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INTRODUCTION

The quantum confinement effect has driven the develop-
ment and exploration of colloidal semiconductor nanocrystals over
approximately the past three decades. These semiconductor nanos-
tructures are typically synthesized as stable colloidal dispersions in
solution-phase chemical batch reactions at relatively low tempera-
tures. Researchers have developed a wide range of reaction condi-
tions to produce a variety of shapes, compositions, and structures
with well-controlled sizes and low polydispersities. The shape can
be controlled to produce confinement in one, two, or all three spa-
tial dimensions, the latter defining a “quantum dot.” Combining
two or more semiconductors within the various nanostructures pro-
duces additional optical and electronic degrees of freedom. These
mixed compositional nanostructures have properties not accessi-
ble in bulk semiconductor systems. Researchers have fabricated
novel nanoheterostructures, such as “dot-in-rods,” quantum wells,
core/shell structures, giant-core/shell tetrapods where the core is
one material and the arm is another, Janus structures that consist
of spherical structures with well-defined internal heterostructures,
nano-dumbbells, hollow-core structures, and many other novel and
interesting structures. The structural variations are seemingly only
limited by the creativity of the various researchers engaged in these
endeavors.

An important feature of these colloidal nanostructures is
the organic molecules that decorate their surfaces, and the sur-
face chemistry of these structures has been a constant and ongo-
ing research topic. Much of the structural variety listed above is

produced by careful control of surface interactions. For exam-
ple, growing anisotropic shapes (rods, platelets, .. .) typically result
from preferential binding of one surfactant molecule to a partic-
ular facet, thereby blocking its growth and allowing other facets
to grow. Beyond controlling growth kinetics, the ligand/core inter-
actions have a large impact on the resulting electrical and optical
properties of the nanocrystal. For example, organic ligands can bind
to dangling bonds and electronically passivate traps or otherwise
defective sites leading to high brightness. However, the quantum dot
(QD)/ligand interaction also can modulate and control the interac-
tion of the semiconductor core states with their environments. In
many cases, producing functional nanocrystal systems necessitates
an understanding of these chemical interactions as well as the abil-
ity to control what molecules are on the nanocrystal surface, their
orientation, and binding geometry.

One overarching and motivating aspect of producing and
exploring these various structures is to gain control over how charge
and energy flow in systems designed to convert between various
forms of energy within a variety of useful devices and architec-
tures. Novel light emitting structures, electronic films, solids, and
heterostructures, solar cells, photoelectrochemical electrodes, energy
storage systems, thermoelectric devices, photocatalytic systems, and
many other applications have been explored using these novel semi-
conductor nanostructures.

In this special issue, we have highlighted the broad and impres-
sive research activities within the field of semiconductor nanocrys-
tals. Researchers are pushing forward along many novel direc-
tions relevant to the fundamental photophysics of semiconductor
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nanocrystals, developing a better understanding and control over the
synthesis of nanocrystals, developing new semiconductor systems
synthesized in the nanocrystal form, and the incorporation and uti-
lization of the beneficial and tunable properties of the nanocrystals
into various potential applications. The special issue has 51 con-
tributions that span these areas of research. In the following, we
group these research activities into eight research thrusts with 6-7
manuscripts per area. The manuscripts included in this special issue
and these eight thrust areas are representative of the much broader
research activities in the semiconductor QD community.

NEW SYNTHETIC METHODS

There are novel material or semiconductor systems where
preparation methods of those systems into nanocrystals through
solution phase chemistries are constantly being developed. In addi-
tion, new ways of synthesizing nanocrystals of the more common
systems that achieve a higher monodispersity, better control of
shape, larger batch yields, more reproducibility and stability, and
larger range of ligand and surface chemistries are very active areas of
research. Contributions in this research focus include the develop-
ment of a novel ternary system HgInS and the further development
of this family of semiconductors that include AgInS and CulnS by
Stroyuk and co-workers,' the development of novel double (lead-
free) metal-halide perovskite nanocrystals by Kshirsagar and Nag,”
and the synthesis of CsPbBr3; nanocrystals using a new phosphorous
ligand to modify and improve their optical properties by McGrath
and co-workers.” Finally, InP nanocrystals are of great commercial
interest in light emitting applications, but the synthesis (especially
of the larger systems with red emission wavelengths) and better con-
trol over size distribution are needed. Here, we have two contribu-
tions: one by McVey and co-workers exploring the use of Zn cations
to improve surface passivation’ and the other is a new core/shell
structure from the work of Koh and co-workers that improves their
stability.” In addition to novel synthetic methods, researchers con-
tinue to develop strategies to purify and refine the size-distribution
of the as-synthesized structures. Wang and co-workers developed
strategies to purify CsPbX3 nanocrystals, which has been challeng-
ing due to their poor colloidal and structural stability.” Finally, Zhou
and co-workers have developed novel synthesis of WS, platelets
(a few monolayers) in nanoscale lateral dimensions and explored
their carrier dynamics.”

