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Colloidal nanocrystals (NCs, i.e., crystalline nanoparticles) have become an important class of materials with great potential for applications
ranging from medicine to electronic and optoelectronic devices. Today's strong research focus on NCs has been prompted by the tremendous progress in
their synthesis. Impressively narrow size distributions of just a few percent, rational shape-engineering, compositional modulation, electronic doping, and
tailored surface chemistries are now feasible for a broad range of inorganic compounds. The performance of inorganic NC-based photovoltaic and light-
emitting devices has become competitive to other state-of-the-art materials. Semiconductor NCs hold unique promise for near- and mid-infrared
technologies, where very few semiconductor materials are available. On a purely fundamental side, new insights into NC growth, chemical transformations,
and self-organization can be gained from rapidly progressing in situ characterization and direct imaging techniques. New phenomena are constantly being
discovered in the photophysics of NCs and in the electronic properties of NC solids. In this Nano Focus, we review the state of the art in research on colloidal
NCs focusing on the most recent works published in the last 2 years.

hermodynamically stable colloidal

solutions of nanosized inorganic ma-

terials are well-described in colloidal
chemistry textbooks as “sols” and have been
known in a modern scientific context since
the 19th century, with ruby-colored gold
sols produced by Michael Faraday as one
notable example." The birth of modern
nanoscience with nanocrystals (NCs) is,
however, attributed to a much later period:
beginning in the early 1980s and extend-
ing to the present. Early photochemistry
studies on tailored colloidal CdS and TiO,
arose from the oil crisis in the late 1970s,
and semiconductor NCs with enhanced
surface chemistry were considered highly
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important for efficient harvesting of solar
energy by means of photoelectrochemistry
(A. Nozik, L. Brus, A. Henglein, and their
co-workers).2® Semiconductor NCs were
termed quantum dots (QDs) after the dis-
covery and explanation of quantum size
effects in the optical spectra of CuCl NCs
embedded into glass and alkali-halide ma-
trices (A. Ekimov, A. Onushchenko, A. Efros,
T.Itoh, and co-workers)'®~'2and in aqueous
solutions of colloidal CdS NCs (L. Brus and
co-workers).® 2 Since the mid-1990s, colloi-
dal QDs have become a masterpiece of NC
research and one of the most accomplished
building blocks of modern nanoscience
due to the emergence of surfactant-assisted
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precision synthesis that provides
narrow size distributions, highly uni-
form morphologies, well-controlled
surface chemistry, and enhanced
optical properties such as bright,
spectrally tunable, and stable photo-
luminescence.” "> Since then, col-
loidal NCs are among the most
modular and versatile nanoscale
materials, due to both their un-
precedented compositional and
morphological tunability and their
“free” (unsupported) colloidal state
that allows their positioning onto
various surfaces or integration
into various matrices. These charac-
teristics are hardly simultaneously
achievable with any physical nano-
structuring method, whether it is
a top-down (e.g., electron beam
lithography) or a bottom-up (e.g.,
molecular beam epitaxy) procedure.
Beginning in the 2000s and until
now, a multitude of metals, metal
oxides, and semiconductors have
been developed in the form of
isotropic and anisotropic NCs.

This Nano Focus article is struc-
tured into five main sections. First,
we review the most recent trends
in the synthesis of NCs, then we
describe NC surface chemistry, self-
assembled long-range-ordered NC
superlattices, and novel applications
of NCs, and finally, we discuss our
vision for the future of this field.

The accessible complexity of NCs
is rapidly expanding, in terms of
both compositional variety and
shape engineering.'®™'® Much pre-
sent-day research focuses on sol-
ving challenging problems in the
synthesis of novel NCs and nano-
particles (NPs) such as the synthesis
of highly covalent group IV elements
(Si, Ge),"”* -V compounds
(GaAs, InAs, InSb, etc.),?>~2° multi-
component chalcogenides, carbon
nanostructures, or even organic
compounds in the form of highly
uniform NCs. Several recent exam-
ples are illustrated below. Continu-
ing efforts are underway to engineer
NC composition and morphology by
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means of galvanic replacement,?’?®

29-32

ion-exchange reactions, or
through the nanoscale Kirkendall
effect?*** Even “classical” QD

materials such as core—shell CdSe/
CdS NGs have recently been further
perfected to vyield above 90%
luminescence quantum yields with
narrowed emission lines and high
photostability.3>*¢ Equally impor-
tant are efforts toward the de-
velopment and use of in situ char-
acterization methods to obtain
insights into the nucleation and
growth of NCs or to monitor struc-
tural and compositional transforma-
tions in NCs directly in the electron
microscope, as briefly reviewed
below.

The accessible
complexity of NCs is
rapidly expanding, in
terms of both
compositional variety

and shape engineering.

Colloidal Silicon Nanostructures. The
field of nanomaterials chemistry
aims to develop synthetic routes
to produce macroscopic quantities
of stable NCs with controlled and
tunable size and shape. This is ac-
complished by employing reaction
chemistry that yields the desired
nanomaterial in the presence of
capping ligands that bind to the
NC surface and stabilize the material.
This usually requires capping ligands
with surface bonding that is at
least partially reversible to enable
NC growth up to a desired size. Con-
siderable progress has been made
recently in the development of chem-
ical routes to silicon (Si) nanomater-
ials, including Si NCs, nanorods, and
nanowires (Figure 1).

Silicon is one of the most com-
mercially important semiconductors
and one of the most interesting to
study at the nanoscale because it
has an indirect band gap that makes
it a poor light emitter as a bulk
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material but one that can emit light
relatively efficiently as a nanostruc-
ture due to quantum confinement.
Yet, Si has been one of the least
studied colloidal NC materials be-
cause of the various challenges fa-
cing its synthesis, until recently.
These challenges include the identi-
fication of suitable reaction path-
ways to generate Si atoms in a
colloidal system, the tendency of Si
to form stable amorphous structures
and thus require relatively high
temperatures for crystallization, its
propensity to oxidize, and capping
ligand chemistry that is signifi-
cantly different from that of the
well-studied metals and metal
chalcogenides.

One of the first relatively success-
ful synthetic routes to Si NCs was
developed by Brus and co-workers
in the early 1990s, which employed
an aerosol system that enabled
high synthesis temperatures—much
higher than those available in high
boiling solvents.3” These NCs were
made by pyrolysis of silane and were
captured in stabilizing solvents like
ethylene glycol. In this early work,
the Si NC surfaces were intentionally
oxidized to create an inorganic pas-
sivating shell. This approach worked
well, but the tunability of the optical
properties was relatively limited and
the oxide shell created traps at the
Si interface that limited the light
emission from the NCs. To overcome
these limitations, several different
colloidal approaches have been ex-
plored, including metathesis reac-
tions,*® silane reduction** and
thermal decomposition of silanes
in high-temperature supercritical
fluids;*® however, none of these col-
loidal routes has provided a general,
high-yield synthesis of Si NCs with
widely tunable size and optical prop-
erties. Again, one of the challenges
facing colloidal syntheses is the
relatively low temperatures in these
reaction systems. To date, two of
the most successful methods for
producing Si NCs with tunable size
and optical properties are still aero-
sol methods. Swihart's group has
developed a method using laser
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Figure 1. (A) Silicon nanocrystal superlattice (Inset: Fast Fourier transform of the image). Reprinted with permission from ref
19. Copyright 2013 Wiley Interscience. (B) Transmission electron microscopy (TEM) image of an octadecene-capped Si NC.
Reprinted from ref 50. Copyright 2012 American Chemical Society. (C) Schematic of the ligand-assisted solution—liquid—solid
(SLS) synthesis of Si nanorods. Reprinted from ref 51. Copyright 2009 American Chemical Society. (D) TEM image of a field of Si
nanorods made with Sn seeds. (E) TEM image of two Si nanorods showing their crystal structure. (F) High-angle annular dark-
field (HAADF) scanning transmission electron microscopy (STEM) image of a field of Si nanorods. (G) Room temperature optical
properties of fluorescent Si nanorods. (D—G) Reprinted from ref 20. Copyright 2013 American Chemical Society.

pyrolysis of silanes to produce large
quantities of NCs, but in the >30 nm
diameter size range. These are far
too large to exhibit quantum con-
finement, but they can be captured
and etched to smaller sizes and then
passivated with alkenes by hydro-
silylation.*"* To obtain much smaller
NCs in the aerosol phase, Kortshagen
developed a nonthermal plasma
approach to generate Si NCs in the
quantum size regime that are cap-
tured in a solvent for subsequent
hydrosilylation.***4 Both methods work
well but face limitations, especially in
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producing NCs in the smaller range
of sizes (~2 nm in diameter, for
instance). For example, high photo-
luminescence quantum yields of
up to 60% can be achieved using
plasma-based synthesis but only
for NCs in the larger size range
(above 4 nm in diameter), and the
photoluminescence quantum yield
drops significantly for smaller sizes.
Ultimately, a direct arrested pre-
cipitation of Si NCs in a solvent-
based medium is desired to produce
a wider range of sizes with well-
passivated NC surfaces, but such a
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method has thus far continued to
elude the field.

An approach that is close to a
colloidal synthesis of Si NCs was
developed by the Veinot group,
which uses a high-temperature
thermal decomposition of a SiO, 5
precursor, hydrogen silsequioxane
(HSQ), to create Si NCs embedded
in an oxide host.** The NC diameter
is widely tunable, from as small as
~1.5 nm to more than 10 nm in
diameter, depending on the tem-
perature used to decompose HSQ.
The Si NCs can then be liberated
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from the silica host by etching and
then by passivating with a capping
ligand layer by hydrosilylation with
alkenes. This approach has been
used to produce Si NCs with size-
tunable photoluminescence with re-
latively high quantum yields across
a wide range of wavelengths.*®
Ligand-stabilized Si NCs with near-
infrared photoluminescence (PL)
quantum yields of over 40% have
been produced using this route.*’
This synthetic approach can also
provide ligand-stabilized Si NCs with
extremely narrow size distributions
and has enabled the first examples
of colloidal Si NC superlattices
(Figure 1A,B)."® The strong covalent
Si—C bonding between the Si
core and the alkyl capping ligands
provides a new class of extremely
thermally stable ligand-capped NCs,
with decomposition temperatures
that are more than 150 °C higher
than those of dodecanethiol-capped
gold NCs, for example.*®

These Si NCs obtained from HSQ
decomposition also serve as an
effective model system to create a
better understanding of the surface
reactivity and capping ligand chem-
istry of Si, which is needed if a direct
arrested precipitation method is
ever to be developed. After the host
matrix is etched, Si NCs are obtained
with a H-terminated surface, which
can then be used as a platform
for carrying out controlled surface
passivation reactions. Although
there is extensive understanding of
surface modification chemistry of Si
surfaces, NCs have exhibited some
surprisingly new reaction chemistry
due to their highly curved surfaces.
For example, room temperature
hydrosilylation has been demon-
strated on small (<4 nm diameter)
Si NCs activated by either an ester or
an acid functional group.*®

