activity in the field
of colloidal nanocrystals and quantum dots, which was started
by the seminal discoveries of Ekimov, Efros, and Brus, and made
possible by the synthetic approach first published by Murray,
Norris and Bawendi. The main advances include an in-depth
understanding of the photo-physics of individual particles as
well as collective behaviour, and precise control over their size,
shape, and composition. Many of these principles can be trans-
ferred and applied to other material classes like metals, metal
oxides, ternary or even quaternary semiconductors. Quantum
dots, specifically, have proven to be excellent light converters

QUANTUM DOTS

that can absorb a broad range of wavelength above their band
gap and convert the energy down to a single, narrow emission
line. In addition, colloidal nanocrystals are solution-process-
able and can be easily applied in the form of inks by methods
as simple and flexible as ink-jet printing. The first, serious com-
mercial applications have entered the market at the end of the
last decade in quantum dot (QLED) displays, in which they pro-
duce excellent colour purity. In the next decade, more exciting
discoveries can be expected that build on this work.
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