NEW NANOSTRUCTURES

Building new types of nanostructures, including core/shell,
giant core/shell, core shell/shell, and other types of heterostruc-
tures, is a very active area of nanocrystal research with many
reports appearing monthly. In this special issue, we have a broad
range of representative structures. Cassidy and Zamkov flipped the
paradigm by making large core, thin shell particles.” The quan-
tum confined states occur in the shell and not in the core. These
types of structures control the optical and electronic properties in
new and beneficial ways. Rafipoor and co-workers demonstrate that
one needs to consider not only the lattice mismatch when building
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novel core/shell heterostructures but also the relative stiffness of the
systems.” Abdu-Aguye and co-workers developed a novel Bi per-
ovskite shell to improve PbS QDs processability, stability, and optical
properties.'’ Drake and co-workers further developed their novel
double heterostructure nanorod system with improved optical prop-
erties.'' Panfil and co-workers developed the synthesis of quantum
dot dimers of CdSe/CdS spherical nanostructures.'” They demon-
strated that the quantum confined states of the individual NCs cou-
ple when prepared as dimers. Finally, Dey and co-workers tethered
CdSe nanocrystals to CsPbBr3; nanoplatelets through organic ligands
to induce novel functionality."’

CATION IMPURITY DOPING

Of particular interest in the nanocrystal community is the
ability to perform controllable impurity doping of the nanostruc-
tures. Impurity dopants provide additional functionality. There
are many different ways in which researchers have incorporated
cation impurities into nanostructures, including low temperature
cation exchange reactions. Here, we focus on impurity doping to
induce novel functionality into the highly controlled nanostructures.
Researchers are exploring impurity doping to induce electronic
doping, magnetic functionality, and up- and down-conversion of
photons. The contributions in this special issue span these efforts.
Friedfeld and co-workers doped Zn** and Ga® into InP QDs;
the incorporation of these dopant cations surprisingly improves
their luminescent properties.”’ Kittilstved incorporated Fe’" into
ZnO nanocrystals and achieved air-stable n-type electronic doping,
explored the simultaneous doping of Al and Fe, and detailed how
these impurities modified the opto-electronic properties.”” Fainblat
and co-workers doped Co®" into CdSe/CdS core/shell nanoplatelets
to introduce additional magnetic-optical properties.” Yu and
co-workers doped ZnSe with Mn?* as a function of the nanocrys-
tal shape and also explored ZnS and CdS doping."” Alam and
co-workers replaced all the Pb** in CsPbX3 nanocrystals with Eu*",
producing a completely new material with novel functionality.®
Finally, Parobek and co-workers provided an overview perspective
on the use of Mn-doping to control hot electrons in nanocrystals for
photocatalytic and other applications."”

SIZE DEPENDENT PROPERTIES

A hallmark of quantum-confined semiconductor nanocrystals
is that they exhibit remarkable size-dependent properties. The most
well studied and classic example is the emission wavelength. Despite
30 years of research, researchers continue to explore and discover
new photoluminescence (PL) phenomena associated with the NC
dimensions. In this special issue, there are several contributions of
exploring the electronic structure and carrier dynamics as a func-
tion of the NC size and shape. Kasper and co-workers explored
a size-dependent Rashba type spin-orbit coupling in ZnO NCs.”’
Sercel and co-workers developed a quasi-cubic model based on the
effective mass approximation, including Rashba spin-orbits effects
for metal-halide perovskite nanostructures.”’ Karpulevich and
co-workers developed the size-dependent dielectric response func-
tion for colloidal nanocrystals.”” The size-dependent absorption
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cross section is an essential parameter needed for the study and
utilization of semiconductor nanocrystals. Here, Puthenpurayil and
co-workers determined the size-dependent absorption cross sec-
tion for lead-halide perovskite nanocrystals.”” The size- and
temperature-dependent photoluminescence properties of methyl
ammonium lead-halide perovskite nanocrystals were studied by
Naghadeh and co-workers.”* The absorption properties at low tem-
peratures were studied as the function of the dimension in CsPbl;
nanocrystals by Liu and co-workers.”” Finally, since these col-
loidal semiconductor nanocrystals are ensemble systems, the size-
dependent electrical and optical properties can be hidden by dif-
fering responses from nanocrystals of different sizes and shapes
within the ensemble. Thus, studies at the single particle level can
provide much needed insight, context, and understanding. Cao and
co-workers studied two-photon excitation of single perovskite NCs
through their PL emission.”” The PL line shape is studied at the
single QD level as a function of temperature by Podshivaylov and
co-workers, and they elucidate the electron-phonon coupling in sin-
gle CdSe nanocrystals.”” Furthermore, most theories of NCs inher-
ently assume a uniform spherical (or cuboid) shape, while the NCs
actually are likely not these idealized structures. Here, Mcbride
and Rosenthal provided an in-depth high-resolution electron
microscopy study of quantum dot structures to elucidate their real
structure.”