These reactions do not happen
on extended bulk Si surfaces. Colloi-
dal Si NCs made via the HSQ decom-
position route have also recently
been used as models to dock chro-
mophores, such as pyrene deriva-
tives, to study energy transfer and
enhanced Si light absorption and PL
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brightness of Si NCs.*” The highly
controlled H-terminated surfaces
of the Si NCs of widely tunable size
provide effective models for deeper
understanding of capping ligand
chemistry on Si NC surfaces.
Although ligand-capped Si NCs
cannot yet be made effectively with
widely tunable size and high yields
by colloidal arrested precipitation
routes, Si nanorods and nanowires
with these properties can be created
(Figure 1C—@G). In these reactions,
metal seeds are added to promote
the crystallization of Si at relatively
low temperatures. For example, Si
nanowires can be grown using
Au NCs as crystallization seeds and
catalysts in supercritical toluene at
~490 °C using diphenylsilane as a
reactant>? or at lower temperature
in a high boiling solvent like octaco-
sane, using more reactive trisilane.>3
This approach, based on the vapor—
liquid—solid mechanism described
by Wagner and Ellis in 1964, can be
effectively employed in solution-
phase reactions (known as solution—
liquid—solid (SLS) growth), as de-
monstrated by Buhro for Group lll-V
semiconductors in 1995.**> When
capping ligands (dodecylamine)
were added to SLS reactions with
trisilane reactant, much shorter and
narrower diameter Si nanorods could
be obtained from colloidal reactions
in high boiling solvents, such as squa-
lane, at ~400 °C using either Au®' or
lower-melting Sn.2° Nanorods with
diameters less than 4 nm can be
obtained, which is small enough for
quantum confinement. Using this
approach, Si nanorods have now
been produced with relatively bright
photoluminesce  (with quantum
yields >5%). This was enabled by
the use of Sn as a seed metal, fol-
lowed by a controlled surface etch to
remove the Sn seeds and a native
oxide layer and then a hydrosilylation
passivation of the nanorods® Au-
seeded Si nanorods were found to
be dark, even after etching away the
Au seeds,*® due to Au contamination
of the Si nanorod core. The Si nano-
rod synthesis has been further sim-
plified to a single-step reaction in
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which a Sn reactant is combined with
trisilane in a reaction mixture before
hot injection into the reaction sol-
vent.! Trisilane serves as a reducing
agent to form the Sn seed particles
that promote nanorod growth in situ
in the reaction. Perhaps this ap-
proach might yield a direct arrested
precipitation of Si NCs, essentially via
the addition of a crystallization cata-
lyst to enable high yields of crystal-
line particles at relatively low syn-
thesis temperatures.

Apart from light emission, Si
nanomaterials are being explored
for other applications. One parti-
cularly promising application for
solution-grown Si nanowires is to
use them as electrode materials in
lithium ion batteries (LIBs) as replace-
ments for the graphite anode. Silicon
spontaneously lithiates at room tem-
perature and has 10 times the lithium
charge storage capacity of graphite.
Silicon, however, also expands by al-
most 300% in volume when it is fully
lithiated, and thus nanostructures
are required to tolerate this expan-
sion and provide stable and reliable
battery performance. One challenge
with Si is that it is electrically in-
sulating, and in reasonably thick
Si electrodes in LIBs, poor electrical
conductivity becomes a major limita-
tion.>” By manipulating the Si nano-
wire chemistry, this problem can be
overcome either by creating a thin
carbon skin on the Si nanowires that
serves as a conductive pathway for
charge transport®”>8 or by incorpor-
ating large amounts of Sn (up to
10%) in Si nanowires,>® which is well
above the solubility limit of Sn in Si.
These Si-based nanomaterials have
exhibited relatively high charge sto-
rage capacities (~1000 mA h g~ ")
at high charging rates of 1C. We
will provide further discussion on
the use of colloidal nanomaterials
in rechargeable batteries later in this
Nano Focus.

Multinary (Ternary, Quaternary, etc.)
Non-Heavy-Metal Chalcogenides. Colloi-
dal NCs with increasingly large
numbers of elements and nano-
heterostructures with gradually higher
levels of sophistication are being
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produced with extraordinary size,
shape, and composition control by
colloidal synthesis routes. This evolu-
tion toward more complex NCs re-
sponds to the growing demand not
only for optimized optoelectronic
characteristics, but also for earth-
abundant and nontoxic chemical
compositions. One example of this
evolution is the gradual move from
binary [I-VI NCs to ternary I-IlI-VI,
and quaternary l,—Il—IV—VI, metal
chalcogenides.®>~”* This evolution
has paralleled a trend seen in photo-
voltaics, where the focus is now
placed on absorber materials made
of less toxic and more abundant
elements. When two divalent cations
in 1=Vl compounds are replaced by
one group | and one group lll cat-
ions, Cd- and Pb-free materials with a
direct band gap matching the solar
spectrum for photovoltaic applica-
tions can be produced (e.g., CulnS,,
CIS, and Culn, _,Ga,Se,, CIGS, known
as chalcopyrites). Further replacing
the group lll element (e.g., In) with
more abundant group Il and group
IV elements (e.g., Zn, Sn) enables
another highly appealing class of
optoelectronic materials to be ob-
tained (e.g., Cu,ZnSnS,, Cu,ZnSnSe,,
CZTS, known as kesterites).

This evolution toward
more complex NCs
responds to the growing
demand not only for
optimized
optoelectronic
characteristics but also
for earth-abundant and
nontoxic chemical

compositions.

Analogous to solid-state synth-
eses based on complex phase dia-
grams, the syntheses of multinary
NCs often requires finding narrow
parameter spaces for balancing che-
mical composition and morphology.
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Nevertheless, highly homogeneous
==V, and |,—ll—IV=VI, NCs,
with excellent size, shape, and com-
positional control, have been pro-
duced by several simple and
relatively low temperature protocols
(Figure 2).°%74"78 Some syntheses
were based on the sequential in-
crease in the number of elements
within the NCs, by initially forming
binary nuclei that dissolve or fuse
together to form multinary NCs or
serve as seeds for the growth of the
multinary compound by cation ex-
change or ionic diffusion.587677.7°
As a recent example, binary copper
chalcogenide NCs were subjected
to partial cation exchange to re-
place a portion of copper ions with
guest cations Zn®" and/or Sn**.&
Often, these mechanisms limit the
minimum achievable NC size, as
relatively long reaction times are
required to reach the target compo-
sition. Therefore, to obtain small
quantum-confined NCs with con-
trolled composition, the reactivities of
all cation precursors need to be finely
balanced to form nuclei that already
contain all desired elements "%

Besides size and shape uniformity
and overall chemical composi-
tion,%87>~7783-9 compositional and
phase homogeneities within the NC
are key parameters for tuning optical
characteristics of multinary NCs.
One challenge in this direction is that
secondary phases often may remain
unnoticed as they possess nearly the
same crystal structure and lattice
parameters as the multinary com-
pound and thus are not discernible
by X-ray diffraction. Resonant Raman
spectroscopy may provide a solution
in this respect. Besides the detection
of secondary phases by ensemble-
averaging techniques mentioned
above, particle-to-particle composi-
tion dispersion, in principle, requires
single-particle analyses. In this re-
gard, while some reports point to
possible broad particle-to-particle
composition distributions, others
demonstrate compositionally uni-
form ensembles with dispersions
decreasing with the reaction temp-
erature 80212
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Besides CIS, CIGS, and CZTS,
tetrahedrally bonded ternary and
quaternary chalcogenide phases
can be formed by more than 30
elements.68,70,7'l,77,78,91,93795 Within
these compounds, several poly-
morphs are possible,”®®” ranging
from cation-disordered zinc blende
and wurtzite phases to cation-
organized chalcopyrite, CuAu-like
and  orthorhombic  wurtzite—
chalcopyrite and wurtzite—CuAu-
like ternary phases,63'69’73’75'85'98_103
and kesterite, stannite, wurtzite—
kesterite, and wurtzite—stannite
quaternary  phases.”®20/101.104.105
The favored crystal phase depends
first on the cation's nature; for
example, Cu,ZnSnS, tends to crys-
tallize in the kesterite phase and
Cu,CdSnSe, in the stannite lattice.
In CuyZnSnS,;, the Cu—Zn layer
appears to be disordered, whereas
the Cu—Sn layer is ordered.'® The
organization (site occupancy) of
the cations in different phases can
also be kinetically controlled by a
proper selection of precursors, sur-
factants, and synthesis conditions.
X-ray or electron diffraction studies
can easily differentiate between
cubic and hexagonal stacking.
However, it is not straightforward
to determine the atomic site occu-
pancy experimentally. Better control
of the cationic order within the
structure will require not only a bet-
ter understanding of the nucleation
and growth mechanisms’>'%° but
also more accurate insight from
the characterization methods. This
will increasingly require moving
from conventional X-ray diffraction
(XRD) and high-resolution transmis-
sion electron microscopy (HRTEM)
to neutron diffraction'®” and aberra-
tion-corrected electron microscopy
with analytical mapping on the
atomic scale (electron energy loss
spectroscopy, energy-dispersive X-ray
spectroscopy).”® Besides being chal-
lenging from the characterization
point of view, tunable site occupan-
cies of cations in multinary NCs offer
exciting opportunities for controlling
optical and electronic properties
while maintaining compositions of
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Figure 2. Examples of quaternary Cu-based chalcogenide colloidal nanocrystals. (a) TEM image of wurtzite Cu,ZnSnS, NCs.
Reprinted from ref 89. Copyright 2014 American Chemical Society. (b) TEM image of zinc-blende-like Cu,ZnGeSe, NCs.
Reprinted from ref 78. Copyright 2012 American Chemical Society. (c) Scanning electron microscopy image of aligned wurtzite
Culn,_,Ga,S; nanorods. Reprinted from ref 74. Copyright 2012 American Chemical Society. (d) Atomic-resolution HAADF-
STEM images, three-dimensional atomic model, and intensity profile from the [111],5 zone axis of a Cu,CdSnSe, tetrapod.
Reprinted from ref 76. Copyright 2014 American Chemical Society.

abundant and nontoxic elements.
In multinary NCs, the band gap can
be tuned not only by means of
quantum size effects®®®1871%8 byt
also by compositional control at the
anion and cation sites.”>#%106109-119
Both anionic (S, Se, Te) and cationic
(e.g., the In/Ga ratio in CIGS) adjust-
ments have been used in these
studies.

Exciting compositional tunability
of complex multinary NCs is often
accompanied by considerable stoi-
chiometric deviations, leading to
large densities of donor—acceptor
states within the band gap, both
shallow and deep with respect to
the edges of the conduction and
valence bands. The multiple possibi-
lities for radiative recombination
through these donor—acceptor pairs
result in broad photoluminescence
peaks, long radiative lifetimes, and
significant Stokes shifts.”"'?° One
first consequence of PL based on
donor—acceptor recombination is
that no precise band gap information
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can be obtained from PL measure-
ments in these materials. This PL
mechanism makes the emission of
multinary NCs strongly dependent
not only on size but also on composi-
tion, phase, and ordering. The large
density of defects also results in non-
radiative recombination pathways,
significantly lowering PL quantum
yields. In fact, contrary to ternary
I-1lI-VI, NGCs, quaternary
IV—VI, NCs show no PL emission at
room temperature.”®>' Substantial
progress in controlling defects may
allow the use of low-cost and envir-
onmentally friendly I,—II—IV=Vl,
NCs in bioimaging,”"'®" light-
emitting diodes (LEDs), '~ photo-
catalysis 21101227126 3nd NC-based
solar cells operated as quantum dot
devices (e.g., without annealing-
induced recrystallization into the
bu|k).127,128

Nonmetallic  Plasmonic  NCs. An
emerging area of research in NCs is
that of non-noble-metal plasmonic
materials."*®~ "' In these materials,
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free carriers can arise from the pre-
sence of dopant species in a metal
oxide host (for example, tin dopants
in indium oxide'*) or from a
large number of metal vacancies in
metal chalcogenides (e.g., copper
vacancies in copper chalcogenide
NCs)"*37"38 or as a result of a redox
reaction."® The rapidly growing in-
terest in these types of particles
stems from the fact that their den-
sities of free carriers can readily be
tuned by composition. As a conse-
quence of this, their localized sur-
face plasmon resonance (LSPR)
can be tuned over a relatively wide
spectral range (in the near- and
mid-infrared spectral regions). This
tunability adds an extra facet to
plasmonic nanomaterials, some-
thing that traditional metals such
as gold do not have, as the numbers
of free carriers in the latter stay
fixed. Taking into account that, in
the majority of cases, the elements
composing these new plasmonic
materials are cheaper than gold,
NO.2 = ACS
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these NCs have been proposed in a
wide variety of applications includ-
ing photothermal therapy,'**'4°
sensing,'*""'*>  photocatalysis,'**
imaging, electrochromic de-
vices,"**"*” electronics,"*® and en-
hancement of chemical reac-
tions.'*® On a more fundamental
level, all these new generations of
NCs represent interesting testing
grounds on which it is possible to
benchmark and to refine theories
and models that so far have been
applied mainly to particles of more
traditional materials, such as gold,
silver, and copper.'*°~'>2 Recent ex-
citing advances for metal oxide NPs
came from the possibility to achieve
cation—anion codoping, which in-
creases free carrier densities even
further, thus pushing the plasmon
resonance to higher frequencies.'>®
Coupling together two or more
domains of materials with different
plasmonic properties in a single NC,
as recently shown by Liu et al.,'*
is certainly one way forward. Such
hybrids provide an opportunity to
tune the optical response further,
for instance, to have a plasmon re-
sonance spanning a larger spectral
region. Another exciting direction
is represented by the possibility of
eliciting plasmonic resonances in
nanomaterials by photoexcitation,
that is, without the need to add
dopants or to create vacancies.'**
On the other side, several funda-
mental questions are receiving deep
scrutiny, such as how dopant distri-
butions influence the plasmonic
properties,’*® or in which cases
the carriers are really free (as in the
more traditional metal NCs) versus
localized,”®®> which have strong
implications for the potential appli-
cations.

144,145

An emerging area of
research in NCs is that
of non-noble-metal

plasmonic materials.
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Organic Pigment Nanocrystals. Be-
sides more traditional colloidal QDs
composed of inorganic semicon-
ductors, NPs made from organic
semiconductors also have great
potential for applications in opto-
electronics.”*®~'®”  Nanoparticles
from small organic molecules are
believed to allow greater variability
and flexibility in materials synthesis
than do their inorganic counter-
parts.'>® The development of organ-
ic NPs, however, is not yet as ad-
vanced as that of inorganic NCs. The
systematic investigation of fluores-
cent organic NPs'®®7'73 resulted in
organic NPs with size-dependent
fluorescent properties, which are
significantly different from those
of bulk samples.'6”168170172 There
are also striking similarities in
the syntheses of NPs from organic
small molecules and inorganic QDs.
Perylenes and their derivatives re-
present a showcase example: they
are synthesized via colloidal chemi-
cal reactions in the presence of func-
tional ligands, in a synthesis route
showing the typical features of in-
organic QD syntheses—a discrete
nucleation event is followed by a
slower controlled growth on the ex-
isting particles, which enables con-
trol over the sizes of quasi-spherical
NPs and helps to obtain narrow size
distributions (<10%)."*” By tuning
the synthesis conditions, precise
shape control can also be achieved,
and for two-dimensional perylene
nanosheets, even high crystallinity
could be confirmed by electron
diffraction.'®® Thus, in some cases,
organic NPs also represent real col-
loidal NCs, whose crystallization is
governed not only by intermolecu-
lar interactions but also by the
synthetic conditions. Recently, the
collection of organic colloidal NCs
has been expanded through the
introduction of a general procedure
that transforms commercially avail-
able insoluble microcrystalline hy-
drogen-bonded organic pigment
powders into colloidal solutions of
variously sized and shaped semi-
conductor microcrystals and NCs.'”*
Hydrogen-bonded organic pigments
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such as indigos, quinacridones, and
phthalocyanines are widely pro-
duced industrially as colorants for
everyday products in various cos-
metic and printing inks."”® The syn-
thesis of microcrystals and NCs is
based on the transformation of the
pigments into soluble dyes, so-
called latent pigments (Figure 3a,b),
by introducing transient protecting
groups on the secondary amine
moieties, followed by controlled
deprotection in solution. Three de-
protection methods have been de-
monstrated so far: thermal cleavage,
acid-catalyzed deprotection, and
amine-induced deprotection. During
these processes, ligands are intro-
duced to afford colloidal stability, to
provide dedicated surface function-
ality, and for size and shape control.
The resulting microcrystals and NCs
have optical absorption and photo-
luminescence that are widely tun-
able across the visible (vis) to near-
infrared range. Due to the excellent
colloidal solubility offered by the li-
gands, the obtained organic pigment
NCs are suitable for solution proces-
sing of (opto-)electronic devices. As
examples, phthalocyanine nanowire
transistors as well as quinacridone
NC photodetectors (Figure 3c) with
photoresponsivity values up to 1 A/W,
far outperforming those of vacuum-
deposited reference samples, have
been demonstrated. The high respon-
sivity was enabled by photoinduced
charge transfer between the pigment
NCs and the directly attached elec-
tron-accepting vitamin B2 ligands.
These semiconducting NCs provide
a new paradigm for preparing organic
semiconductor materials from com-
mercial colorants, and they offer a
cheap, nontoxic, and environmentally
friendly alternative to inorganic NCs.

In Situ Methods for Studying Nanocrys-
tal Growth. Monitoring the nuclea-
tion and growth of NCs in situ
opens important perspectives and
opportunities for the control of size,
shape, and composition through
the design and optimization of
synthetic methods. The growth me-
chanism is believed to govern the
morphology of the initial crystalline
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Figure 3. Quinacridone organic pigment nanocrystals. (a) Insoluble organic pig-
ment powder is converted into a strongly luminescent latent pigment solution,
which is used as a precursor for the subsequent synthesis of ligand-protected NC
colloids. (b) Hydrogen-bonded pigment crystals are solubilized via protection of
the secondary amines by tert-butoxycarbonyl groups. Controlled deprotection in
the presence of ligands results in shape-controlled NCs (secondary electron
microscopy image in (c)). (d) Photoresponsivity spectrum of a quinacridone organic
pigment NC film, deposited on a paper substrate. The photoconducting device is
shown in the inset; two gold electrodes are connected to the NC film, seen as a red
stripe. Reproduced from ref 174. Copyright 2014 American Chemical Society.

seed, which, in turn, dictates the
morphology of the final NC."”® How-
ever, suitable in situ methods are
scarce due to the restricted choice
of observables and the stringent
requirements for monitoring the
chemical syntheses of NCs. First, the
acquisition time must be fast, as
the initial growth kinetics often take
place on time scales in the range of
seconds. Second, the method must
be compatible with the specific reac-
tion conditions (e.g., high tempera-
ture, inert atmosphere, etc.). Third,
the measurement must not disturb
the reaction itself, which poses
problems when using high-energy
electron beams or X-ray radiation,
for example.

The most direct method for
in situ observation of NC growth is
the use of electron microscopy on
liquids, giving access to the kinetics
of size and shape evolution with
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reaction time.'”” In this case, the
precursor solution is placed in a
special sample holder, containing,
for example, silicon nitride windows,
which are transparent for the elec-
tron beam. Alternatively, graphene
sheets have been used for entrap-
ping the liquid precursor film and
recording the first real-time movies
of the growth of platinum NPs.'”® In
order to minimize beam-induced NC
growth and other artifacts, scanning
transmission electron microscopy
(STEM) techniques at relatively low
doses have to be applied.'”® Because
mixing or even injection of precur-
sors inside the sample holder is diffi-
cult to realize, these techniques
have thus far mainly been applied
to metal NPs, using a homogeneous
precursor solution and triggering
nucleation and growth by means of
the electron beam or by supplying
thermal energy.

VOL.9

In the case of semiconductor
NCs, their distinct size-dependent
optical properties can be exploited
by means of in situ UV—vis absorp-
tion measurements to determine NC
growth kinetics."®*~'8 An advan-
tage of this method is its high tem-
poral resolution, on the order of
microseconds. On the other hand,
this method is restricted to systems
presenting a gradual color change
or at least gradual changes in optical
density of the reaction medium dur-
ing growth. This technique has been
proven useful in combination with
(ex situ) NMR spectroscopy for the
elucidation of the detailed reaction
mechanisms taking place in differ-
ent syntheses of CdSe NCs.'8*~ 188

Finally, in situ X-ray diffraction
experiments provide a powerful tool
for assessing NC nucleation and
growth kinetics. Small-angle X-ray
scattering (SAXS) can give access
to precursor organization in prenu-
cleation stages as well as to the
mean size and auto-assembly of
crystallites in postnucleation stages.
Wide-angle (WAXS) measurements,
on the other hand, enable identifi-
cation of the crystal structure. High-
energy synchrotron radiation is
necessary for obtaining sufficient
signal intensity during in situ X-ray
studies on solutions enclosed in or
flown through thin glass capillaries.
Sample damage is minimized by
using a beam shutter and short
acquisition times (typically tens of
milliseconds for SAXS and seconds
for WAXS, depending on the detec-
tors used). In one of the first exam-
ples, Abecassis et al. investigated
the nucleation and growth of gold
NPs by means of a combined SAXS/
WAXS and UV—vis study.'® Mean-
while, (extended) X-ray absorption
fine structure (XAFS, EXAFS) mea-
surements have been used to study
the nucleation of gold"™' and
CdSe NCs."?° Reiss et al. investigated
the nucleation and growth of
CuyZnSnS, (CZTS) NPs.'”? As the
performance of CZTS-based devices
derived from CZTS NPs strongly
depends on the stoichiometry of
the absorber material,'®> the fine
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control of the crystal structure and
absence of detrimental secondary
phases are crucial. In situ SAXS mea-
surements on the CZTS precursor
solution revealed that during the
initial heating stage (110 °C, 30 min)
~10 nm NPs are formed, which self-
assemble into face-centered cubic
superlattice at lower temperature
(25 °C). While the SAXS signal dis-
appears when going to higher tem-
perature (280 °C), the evolution
of the reaction can be monitored
with the Bragg peaks in the WAXS
spectrum. The initially formed NPs,
having a nominal composition of
Cuz Zn;5S, (determined ex situ),
undergo a fast phase transition
and cation exchange within the
first 10 min, leading to the “self-
adjustment” of composition to
Cuy1ZNn;1145nS, and PMCA crystal
structure (space group P42m), while
no change in NP size is observed.
These results demonstrate that
in situ X-ray studies using synchro-
tron radiation are particularly useful
for probing transient crystalline
phases in multinary NCs. The
complementary data obtained with
SAXS and WAXS measurements
shed light on the nucleation and
growth mechanisms, and the fast
acquisition times give access to re-
action kinetics.

In Situ Electron Microscopy Methods
for Monitoring Chemical and Structural
Transformations in Individual Nanocrystals.
Hand-in-hand with approaches for
following the growth kinetics of
NCs, various attempts have been
made to monitor chemical and struc-
tural transformations in individual
NCs directly in an electron micro-
scope, with time resolution and of-
ten also with atomic resolution,
when perturbations such as thermal
annealing and/or irradiation are
applied to the NCs.'®*'%° These
studies have been made possible
by recent advances in electron mi-
croscopy tools. Examples of phe-
nomena that have been studied
include (but are not limited to) atom-
ic-scale resolution imaging of phase
transitions and transformations in
morphology (including sublimation)
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in gold and PbSe NCs,'** thermal
annealing of Au—CdSe NCs with for-
mation of metal—semiconductor
epitaxial interfaces,'®® reorganization
of Au—CdS NCs to AuS/Cd core—
shell structures by combined anneal-
ing and electron irradiation,'®® trans-
formation of CdSe/CusP sandwich
NCs to Cu,Se NCs following com-
bined Cd and P sublimation upon
annealing,'”” direct observation of
structural fluctuations in a single
rod-shaped Cu,S NC,'*® and imaging,
with atomic resolution, of intra-NC
cation exchange reactions starting
from CdSe—PbSe segmented NCs.'®®
In situ studies of transformations in
nanomaterials will receive a further
boostin the near future thanks to the
advent of cameras with direct detec-
tion technology, which enable the
recording of thousands of electron
microscopy frames at high resolu-
tion with low electron doses. These
upcoming advances will make it pos-
sible to follow nanoscale processes
with millisecond and submillisecond
resolution. Aside from the funda-
mental science uncovered by such
studies, these experiments will be
important for evaluating the long-
term stability of materials and de-
vices using NCs as key components,
especially when such materials and
devices are expected to withstand
extreme conditions in terms of irra-
diation and heating.