LIGAND/QD DYNAMICAL INTERACTIONS

Central to nanostructures are their surfaces and the organic
molecules that decorate the surfaces. As a result, there are numer-
ous studies regarding how ligands can have both positive and neg-
ative impact on the properties of nanostructures. The manuscripts
here are a small representative sampling of this very active and
vibrant area of nanoscience. Rigsby and co-workers studied how
the triplet energy transfer from CdSe NCs surface bounds ligands
depends upon the surface chemical binding in subtle ways.”’ They
are developing strategies to use sensitized QD samples in triplet—
triplet annihilation up-conversion schemes. The primary step is the
triplet energy transfer from the NCs to the ligands. They studied
here primary amines as the binding ligand and whether energy
transfer occurs from core states or through trap states. Shang and
co-workers investigated charge transfer from CsPbl; nanocrystal
core states to surface bound dye molecules as a function of the NC
size.”’ They used Marcus theory to explain both the charge transfer
step and the back charge recombination step. The hole extraction
was studied by Dutta and co-workers in CdSe QDs with nitroxide
free radicals bound to their surfaces.”’ In contrast to many systems,
they developed a strategy for hole extraction on ultrafast timescales.
Hou and co-workers developed synthetic strategies to control the
Auger recombination rate in CdSe based QDs.”” Very efficient Auger
recombination occurs in small sized NCs due to the spatial con-
finement of the carriers. This non-radiative recombination process
limits the utility of NCs in many light emitting applications. Thus,
developing strategies to reduce Auger recombination is a large effort
within the nanocrystal community. Here, Peng demonstrates that
by properly designing a heterostructure, the Auger rates can be
reduced. Finally, Mérker and co-workers made optically active lig-
ands attach to CdSe QD surfaces and showed that they can utilize
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the optical properties of the QD and ligand for functional systems.”’
This work highlights a large research activity aiming to explore and
control the beneficial properties of hybrid systems that incorpo-
rate organic and inorganic components to realize functionality that
neither component could have in isolation.

LIGAND EFFECTS IN DIRECTING QD ASSEMBLIES

QD assemblies can display interesting properties distinct from
those of isolated nanostructures. The ligands play a large role in
directing the assembling of these nanocrystal/hybrid solids. Ligands
can also modulate the opto-electronic properties of the resulting
solids through defining the distance between the nanocrystals and
inter-particle electronic interactions. Thus, controlling ligands for
producing QD assemblies represents a large research effort in the
nanocrystal community. Incorporating QDs in polymer blends can
both stabilize and isolate the QDs, while conductive polymer/QD
blends produce electronic access to the QD cores. Here, Mattoussi
studied polymer stabilized QDs and Au structures through the
lipoic acid group of the polymer.”* The resulting colloids exhib-
ited enhanced photostability. Strategies to prepare polymer linked
colloidal gels were studied by Howard and co-workers through a
thermodynamic computational study.” They mapped out the phase
diagram of QD/linker gel formation as a function of the linker chains
and developed design rules that could be used to realize various
functionalities. Boron-doped Si nanocrystals produce nanocrystals
where the boron dopants occupy surface sites and provide greater
chemical flexibility. Greenhagen and co-workers developed strate-
gies to utilize these boron sites to bind polyethylene glycol ligands
and thereby allow for the Si nanocrystals to be stabilized in polar
environments.”® Nanostructured solids that incorporate nanostruc-
tures with DNA are fascinating systems. Most works in the litera-
ture study metal nanoparticle/DNA hybrid systems. Here, Dehankar
and co-workers study DNA CdSe/CdS hybrid systems.”” They devel-
oped strategies to bind the DNA to the QD surfaces and produced
composites for detailed studies. Silva and co-workers studied the
assembly of metal chalcogenide gels as a function of the reactiv-
ity that creates the assembly.” Different metal reactivity can lead
to different functionality in the final solids. Since nanocrystals are
typically not the idealized spheres that are typically envisioned but
rather highly faceted, they can be assembled into structures that are
not close packed, depending on the facet/ligand interactions and
facet/facet interactions between neighboring nanocrystals. Soligno
and Vanmaekelbergh have utilized these features to assemble novel
2D QD arrays with various patterns. Here, they developed design
rules for assembling these structures.” Winslow and co-workers
developed strategies based upon neutron scattering measurements
to elucidate the QD/ligand structure.”’