Nanocrystal surface chemistry is
garnering increasing attention. Sur-
face-bound capping ligands have
profound effects on optical proper-
ties and dictate electronic transport
in dense NC solids, besides their role
in the synthesis of NCs. Understand-
ing, controlling, and adjusting the
termination of NC surfaces—a field
called NC surface chemistry, in
short—is therefore a major enabler
of NC-based applications. The two
primary trends in NC surface chem-
istry research are the molecular-
level characterization of currently
prevailing organic capping ligands
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and the development of novel inor-
ganic surface functionalizations that
are more suitable for NC integration
into solid-state devices. Important
steps have also been undertaken
toward atomistic computational
modeling of the whole NCs, includ-
ing their surface capping ligands,
and to link surface chemistry to NC
properties, 200201

Toward Molecular-Level Understanding
of Organic Surface Ligands: Importance of
Nuclear Magnetic Resonance Spectroscopy.
About half of the atoms ina 3 nm NC
are surface atoms. Progress in sur-
face chemistry relies on experimen-
tal techniques giving insight into
the composition of NC surfaces, a
conceptual framework to describe
surface termination or coordination,
and rational methods to modify
NC surfaces. The introduction of
one-dimensional (1D) and two-
dimensional (2D) solution NMR spec-
troscopy techniques (see Figure 4a—c)
initiated in-depth surface chemistry
studies of NCs of binary Il-VI, IV-V],
and llI-V semiconductors (denoted
as ME) such as CdE (E = S,Se,Te),
PbE, and InP synthesized in apolar
media by hot injection or heating
up is especially important.®? These
synthetic approaches make use of
M and E precursors, coordinating
agents such as carboxylic or phos-
phonic acids, thiols or amines, and
a noncoordinating solvent. Taking
the specific example of CdSe NCs
synthesized in the presence of car-
boxylic acids,?®® it was found that
these carboxylic acids end up as
ligands tightly bound to the NC sur-
face (see Figure 4a—c). Moreover,
it could be demonstrated that the
actual ligand is a carboxylate moiety
rather than a carboxylic acid where
the negative charge on these
anionic ligands is compensated by
an excess of metal cations on the NC
surface.?*

A variety of studies show that the
classification of ligands as L-type,
X-type, or Z-type, depending on
the number of electrons the NC—
ligand bond takes from the NC (0, 1,
and 2, respectively) to form a two-
electron bond, provides a convenient
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Figure 4. (a) One-dimensional 'H nuclear magnetic resonance spectrum of (top) oleic acid and (bottom) CdSe nanocrystals in
toluene-dg, synthesized in the presence of oleic acid (see inset). The NC spectrum features broadened resonances that
correspond to those of free oleic acid and point to the binding of oleate moieties to the CdSe surface. (b) Diffusion-ordered
spectrum of CdSe NCs in toluene-dg, showing that the broadened resonances are related to species that adopt the small
diffusion coefficient characteristics of the CdSe NCs and are thus bound to the NCs. (c) Nuclear Overhauser effect spectroscopy,
where strongly negative cross-peaks are characteristic of species interacting with the NCs. (a—c) Reprinted from ref 204.
Copyright 2010 American Chemical Society. (d) Representation of the two classes of NCs, depending on their surface chemistry.
Reprinted from ref 205. Copyright 2013 American Chemical Society. (e) Overview of different ligand exchange reaction
possibilities, depending on the NC surface chemistry. Reprinted from ref 217. Copyright 2013 American Chemical Society.

framework to understand these
ligand—NC interactions.>**=2%" In
combination with the need to form
charge-neutral NCs in apolar envir-
onments, the results can be split into
two extreme classes (Figure 4d). The
first describes NCs where the formal
charge on the metal cations M and
anions E is balanced—for binary NCs,
this corresponds to the bulk stoichi-
ometry—and which are passivated
by L-type ligands [(NC)(L),))]. The sec-
ond are NCs that have a positive
formal charge—corresponding to an
excess of metal cations—that is ba-
lanced by the formal negative charge
of X-type ligands [(NC)(MX,),]. Re-
markably, all detailed, quantitative
studies addressing stoichiometry
and ligand binding published thus
far showed as-synthesized and puri-
fied NCs behaving according to
the (NO(MX,), class,*** 2" like the
CdSe NCs discussed above, where X~
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moieties correspond, for example,
to carboxylates?**2%7299211 or phos-
phonates 206208210212 | tyne ligands
such as amines or phosphines, how-
ever, typically exhibit a dynamic ad-
sorption/desorption equilibrium,
suggesting that the [(NQ)(L),)] class
results in labile NCs that are lost upon
repetitive sample purification.?'*~2"®

Currently, the framework estab-
lished to describe ligand—NC inter-
actions in apolar media is being
extended to different material sys-
tems, where the first question is
whether the prevailing [(NC)(MX,),]
class remains valid. In the case of
metal oxide NCs such as HfO, and
ZrO,, for example, it was found that
carboxylic acids still bind as carbox-
ylates, yet charge compensation is
accomplished by the coadsorption of
protons onto surface oxygen atoms,
rather than by a cation excess.”'® In
addition, the classification of ligands

VOL.9 =

Progress in surface
chemistry relies on
experimental
techniques giving
insight into the
composition of NC
surfaces, a conceptual
framework to describe
surface termination or
coordination, and
rational methods to
modify NC surfaces.

as L, X-, or Z-type underlines
the development of rational ligand
exchange schemes (Figure 4e).
For instance, the charge neutrality
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condition makes L—L' and X-—X
exchange feasible, such as the re-
placement of carboxylates by hydro-
gen phosphonates, whereas L—X
exchange is not?" In addition, the
MX, unit can be seen as one effective
Z-type ligand. As a result, it can be
replaced by other M'X, complexes,
or its displacement can be promoted
by L-type ligands, including amines
and phosphines, but also alcohols
and ethers.?'” This enables NCs with
a wide range of surface terminations
and M:E stoichiometries to be pur-
posely formed, and it explains why,
for example, exposure to amines has
been deemed effective to remove
X-type ligands from PbS or PbSe
NCs>'®

The intrinsically different surface
chemistry related to L-type and
X-type ligands has consequences
for the design of hot-injection synth-
eses. Especially in the case of phos-
phine oxides, which are supposed
to bind as L-type ligands, it has been
shown that the actual surface-
bound moieties are X-type ligands,
resulting from phosphonic and
phosphinic acid impurities.2'9?%°
As a result, NC stoichiometry and
surface chemistry were shown to
depend on the purity of the chemi-
cals used.?’ In much the same way,
the possible exchange reactions
of X-type ligands point toward the
need for careful NC purification
methods. Taking the examples of
short-chain alcohols, which are of-
ten used to purify reaction mixtures,
it has been found that they can dis-
place carboxylates by both X—X'
replacement and L-type-promoted
MX, replacement.?'’?" As ligand
coverage affects NC properties such
as the photoluminescence quantum
yield,?'>?%? it follows that the road
toward NC applications will benefit
from robust synthesis methods and
carefully designed purification and
surface functionalization schemes.

Inorganic Surface Ligands for Nanocrys-
tal Integration into Solid-State Devices.
Most of the NC applications (LEDs,
solar cells, electronic circuits, photo-
detectors, etc) relate directly to
the ability to control NC surface
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properties. Classical synthetic routes,
such as the Murray, Norris, and
Bawendi synthesis of CdSe QDs'? or
the Brust synthesis of Au NPs>*® used
surface ligands with long hydrocar-
bon chains (Figure 5A). Such ligands
provide steric colloidal stabilization
in nonpolar solvents and made NCs
compatible with organic solvents and
polymers. However, the presence of
insulating organic molecules at NC
surfaces introduces bottlenecks for
charge transport and does not permit
seamless integration of chemically
synthesized NCs into inorganic glas-
ses, ceramics, etc.

Recent developments of inor-
ganic ligands provide a complemen-
tary toolbox to traditional nano-
materials. The scope of inorganic
ligands has significantly diversified
in recent years. Thus, small nucleo-
philic ions like chalcogenides (8%,
Se?”, Te*),?* halides (CI~, Br-,
17),296225226  3nd  pseudohalides
(CN~, SCN7, N37)*25227 have been
used to bind electrophilic metal sites
at the NC surface (Figure 5B,CD).
These negatively charged ions created
NCs with negatively charged surfaces
balanced by an ionic cloud of coun-
terions. More elaborate inorganic
surface ligands included molecular
metal chalcogenide (MCC), also
called chalcogenidometallate 22322
and metal halide complexes®°
(Figure 5E,F). In addition to stronger
multidentate binding, these ligands
could form conductive “bridges”

between NCs to facilitate charge
transport. Oxometallate and even
more complex polyoxometalates
(€g. [ND1oO2]°, [PM0;120401> ")
can also be used as functional
surface ligands for colloidal NCs
(Figure 5G).23'"?* Yet another ap-
proach to prepare NCs without a
shell of covalently bound organic li-
gands is shown in Figure 5H.224236.237
Negatively charged organic ligands
(e.g., carboxylate or phosphonate)
can be removed, leaving behind
a positively charged NC surface
and weakly coordinating anions
like BF,~ that do not bind to the NC
surface.36%37

Inorganically capped NCs intro-
duce a viable alternative to NCs
capped with organic ligands, signif-
icantly expanding the scope of ap-
plications for this class of materials.
Inorganic ligands typically provide
colloidal stability in polar solvents,
which is needed for solution-based
fabrication of electronic and optoe-
lectronic devices. At the same time,
inorganic ligands do not block elec-
tron transport, enabling efficient so-
lution-processed field-effect transi-
stors (FETs),*572C solar cells,>*'2*?
and photodetectors.*®  Colloidal
NCs with inorganic ligands can be
used for making various composite
materials where size- and shape-
tuned NCs are integrated into amor-
phous inorganic hosts. Examples
include mixed ionic and electronic
conducting Ag,S NCs in GeS,

Figure 5. Approaches to nanocrystal surface chemistry: (A) Traditional organic
surface ligands with long hydrocarbon chains, e.g., myristate. (B—D) Monodentate
inorganic ligands including chalcogenide (B), halide (C), and pseudohalide (D) ions.
(E—G) Multidentate inorganic ligands including metal chalcogenide complexes
(i.e., chalcogenidometallates) (E), halometallates (F), and polyoxometalates (G).
(H) Bare NC surface with positive surface charge balanced with non-nucleophilic
BF, ions.
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Figure 6. Various self-assembled structures of octapods. Three-dimensional reconstruction of (a) a single branched
nanocrystal (octapod) from scanning transmission electron microscopy projections, revealing octahedral symmetry, and (b)
a single chain of octapods, demonstrating their interlocking sequence. (c) 3D-ordered octapods in a hierarchical structure.
Panels (a—c) are reprinted with permission from ref 250. Copyright 2011 Nature Publishing Group. (d) Quasi-2D self-assembly
of octapods forming a square lattice. The scale bar in the top right inset is 50 nm. Reprinted from ref 251. Copyright 2012
American Chemical Society. (e) 2D hexagonal assembly of octapods with pod—pod parallel configuration. Reprinted from ref
252. Copyright 2014 American Chemical Society.

glasses derived from [Ge,Sel*™
ligands>** or luminescent PbS/CdS
core—shell NCs capped by AsS;>~
ligands that were integrated into
As,S;  chalcogenide  glasses.**
Advanced electrochromic materials
have been prepared from plasmonic
indium—tin oxide NCs integrated
into NbO, glass.?*> Finally, one can
design chemical reactions between
NCs and inorganic ligands to create
new phases. This has been shown
for Cu,Se NCs capped with In,Se >~
ligands: annealing a film of these
NCs resulted in the formation of
a pure CulnSe, phase, suitable for
solar cell applications.>*

Shape-Engineered Superlattices. Sev-
eral advances have been made re-
cently in the understanding and
experimental realization of ordered
superstructures of nonspherical,
but well-defined, polyhedral NPs. In
the case of most polyhedral shapes,
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researchers recently demonstrated
the ability to make accurate com-
putational predictions on their as-
sembly behavior.2***” Predictions,
however, turn out to be much more
complicated for objects of more
complex forms, such as branched
NPs. One example in this category
is represented by colloidal octapod-
shaped semiconductor NCs with a
central core of CdSe and pods of
CdS, for which elaborate control
over size, shape, and shape dis-
tribution has been achieved.?*¥2%°
Figure 6a is an electron tomography
reconstruction of a single octapod.
In this case, the experimental obser-
vations of the possible organiza-
tional pathways preceded the
theory and, furthermore, provided a
benchmark for testing existing and
new computational tools on self-as-
sembly. Miszta et al., for example,
found that when octapods aggre-
gate in the solution phase they
self-organize first into linear chains
of NCs.2°° This is shown in Figure 6b,
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which reports a tomographic re-
construction of a chain. This type of
organization is driven by the max-
imization of van der Waals interac-
tions between neighboring octapods
when they are in a so-called “inter-
locked configuration”, that is, when
neighboring octapods are rotated
by 90° with respect to each other,
as shown in the yellow sketch of
Figure 6b (simple geometrical con-
siderations show that this configura-
tion maximizes the contact area
between octapods). Under appropri-
ate solvent conditions, chains of
interlocked octapods can reach up
to several tens of particles, and these
chains then interact with each other
side-by-side, leading to the forma-
tion of ordered three-dimensional
(3D) superstructures of octapods
(Figure 6¢). This type of assembly is
therefore hierarchical: first, one type
of ordered unit is formed (a chain
of particles); at a second stage,
such linear units self-organize to
form 3D structures. Modeling based
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on anisotropic van der Waals forces
between the particles was able to
reproduce the formation of chains
but failed to reproduce the chain—
chain interactions.?*° Electrical trans-
port experiments on such 3D-
ordered octapod assemblies showed
that their regular structure results in
cold-field-emission-dominated pho-
toconductivity.?>3

For objects as complex as octa-
pods, the experimental conditions
under which their aggregation is
triggered are extremely critical in
dictating a specific assembly path-
way. An interesting case study was
reported by Qi et al.,*** who ex-
plored the dynamics of the assem-
bly of octapods that are constrained
to move on a surface (and are there-
fore in a 2D space) with four of their
eight pod tips forced to touch the
surface at all times. This can be
experimentally realized by deposit-
ing a solution of octapods and let-
ting the solvent evaporate quickly
so that not all octapods have time to
interlock into chains, leaving many
octapods as individual particles at
the last stages of solvent evapora-
tion. As they are not entirely free to
rotate in 3D, these individual octa-
pods end up forming square super-
lattices of the kind displayed in
Figure 6d (see also inset). In this
particular type of quasi-2D system,
it was possible to model the com-
plete phase diagram in the 2D pa-
rameter space of volume fraction
of octapods and aspect ratio of
their pods, in very good agreement
with the experiments.?>*

Several advances have
been made recently in
the understanding and
experimental
realization of ordered
superstructures of
nonspherical, but well-
defined polyhedral NPs.

KOVALENKO ET AL

Based on calculations, two con-
figurations of neighboring octapods
are found to be low energy:**° one is
the interlocked case discussed ear-
lier and sketched in Figure 6d, and
the other configuration is sketched
in the top left inset of Figure 6e.
In this latter case, the particles are
spatially organized such that two
of their respective pods are parallel
to each other. Assemblies based
on this configuration, which result
in an open framework of the type
displayed in the central inset of
Figure 6e, have not thus far been
realized in the solution phase. This is
most likely because the interlocked
configuration is more favorable
over the parallel pod—pod one,
and therefore, the octapods quickly
form chains. Recently, however,
Arciniegas et al.?*? experimentally
prepared a 2D version of such an
open type of assembly, at least lo-
cally (see Figure 6e and its top left
inset). This was done by depositing
a droplet of a solution containing
both octapods and poly(methyl
methacrylate) on a substrate and
again letting the solvent evaporate
quickly. During solvent evaporation,
the octapods were dragged at the
droplet—air interface and remained
there, partially immersed in the lig-
uid and partially protruding from it.
In this situation, the octapods ap-
peared to have a degree of rota-
tional freedom. Since the particles
were neither completely inside the
liquid nor completely out of it,
neighboring octapods seemed not
to prefer to interlock, but instead,
they adopted the parallel pod-to-
pod configuration.?*?

Octapods are perhaps one of the
most revealing examples of how
objects of complex shapes can be
strongly influenced by their local
environment to choose a specific
organization pathway. In the future,
much higher levels of complexity
and functionality in self-assembled
nanomaterials are likely to be
achieved as we learn how to com-
bine different objects having com-
plex yet complementary shapes.
This field is truly in its infancy. One
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beautiful example in this direction
was recently given by Paik and
Murray,*>> who prepared binary
superlattices of particles having
shapes that interlock with each
other like in a puzzle. These were
planar tripodal NPs of Gd,03 shape
and rhombohedral GdF; platelets.
The complementarity in the shapes
enabled their organization into
ordered superstructures, with both
control over position and orienta-
tion of the two types of particles
over micrometer scales.

Octapods are perhaps
one of the most
revealing examples of
how objects of complex
shapes can be strongly
influenced by their local
environment to choose
a specific organization

pathway.

Converting Superlattices into Two-
Dimensional Honeycomb Crystals. By
evaporating a solution of PbSe
NCs capped with oleic acid over
a liquid ethylene glycol surface,
Vanmaekelbergh et al. formed an
ordered 2D superlattice. Further,
by the action of gentle heating, the
PbSe cores fused into a honeycomb
architecture (Figure 7). Elec-
tron microscopy, combined with
grazing-incidence SAXS and STEM,
revealed that the NCs attach via the
(100) facets into a honeycomb struc-
ture with octahedral symmetry,
despite the fact that two other
honeycomb symmetries are also
possible (tetrahedral and trigonal).
The honeycomb superlattices are
atomically coherent and have octa-
hedral symmetry that is buckled; the
NCs occupy two parallel planes,
leading to a silicene-like lattice. Tak-
ing into account recent computer
simulations using density functional
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Figure 7. Single-crystalline two-dimensional PbSe honeycomb structure created by means of oriented attachment during self-
assembly. (a) HAADF-STEM image, with PbSe being the bright part. The equilateral triangle shows the long-range ordering of
the structure. (b) High-resolution HAADF-STEM image, showing that the (111) nanocrystal axes are perpendicular to the
honeycomb plane, and three of the (110) axes are perpendicular to the NC bonds. (Inset) Zoomed-in image on the atomic
columns indicated by the blue box. (c) Electron diffraction pattern showing the high degree of crystallinity. The transmission
electron microscopy image in the background shows the area on which the electron diffraction pattern was recorded. The red
line and the inset show the orientation of the diffraction spots with respect to the honeycomb structure, confirming that the
(110) axes are perpendicular to the NC bonds. (d) Model of the honeycomb structure (top and side view), with truncated cubes
as NCs. The two inequivalent sites in the honeycomb lattice are indicated by yellow/red and blue/green NCs. Rectangles
(orange and light green) represent (110) facets; triangles (red and dark green) represent (111) facets, and squares (yellow, blue)
represent (100) facets. Reprinted with permission from ref 256. Copyright 2014 American Association for the Advancement of

Science.

theory by Zherebetskyy et al. for
ligand-capped PbS NCs,**” Boles
and Talapin explained the preferred
attachment via (100) facets:>*® the
binding energy of oleic acid to the
(100) facet is too low to keep surfac-
tant molecules in place for a long
time. Binding of oleate/hydroxyl
pairs to the (111) surface is much
stronger. Surfactants are less likely
to desorb from a (111) surface than
from a (001) surface by a factor of
~106. The rather fast ligand desorp-
tion is assisted by the ethylene gly-
col, used as a liquid substrate for 2D
assembly by Vanmaekelbergh et al.
Once the (100) facets are bare, they
also become reactive, causing fast
oriented attachment. Considerable
necking and large-scale atomic
motion occurred during the or-
iented attachment process, leading
to 2D single crystals with hexagonal
arrangements of holes (honey-
combs). Such a lattice is a mesoscale
analogue of atomic graphene or
MoS, sheets. These structures are
also remarkably robust: Pb ions can
be replaced with Cd ions, retaining
the integrity of the selenium sublat-
tice and the overall structure. It has
been predicted that honeycomb
semiconductors of zinc blende com-
pounds (such as CdSe) will show a
truly new electronic band structure,
with a valence hole Dirac band and
one or two conduction electron

KOVALENKO ET AL.

Dirac bands combined with strong
spin—orbit coupling.?*®

Nanocrystal-Derived Thermoelectrics.
Due to the importance of grain
boundaries for attaining low ther-
mal conductivities, colloidal NCs are
particularly well-suited as solution-
processable thermoelectric materials.
The performance of a thermoelectric
material depends on its Seebeck
coefficient (S), electrical conductivity
(0), and thermal conductivity (x) and
is measured by means of a dimen-
sionless figure of merit, defined as
ZT = 05%T/k, where T is the absolute
temperature. Nanomaterials and, par-
ticularly, nanocomposites provide
several mechanisms to enhance
ZT 260728 First, phonon scattering
at grain boundaries and at the
interface between two acoustically
mismatched phases significantly de-
creases thermal conductivity. Second,
selective scattering of low-energy
charge carriers at interfacial energy
barriers increases the average excess
energy per carrier and thus increases
the Seebeck coefficient. Preferential
scattering of the minority carriers
further increases the Seebeck co-
efficient. At the same time, inter-
face scattering also reduces the elec-
tronic and bipolar contributions to
the thermal conductivity, potentially
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accounting for a significant reduc-
tion in the total thermal conduc-
tivity.25%2%° Third, the sharply peaked
electronic density of states in
quantum-confined materials may
also result in higher Seebeck co-
efficients®”® and in lower electronic
contributions to thermal conductiv-
ity, well below those predicted by the
Wiedemann—Franz law.?” "2

Clear evidence of the advantages
of nanostructured materials for ther-
moelectricity was obtained by va-
cuum-based thin-film technologies,
which are neither particularly cost-
effective nor suitable for large-scale
production or for those applications
that require bulk materials.?’3%74
Alternative cost-effective bulk com-
posites?®*?” are produced by ther-
mal processing of metastable solid
solutions,?”%?”” consolidation using
spark plasma sintering or hot press-
ing of nanopowders obtained by
hydrothermal and solvothermal
routes,?’® or mechanical milling.?”®
None of these processes allow accu-
rate control of the sizes and shapes
of the nanocrystalline domains.
Colloidal NCs allow combining the
best of the two worlds—control
over composition, interfaces, and
distribution of phases at the nano-
meter scale of vacuum-based tech-
nologies with the capacity to pro-
duce cost-effective materials in bulk
form.?® Either mechanical mixtures
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Figure 8. Thermoelectric nanocomposites from the bottom-up assembly of colloidal nanocrystals. (a) Scheme of the
nanocomposite preparation from the bottom-up assembly of core—shell nanoparticles. (b) Transmission electron microscopy
and high-resolution transmission electron microscopy image and crystallographic color maps of (PbTe), ;s@(PbS), 7, core—
shell NPs. (c) Thermoelectric figure of merit of (PbTe); _,(PbS), nanocomposites obtained from hot pressing (PbTe),_,@(PbS),
core—shell NCs. Reproduced from ref 282. Copyright 2013 American Chemical Society.

or controlled assemblies of single-
phase NCs or heterostructured NCs
can be used to produce bulk nano-
composites with well-defined distri-
bution of phases (Figure 8).28' 284
Furthermore, colloidal NCs are espe-
cially well-suited for producing con-
formable thermoelectric devices
capable of fine temperature adjust-
ments and for harvesting small
amounts of energy.