QD FUNCTIONAL SOLIDS AND DEVICES

QDs are being incorporated into various functional solids and
devices. For about ten years, PbS, CdSe, and CsPblz QDs have been
incorporated and investigated in QD based solar cells, where the
QDs are the photoactive species. Typically, they are incorporated
into solution-deposited thin films, but sometimes, polymer/QD bulk
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heterojunctions are also studied. The certified power conversion effi-
ciency (PCE) of QD solar cells has steadily increased from ~3%
to over 15% as a result of a very active research community. Such
progress has provided ample encouragement to the research com-
munity to continue working in these areas. Here, Lin and co-workers
simulated the IV characteristics of PbS based QD solar cells in order
to provide design rules for further improving the PCE of these sys-
tems and devices."' Greaney and co-workers studied solar cells fab-
ricated from CdSe in P3HT as a bulk heterojunction solar cell””
and determined how the nanocrystalC surface chemistry impacts the
final device performance and thus provided guidelines for develop-
ing the next generation of QD/polymer bulk heterojunctions. QDs
are interesting for solar energy conversion because they possess
unique advantages that can go beyond traditional bulk and thin film
systems. Califano et al. tackled the concept of an intermediate-band
solar cell with quantum dots as the active component.”’ The inter-
mediate band concept can surpass single junction efficiency lim-
its and thus necessitates continued research activity. The flip side
to the photovoltaic concept is photodetectors. QDs have numer-
ous advantages in this area especially for infrared detectors. Guyot-
Sionnest and co-workers provided a perspective on QDs for infrared
photodetectors and detailed why QDs are useful for this applica-
tion.”* Ahn and co-workers demonstrated that fabricating hybrids
of PbS QDs and graphene can increase the photoresponse of the
QDs.” Transparent conductors can potentially also benefit from
heavily doped wide bandgap semiconductor nanocrystals as the
colloidal systems offer processing advantages. Here, Gudjonsdot-
tir and co-workers studied electrochemically doped ZnO QDs."
Finally, Westmoreland and co-workers provided a perspective on
incorporating and coupling QDs with plasmons and into optical
microcavities.”” QD dots have unique advantages for such systems,
and these could be developed for photocatalytic and light emitting
applications.

QDS IN PHOTOCATALYTIC APPLICATIONS

One of the first applications targeted by semiconductor
nanocrystals was for photocatalysis. The size-dependent band
edges that govern the size-dependent light emission imply a size-
dependent reduction/oxidation potential. Thus, there are ongo-
ing studies utilizing and incorporating semiconductor nanocrys-
tals into various photocatalytic applications. Here, Yin and
co-workers explored CdTe quantum dots for photogenerated
hydrogen.”® They find that there is an optimal size for hydrogen gen-
eration: too big and the generation efficiency suffers, and too small
and the QDs are not photostable. Hu and co-workers detailed stud-
ies using CulnS;/ZnS core/shell quantum dots for hydrogen gen-
eration.” They studied the Cu-to-In ratio in the nanocrystals and
found that Cu-deficient nanocrystals performed better. Chauhan
and co-workers are also interested in photocatalytic hydrogen gen-
eration. They studied a heterostructure between V,0s and CdX
systems.”’ This new class of heterostructures is type II and pro-
motes beneficial charge separation in order to drive photoredox
reactions. Finally, Lu and co-workers demonstrated that the ligand
identity can also tune the band edges (redox potentials) for driv-
ing different types of photoinduced carbon-carbon bond forming
reactions.”’
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CONCLUSION

The field of semiconductor nanocrystals, as represented by the
articles in this special issue, is a vibrant and active research commu-
nity, with steep progress in an every-growing set of subfields. Despite
more than 30 years of research, new structures are constantly being
developed, and novel synthetic strategies that improve upon tradi-
tional methods are constantly being reported. Incorporating these
novel structures into functional systems for a variety of applica-
tions is ongoing. There are many small and large companies that
are marketing and developing a few of these applications. Quantum
dot-based displays are available for purchase. We expect that these
trends will continue and are very excited about the future prospects
of semiconductor nanocrystal systems.
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