One major challenge for NC-
derived thermoelectrics is the re-
moval of the native organic ligands.
In this regard, inorganic ligands
such as the MCCs discussed above
are highly promising, as they can
be applied via low-temperature
ligand-exchange reactions, thus
eliminating thermal pyrolysis of
organic ligands at high tempera-
tures 2272382847292 Another chal-
lenge is fine-tuning of the elec-
tronic properties of the resulting
NC solids, in particular, the doping
level, carrier mobility, and type of
majority carriers.?®> Different stra-
tegies have been proposed, includ-
ing the introduction of external
dopants in the precursor solu-
tion,?* postsynthesis diffusion and
zion-exchange doping and con-
trol of composition in multinary
NCS’73,77,78,94,95,295,296 or mixing of
several kinds of NCs followed by
thermal densification.??”-2%8
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Another challenge to overcome
in order to take full advantage of NC-
based nanocomposites is maintain-
ing the integrity (composition,
size, and shape) of the NCs in the
final nanocomposites after film de-
position/bulk nanomaterial consoli-
dation. Addressing this challenge
involves minimizing the tempera-
ture and duration of thermal treat-
ments by using efficient ligand-
exchange processes. Operation tem-
peratures should also be reduced
to ensure long-term stability as one
main advantage of thermoelectric
solid-state conversion devices. To
this end, those materials that have
their efficiency peak at ambient
temperature, such as Bi—Sb—Se—Te
alloys, have been the focus of
research.?®~3%2 These are also the
materials that are the most promis-
ing for applications. The coating of
the NCs with ion diffusion blocking
layers could also help to prevent
crystal growth. In this sense, the
production of nanocomposites with
dissimilar ionic mobilities could al-
low adjustments of the crystallinity
of each component in the nano-
composites, with different regions
providing different functionality.
As an example, most efficient bulk
nanostructured materials are made
by a host material, in which charge
carriers flow with high mobility,
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containing nanocrystalline inclu-
sions that inject charge to the host,
scatter phonons, and filter low-
energy and minority charge carriers.
Such nanocomposites can be ob-
tained by mixing NPs made of
low-melting-point materials with
NPs made of low-diffusivity ions
and using rapid crystallization pro-
cesses to prevent phase segregation.

Another challenge of bottom-up
assembly techniques is producing
textured nanomaterials. Several of
the best thermoelectric materials
are highly anisotropic with proper-
ties that are strongly dependent
on the crystallographic orientation.
Therefore, preferential alignment of
the crystals along favorable trans-
port directions is necessary.3° This
requirement calls for anisotropic
nanostructures and/or for the con-
solidation of the material within a
magnetic or electric field.

Finally, the selection of the ap-
propriate material system, compo-
nent distribution, and impurities is
crucial. The high versatility of colloi-
dal synthesis routes should allow
the production of almost any nano-
composite, even those beyond
the reach of other technologies.
While nanocomposites with reported
high efficiencies are an excellent re-
ference beyond these systems, versa-
tility and particularities of bottom-up
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Figure 9. Transmission electron microscopy image of colloidally synthesized ~10 nm Sb nanocrystals; rate capability tests of
anodes containing Sb NCs in Li ion and Na ion half-cells (1C = 0.66 A g™, 64% of active material). Reproduced from ref 316.
Copyright 2014 American Chemical Society.

methods may be able to produce
novel high-performance nano-
composites not previously tested.
Although the reduction of thermal
conductivity is a tempting easy-to-
reach goal for bottom-up assembled
nanomaterials, in order to produce
the high-performance nanomater-
ials that are needed for thermoelec-
tric devices to have a high economic
and social impact, an overall im-
provement of the thermoelectric
parameters is required, including
electrical conductivities in the 10°
Sm~' range and Seebeck coeffi-
cients above 200 uV/K.

Highly Uniform Colloidal Nanocrystals in
Battery Research. The benefits of pre-
cise NC engineering were recently
recognized in the field of recharge-
able Li ion batteries and for the
emerging conceptually identical
Na ion technology.2®*~3® |n recent
years, the search for new electrode
materials with higher charge storage
capacity (e.g., greater number of Li
ions stored per unit mass or unit
volume) has undergone a drastic
shift toward nanomaterials. Due to
the short internal diffusion paths,
nanoscale materials are far less
limited by their ionic or electronic
conductivities than are their bulk
counterparts. Nanoscopic particles
can also withstand much greater
mechanical deformation caused by
large (100—300%) volumetric changes
during charge/discharge cycling,
observed in high-energy-density an-
ode materials based on Si, Sn, Sb,
and Ge. Overall, nanostructuring
significantly enlarges the variety of
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inorganic compounds that can be
utilized as Li and Na ion storage
media.

Uniform NCs as electrode mate-
rials provide better understood
structure—property  relationships,
especially when it comes to resol-
ving the NC size effect on electro-
chemical performance. As an ex-
ample, it has recently been shown
that Sn and Sb NCs exhibit very
different size effects on cycling sta-
bility.3'>~3'” While the performance
of Sn NCs is strongly size-dependent
and may be satisfactory only at
sizes of 10 nm or below, Sb NCs
exhibit stable and near-theoretical
capacity as long as their size is in the
20—100 nm range and, surprisingly,
display significantly decreased ca-
pacities for particles smaller than
20 nm (Figure 9). Antimony is a
viable alternative to Sn cost-wise
and had been much less explored
than Sn, Ge, and Si. Antimony's
theoretical specific capacity (660
mAh g~ for conversion to LisSh)
is lower than that for Si and Sn,
but the volumetric capacities are
very similar (1890 mAh cm™ for
Sb, 2200 mAh cm™ for Si, and
2000 mAh cm ™3 for Sn). All three
elements exhibit theoretical ca-
pacities much higher than that of
commercially employed graphite
(372 and 843 mAh cm3)>"®

Perhaps the most important fea-
ture of Sb is that insertion of Na ions
into Sb is just as efficient and as fast
as for Liions.>'® Furthermore, excep-
tional rate capability and 80—85%
retention of the initial capacity
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(580—640 mAh g' at 0.5—1C)
when cycled with a current density
of 13.2 A g~ ' (20C rate, Figure 9)
were observed for both ions3'®
This makes nanoscale Sb the best-
performing Na ion anode material
identified thus far and comparable
to the fastest Li ion intercalation
materials such as graphite*?® and
lithium titanates.3?’

Metal Oxide Nanocrystals for Designing
Electrochromic Windows. As discussed
above, the past few years have seen
rapid progress in the development
of synthetic protocols for doped
metal oxide NCs*?>323 that can ex-
hibit plasmon resonance phenom-
ena in the near- and mid-infrared
spectral ranges (Figure 10a).3%*
Distinct from metal NPs, the compo-
sition of these new particles can
be synthetically varied to tune the
wavelength of their LSPR. The latter
is controlled via the carrier con-
centration, which is controlled by
aliovalent substitutional doping in
transparent conducting oxides, such
as indium tin oxide (ITO), indium
cadmium oxide (ICO), or aluminum
zinc oxide (AZO). Several oxides,
such as anatase titanium dioxide or
tungsten oxide, can also be “self”-
doped, by formation of oxygen
vacancies.?*>3%® Recent investiga-
tions have found that, analogous
to metal NPs, metal oxides also show
shape-dependent LSPR spectra;**"3?®
highly uniform ICO NCs (e.g., with
octahedral and spherical NCs) even
show infrared LSPRs with quality
factors comparable to that of metal-
lic NPs in the visible spectra region.
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Figure 10. (a) Extinction spectra of various doped oxide nanocrystals demonstrating the synthetic tunability of their localized
surface plasmon resonances. (i,ii) Tin-doped indium oxide, (iii,iv) indium-doped cadmium oxide, and (v,vi) aluminum-doped
zinc oxide with different doping levels are shown. Reprinted from ref 324. Copyright 2014 American Chemical Society. (b)
Dynamic modulation of near-infrared and visible light transmittance by an ITO-in-niobia nanocomposite film under applied
electrochemical potential. Reprinted from ref 332. Copyright 2013 American Chemical Society.

Further, the metal oxide NPs' LSPRs
also exhibit nuances that are unique
to semiconductor plasmonic parti-
cles, in which the LSPR also depends
on the radial dopant distribution.3%°
This effect was shown for ITO NCs,
where the segregation of tin near
the NP's surface results in symmetric
line shapes that suggest weak or no
damping of the plasmon by ionized
impurities, whereas uniformly doped
NPs exhibit strongly asymmetric
resonances.

Beyond synthetic tunability,
an exciting opportunity lies in the
responsive nature of plasmonic
resonances in doped oxide NCs. As
they exchange electrons with their
environment, the plasma frequency
shifts and the LSPR intensity is
strongly modulated. The chemical
stability of metal oxides enables
the dynamic modulation of the LSPR
in films of NCs through electro-
chemical doping.**°*3! In ITO NPs,
for example, dynamic shifts by
>1200 nm were obtained by electro-
chemically controlling the NPs' car-
rier concentration by almost a factor
of 3. By embedding plasmonic
ITO NCs in an amorphous niobium
oxide matrix,*®> nanocomposites
were created that can dynamically
control near-infrared and visible
light transmittance independently
as a function of the applied electro-
chemical voltage (Figure 10b).>**
Coatings of these nanocomposites
switch progressively between three
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optical states: fully transparent, se-
lectively near-infrared blocking, and
broad-band blocking of visible
and infrared light. It should also be
noted that the modest visible light
modulation in the pure material of
the amorphous matrix, the NbOx,
was increased by a factor of 5 by
the incorporation of the NCs into the
glass composite, with an optimal NC
content of about 40%. This enhance-
ment of the optical contrast in the
visible spectral region was attribu-
ted to structural reconstruction of
the NbO, matrix, as a consequence
of the covalent linkage to the em-
bedded NCs. This high electro-
chromic response of the NC—glass
nanocomposite could enable en-
ergy-saving “smart” windows that
uniquely manage thermal loads
and daylighting in buildings, cars,
aircrafts, ships, and so on. The re-
sponsive nature of metal oxide NC
plasmons will undoubtedly find ad-
ditional applications in the near
future. For instance, these NCs could
be deployed in biological environ-
ments to sense and mediate redox
events.

Building Nanocrystal-Based Electronics.
Colloidal semiconductor NCs intro-
duce a new, solution-based material
class from which solid-state elec-
tronic materials can be assembled.
These assembled NC solids provide
a playground to probe the collective
interactions that give rise to charge
transport in solid-state materials

and a route to design n-type and
p-type semiconductors for integra-
tion in low-cost, large-area elec-
tronic, optoelectronic, and thermo-
electric devices. Charge transport in
semiconductor NC solids has ad-
vanced from early foundational
measurements of dark and photo-
conductivity, using solid-state and
electrochemical  platforms.333-33°
Today, high-mobility, high-conduc-
tivity charge transport has been re-
ported with electron mobilities of
>10 cm?/Vs and hole mobilities of
>1 cm®/Vs in 11-V],24933¢ )y, 37
and IV—VI?3933833% semjconductor
NC solids, using electrical measure-
ments in the field-effect transi-
stor?39240336337 (Figyre 11) and
Hall geometries*?’>*° and in time-
resolved microwave conductivity
measurements. >3

This high-mobility charge trans-
port has been achieved by (i) taking
advantage of the synthesis of mono-
disperse  NC building blocks to
reduce site-to-site energy disper-
sion; (ii) strong electronic coupling,
through exchange of the ligands
used in synthesis with the compact
ligand chemistries described above;
and (iii) doping and passivation at
the NC surface, by introducing ex-
trinsic atoms (e.g., indium in CdSe
NC solids),*%33% additional atoms to
shift the NC stoichiometry (e.g., ex-
cess metal or chalcogen in [I-VI and
IV—VI solids),33%3*' —3** ligands (e.g.,
halides),>*>3% and oxide layers (e.g.,
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Figure 11. (a) Schematic and (b) transfer characteristics in the linear and saturation
regimes of a thiocyanate-exchanged, solution-deposited, CdSe nanocrystal tran-
sistor fabricated on a flexible Kapton substrate. (c) Photograph and (d) output
characteristics of five-stage, CdSe NC-integrated circuit ring oscillator. Reprinted
with permission from ref 350. Copyright 2012 Nature Publishing Group.

Al,03)%%3* either during or post-
synthesis and using solution and
physical vapor deposition methods.
The combination of strong coupling,
doping, and passivation enables
control over the carrier type, con-
centration, and mobility; the trap
density and energy; and, therefore,
the Fermi energy in NC solids, which
isimportant for device design. There
are still remaining opportunities to
improve charge transport in NC so-
lids. For example, while there is
early evidence of small domains of
ordering in lead chalcogenide NC
solids, long-range order promises
improved charge transport by
overcoming Anderson localiza-
tion.3#23% The most stable, high-
mobility NC solids are realized for
metal-rich and halide-passivated
NC surfaces that yield n-type NC
solids. Development of comparable
p-doped materials is important to
improve the performance of NC-
based devices, most notably to fab-
ricate p—n junctions or complemen-
tary metal oxide semiconductor
(CMOS) circuits with balanced elec-
tron and hole transport.

These high-mobility semiconduc-
tor NC solids have been incorporated
into electronic and optoelectronic
devices. The noncorrosive, low-
temperature processing used to
form high-mobility NC solids has en-
abled their fabrication on flexible

KOVALENKO ET AL.

plastics.3*® For example, Figure 11a,
b shows the device schematic and
transfer characteristics of an n-type
CdSe NC field-effect transistor con-
structed on flexible Kapton sub-
strates.3*° This device geometry has
been scaled to enable device opera-
tion at low voltages. These flexible
NC FETs have been integrated
into circuitry by fabricating vertical
interconnect access holes to connect
device terminals and construct
n-type metal oxide semiconductor
field-effect transistor (MOSFET) ana-
logues and digital NC-based electro-
nics. Figure 11c,d shows a photo-
graph and output characteristics of
a five-stage, NC-integrated circuit
ring oscillator, composed of 10 tran-
sistors to form the oscillator and two
additional transistors that serve as a
buffer. Al NC FETs across the 2 cm x
6 cm substrate have similar device
parameters to enable their opera-
tion in concert as a ring oscillator.
Recent demonstrations of NC device
fabrication using common clean-
room techniques®' allow the device
dimensions to be scaled down and
suggest that future large-area, com-
plex, higher bandwidth, and higher
speed analog and digital NC-based
circuits are feasible. Encapsula-
tion of NC devices by atomic layer
deposition improves the device per-
formance, which is important for cir-
cuitry and enables device operation
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in ambient air.2*>3>! Nanocrystals are
emerging as a promising material
class for low-cost, large-area, and
flexible electronic circuitry. Opportu-
nities to improve circuit speed, to
decrease power, and to decrease
noise may be realized through ad-
vances in material, device, and circuit
design, fabrication, and characteriza-
tion. Furthermore, it was recently
found that, when films of surfactant-
coated NCs are irradiated with
an electron beam or with X-rays,
they become inert toward cation
exchange.3*? Initial studies have indi-
cated that irradiation cross-links the
ligands at the surface of the NCs to
the extent that a cross-linked ligand
shell creates a barrier to the flow of
ions to/from the NCs. This enables the
patterning of NC films into chemically
different components with different
physical properties by locally (that is,
in the irradiated regions) inhibiting
cation exchange. This “masked”
cation exchange process can, in
principle, be employed to fabricate
electrical circuits in NC films with no
alteration of their initial morphology.

Nanocrystals are
emerging as a promising
material class for low-
cost, large-area, and
flexible electronic

circuitry.

Nanocrystal Quantum Dots with Engi-
neered Interfaces for Light-Emitting
Diodes. The improvement in lighting
efficiency is an important element of
today's energy-saving strategies.
One approach toward more efficient
lighting involves the use of LEDs
where electric current is directly
converted into a stream of photons.
Chemically synthesized QDs have
emerged as a new promising class
of materials for low-cost yet efficient
LEDs.>>*>* Quantum dot LEDs have
advanced tremendously over the past
two decades, evolving from proof-of-
principle polymer—QD structures®*
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(a) Inverted LED comprising an active layer of engineered QDs contacted by

electron (bottom) and hole (top) transport/injection layers. The bottom contact is based on zinc oxide (ZnO) nanoparticles
deposited onto indium tin oxide; the top contact is based on 4,4'-bis(N-carbazolyl)-1,1’-biphenyl on aluminum capped with
molybdenum oxide. (b) Energy band diagram of the inverted QD-LED with an active emitting layer based on CdSe/CdSe,S; ,/
CdS QDs with an alloyed interface. (c) External quantum efficiency (EQE) versus current density for two QD-LEDs: one
employing CdSe/CdS QDs with an abrupt interface (black diamonds) and the other, CdSe/CdSe,S;_,/CdS QDs (x is ca. 0.5), with
an alloyed interface (red circles). Both samples have the same CdSe core radius (r = 1.5 nm) and the same total radius (R =7 nm);
the thickness of the CdSe,S;_, alloy layer is 1.5 nm. (d) EQE versus current density of QD-LEDs with CdSe/CdS QDs (r = 1.5 nm
and R = 3.5 nm; lower inset and the trace shown by black triangles) and CdSe/CdS/Zn 5Cdo sS QDs (r = 1.5 nm, R = 3.5 nm, and
the Zn, 5Cd, sS layer thickness is 1.5 nm; top inset and the trace shown by red circles). Vertical dashed lines indicate EQE roll-off
onsets defined as the current density for which EQE drops by one-half (J;,2eqe). Reprinted with permission from ref 361.

Copyright 2013 Nature Publishing Group.

to modern devices employing direct
charge injection from finely tuned
electron and hole transport
layers. 337255735 Qutstanding chal-
lenges in the field of QD-LEDs are
associated with still insufficient
long-term stability of devices and
efficiency losses at high currents (so-
called, efficiency roll-off or droop).
There is ample evidence that re-
versible degradation of the LED effi-
ciency at high currents originates
from nonradiative Auger recombi-
nation, whereby the electron—hole
recombination energy is not re-
leased as a photon but instead dis-
sipates as kinetic energy of the extra
carrier.2**73%' For example, recent
studies of inverted LEDs (Figure
12a,b) demonstrate the propensity
of these devices to generate excess
electrons in the emitting layer.>®" As
a result, a significant contribution to
emission is provided by negatively
charged excitons (that is, negative
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trions) that are subject to fast Auger
recombination.3%~3%4 Recently, two
approaches have been proposed
to mitigate this problem.3¢'3%° The
first approach involves the use of
thick-shell CdSe/CdS QDs with an
intermediate CdSe,S,_, alloy layer
at the core—shell interface, which
helps to suppress Auger recombina-
tion and thus to increase the emis-
sion efficiency of charged species
(Figure 12c). As indicated by theore-
tical modeling®®® as well as experi-
mental spectroscopic studies,*®”
this effect is linked to “smoothing”
of the confinement potential, which
reduces the matrix element of a
nonradiative intraband transition in-
volved in Auger decay. In the second
approach, the conduction band
edge of a QD is raised using an
additional layer of a higher band
gap Zn,Cd,_,S alloy (Figure 12d).
This enables one to impede electron
injection moderately and thus to
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improve the charge-injection bal-
ance within the QD active layer.
Use of either of these strategies en-
hances peak emission efficiency
(EQE up to 1.8% for the first ap-
proach and 7.5% for the second)
and also significantly increases the
threshold current of efficiency roll-
off (Figure 12¢,d).3®" These studies
demonstrate a large promise of in-
terface engineering for optimizing
QD performance in LEDs by redu-
cing nonradiative losses associated
with Auger recombination. At the
same time, for practical applications,
the lessons learned from I[1-VI
materials need to be translated to
cadmium-free NCs.

Nanocrystal Lasing. Due to high,
near-unity emission efficiencies and
size-dependent emission wavelengths,
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NCs are attractive materials for the
realization of highly flexible, solu-
tion-processed lasing media. Para-
doxically, despite their favorable
light-emitting properties, NCs are
difficult to use in optical amplifica-
tion. Because of nearly exact
balance between absorption and
stimulated emission in NCs excited
with single electron—hole pairs
(single excitons), the condition for
optical amplification can only be
achieved by exciting two excitons
(that is, biexcitons) in at least a frac-
tion of the NCs in the ensemble.*®®
The resulting complication is as-
sociated with nonradiative Auger
recombination, which leads to fast
optical gain decay. In this process,
instead of being emitted as a
photon, the electron—hole pair re-
combination energy is transferred
to a third carrier (an electron or
a hole) on extremely short time
scales of tens to hundreds of
picoseconds.3¢°37°

To resolve the problem of Auger
recombination, the first success-
ful demonstration of amplified
spontaneous emission (ASE) from
the NCs utilized a short-pulse laser
as an excitation source and a dense
close-packed NC solid as a gain
medium.*®® Ultrafast charge carrier
injection was essential for avoiding
population losses during the pump-
ing stage, while a high density of NC
emitters allowed for a fast buildup
of ASE, which could compete with
Auger decay. After the elucidation of
the principal mechanism for optical
gain decay, additional progress in
NC lasing has been associated with
the development of structures with
suppressed Auger recombination
(e.g, nanorods,”'37?  thick-shell
CdSe/CdS NCs [“giant” quantum
dots],*”® or dot-in-rod NCs*’%) and
exploration of novel lasing con-
cepts such as “single-exciton”
gain realized in NCs with strong
exciton—exciton  repulsion.3”>~377
The principles of single-exciton gain,
originally introduced in ref 375,
were implemented practically in ref
378 using type-ll CdS/ZnSe NCs.
These structures enabled strong
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exciton—exciton repulsion (on the
order of 100 meV), which produced
transient displacement of a band-
edge absorbing transition away from
the emission line in the case when a
single exciton was injected into a NC.
As a result, population inversion
could be realized with single exci-
tons without complications asso-
ciated with Auger recombination.
Several recent efforts have fo-
cused on the structures with sup-
pressed Auger recombination. An
interesting development in this area
has come from the exploitation of
CdSe/CdS dot-in-rod NCs, in which
the localization of holes in the CdSe
core and the substantial delocaliza-
tion of electrons throughout the
whole NC creates a quasi-type-Il
system,®”” which leads to a consid-
erable decrease in the Auger recom-
bination rate®’® and, as a result,
facilitates ASE. Furthermore, engi-
neering of the CdSe core and of
the CdS shell in these NCs allows
one to realize ASE from either the
core, the shell, or both,3”4 and the
strong confinement of both elec-
trons and holes within the inorganic
core leads to an enhanced tempera-
ture stability of the ASE threshold, a
signature of true QD ASE/lasing.>*®
The integration of these NCs into
microresonators, for example, via
the deposition of films of NCs onto
silica microspheres®®° or the crea-
tion of coffee-stain rings of close-
packed NC multilayers by self-
assembly*®"382 has recently paved
the way to new concepts of NC-
based lasers. Novel prototype lasing
devices have recently been fabri-
cated with other types of core—shell
NCs (e.g., CdZnS/ZnS).>®
Interesting opportunities in the
field of NC lasing are associated
with the use of 2D nanostructures
(nanosheets and nanoplatelets) that
have been under active develop-
ment during the last 2—3 years.
Especially in the case of CdSe, much
work has been done to optimize the
fabrication of core (i.e., “CdSe” only)
and core—shell architectures. 384387
The interest in these materials stems
from the fact that they can be

considered as the colloidal
logues of epitaxial quantum wells:
excitons are strongly confined in
one dimension, while the in-plane
confinement is much weaker.3®
Apart from interesting effects ob-
served in CdSe nanoplatelets, like
narrow emission line widths, high
fluorescence quantum yields, and
ultrafast fluorescence lifetimes, one
key aspect distinguishes them from
the corresponding CdSe quantum
dots (0D) and quantum rods/wires
(1D): the quantization of levels only
in one direction imposes stricter re-
strictions on momentum conserva-
tion and therefore results in a lower
rate of Auger recombination. CdSe
and CdSe/CdS nanoplatelets thus
represent interesting candidates
for the realization of low-threshold
(potentially, lower than for quantum
dots and rods) ASE and lasing. 38939
A significant promise of these mate-
rials for lasing applications has been
indicated by the recent demonstra-
tion of continuous-wave stimulated
emission and lasing using close-
packed films of colloidal CdSe
nanoplatelets3’

Carbon-Based Nanoparticles for Light-
Emitting Devices. Carbon-based dots
(CDs)*?? have emerged as an active
area of research due to their broad-
band optical absorption, strong
photoluminescence, low toxicity,
and high chemical stability. Recently,
great progress has been made in the
large-scale preparation of CDs by
methods such as electrochemical
oxidation processes, hydrothermal
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Figure 13. (a) Absorption and photoluminescence (340 nm excitation wavelength) spectra of carbon-based dots and a TEM/
HRTEM image of CDs. Reprinted from ref 399. Copyright 2013 American Chemical Society. (b) Schematic illustration of the
preparation of the CD ionogel using organosilane-functionalized CDs (Si-CDs) through sol—gel processing in the presence of
ionic liquid 1-(3-carboxypropyl)-3-butylimidazolium bromide. (c) Schematic illustration of the light propagation through the
increasingly thicker layers of the CD ionogel, resulting in the different emission color as a consequence of multiple light
reabsorption and the subsequent emission steps. Reprinted from ref 398. Copyright 2014 American Chemical Society. (d)
Current density and brightness of the CD light-emitting diodes (structure shown in inset) emitting blue, cyan, magenta, and
white light, with the corresponding electroluminescence (EL) spectra. Reprinted from ref 399. Copyright 2013 American
Chemical Society. (e) EL spectra of a white LED fabricated from a mixture of blue-emitting CDs and green and red emitting zinc
copper indium sulfide quantum dots, with the corresponding color triangle and a white LED photograph. Reprinted with
permission from ref 400. Copyright 2014 AIP Publishing LLC.
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scission strategies, chemical oxida-
tion methods, and carbonizing or-
ganic precursor syntheses. These
low-cost, mild, and green synthetic
methods have also served as a plat-
form for further manipulation of
their properties, enabling custo-
mized design of novel functional
materials. Reported by Sun et al. in
2006,°% these fluorophores com-
bine several attributes of traditional
semiconductor QDs such as tunable
luminescence emission and high re-
sistance to photobleaching without
incurring the burden of intrinsic
toxicity or being hostage to elemen-
tal scarcity. In recent years, CDs have
been demonstrated to possess high
(up to 60—80%) emission quantum
yields***3%® in the blue spectral re-
gion (Figure 13a), making them
competitive in light-emitting perfor-
mance with QDs. Several reports
have shown that the efficient and
excitation-dependent photo- and
electroluminescence of CDs is pro-
mising in the fabrication of hybrid
LEDs and thus has potential applica-
tions for displays and solid-
state lighting.3*%3%7 It was recently
shown®?® how the surfaces of CDs
can be functionalized with organo-
silanes and incorporated into highly
flexible hybrid materials when com-
bined with ionic liquids within silica
gel networks to form CD ionogels
(Figure 13b) with properties that are
promising for the fabrication of flex-
ible displays and other optical tech-
nologies. The emission from such
CD ionogels can be tuned across a
large range of the CIE display gamut
as a result of the sequential multiple
light reabsorption and subsequent
emission, resulting in the thickness-
dependent red shift of the emitted
light (Figure 13c) and, thus, full-
color performance. Furthermore,
CD-based LEDs with driving-cur-
rent-controlled color change were
introduced.**® These devices consist
of a CD emissive layer sandwiched
between an organic hole transport
layer and an organic or inorganic
electron transport layer fabricated
by solution processing (Figure 13d).
By tuning the device structure
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and the injecting current density
(by changing the applied voltage),
multicolor emission of blue, cyan,
magenta, and white can be obtained
from the same CDs (Figure 13d).
By combining CDs that emit blue
light and zinc copper indium sulfide
QDs that emit in the green and
red regions of the electromagnetic
spectrum, white LEDs (Figure 13e)
with a high color-rendering index
of 93 have been realized.*®® These
examples highlight the promise
of CD-based composites with con-
trolled chromaticity photo- and elec-
troluminescence. Future compre-
hensive studies using ultrafast spec-
troscopy techniques, linked with
the synthetic design of the CD-
based hybrid materials at the nano-
meter scale, will help to elucidate
the mechanisms and kinetics of
charge transfer and recombina-
tion processes in such composites.
Material design of CD-based
LED devices and carefully engi-
neered LED device structures will
lead to optimized, efficient next-
generation color displays and so-
lid-state lighting.

Infrared Photodetectors—From Inter-
band to Intraband. The thermal infra-
red imaging ranges are the mid-
wave infrared (MWIR, 3—5 um) and
long-wave infrared (LWIR, 8—12 um).
Many current infrared devices are
based on bulk semiconductor or
nanostructured materials grown by
epitaxy and cost in excess of $50 000
for cameras, which leaves the door
open for disruptive technologies. In-
frared semiconductor devices use
interband transitions as well as all
possible manners of band gap en-
gineering including inter-sub-band
transitions with quantum wells or
intraband transitions with QDs and
type-ll structures.*”’ Epitaxial QDs
should have significant advantages
due to the expected slower carrier
relaxation compared to wells,**Z but
the epitaxial QD devices realized so
far have remained inferior to the
bulk technology.

Colloidal QDs show promise be-
cause they can be assembled as
close-packed solids and with narrow
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(5%) size dispersion. As discussed
above, they afford the possibility of
low-cost liquid processing at mod-
erate temperatures, a characteristic
shared with organic materials, but
with the possibility of sustaining
infrared electronic transitions. The
first step in exploring their potential
as infrared detectors or emitters is
therefore to develop colloidal QDs
with infrared electronic transitions.
These could be interband or intra-
band, as shown in Figure 14. Intra-
band transitions in CdSe were the
first instance of MWIR electronic
transitions in colloidal QDs.** How-
ever, the ultrafast excitonic relaxa-
tion*®* suggested ultrafast non-
radiative intraband relaxation. It is
now understood that, in the ab-
sence of a multicarrier mechanism
or without coupling to the vibra-
tional modes of the ligand shells,
slower intraband relaxation can be
obtained.*®> Another limitation was
that an intraband infrared photo-
response requires the precise filling
of intraband states, but controlled
doping in colloidal quantum dots
has remained difficult.**®

On the contrary, interband tran-
sitions require only an appropriate
band gap energy to begin, and the
past decade has seen much im-
provement in making colloidal QDs
with infrared interband transitions,
first using small gap lead salts*®”
such as PbSe*® (bulk gap of 0.3
eV) and then HgTe (0 eV gap).*?%*1°
In parallel, the conductivity im-
provement brought about by ligand
exchange after QD film formation®'
and the ohmic conductivity
achieved in such films enabled
efficient photoconductivity that
evolved from visible to near-IR
detection,*’*>™'® eventually into
the MWIR with HgTe*'” and recently
into the LWIR.*'® The development
of HgTe colloidal QDs now focuses
on improving the infrared detectiv-
ity through the device structure, the
material processing, and the emis-
sion properties, and it may well lead
to a disruptive IR technology.

Interest in intraband photocon-
duction was renewed in the past
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Figure 14. Possible schemes for obtaining infrared electronic absorption in single-
component colloidal quantum dots. The intraband scheme allows the use of wide
band gap semiconductors if they can be doped. They could then be transparent in
the visible and absorbing in the IR, which is potentially useful for enhanced vision.
The interband scheme relies on small gap semiconductors. One could also envision
core—shell nanocrystals of type-Il structures.
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Figure 15. Photocurrent of films of HgTe and n-HgSe colloidal quantum dots of
~15 and ~6 nm, respectively. The films are deposited on interdigitated electrodes
and treated in air with ethanedithiol. The measurements are done at 80 K. The
intraband photoresponse of n-HgSe just covers the midwave infrared. Reprinted
from ref 419. Copyright 2014 American Chemical Society.

year with the discovery of air-stable
n-doping of 5-HgS QDs.*?° Indeed,
f-HgS QDs exhibit a surface-tunable
occupation of the lowest 1S, con-
duction band state with a strong
absorption and weak luminescence
of the 1S.—1P,, intraband transition
in the MWIR. The same properties
were also observed for HgSe QDs,
which can be made with better size
control. As a result of the stable
doping, colloidal HgS and HgSe
QD intraband photodetectors have
recently been demonstrated in the
MWIR, and their best performance
is similar to the best interband de-
tectors at similar wavelengths.*'®
Figure 15 shows photocurrent spec-
tra taken with interband HgTe
and intraband HgSe. Both systems
show similar signal-to-noise ratios,
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but the intraband response is much
narrower, being restricted to the
1Se— 1P, transition. When other sys-
tems are successfully doped with
carriers, intraband devices may al-
low the use of wider gap semicon-
ductors for infrared applications,
such as using n-ZnO or n-CdS. Using
either interband or intraband transi-
tions, colloidal QDs have interesting
infrared properties for infrared
detection or emission. The n-HgSe
QDs' intraband photodetector is
also conceptually significant since
it is the first instance of using the
intraband transitions of a colloidal
semiconductor structure, and one
can now add the intraband transitions
to the range of colloidal QD design.
Hybrid Two- and Zero-Dimensional
Quantum Dot Photodetectors. Colloidal
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QD photodetectors have seen tre-
mendous progress over the past
decade and have emerged as a
novel sensing platform for high sen-
sitivity, low-cost photodetectors,
whose spectral coverage can readily
extend from the UV to the short-
wave and mid-IR spectrum.#421—424
Photoconductive detectors*'***" and
photodiodes*”® based on QDs
have both been reported, showing
distinct exciting features: photo-
diodes are detectors with fast re-
sponse (determined by the transit
time of carriers) and responsivity that
cannot exceed the 100% quantum
efficiency limit; on the other hand,
photoconductive  detectors have
shown significant photoconductive
gain on the order of 10° or higher,
determined by the ratio of carrier
lifetime over carrier transit time.
Photoconductive detectors tend to
be slower in time response, as deter-
mined by the carrier lifetime, but they
offer significant promise for sensing
with higher sensitivity because they
have the potential to overcome the
read-out noise floor. Improving the
performance of photoconductive
detectors will rely on two advances:
(1) identifying material processing
methods that introduce shallower
trap states/sensitizing centers to ac-
celerate the carrier lifetime and there-
by the temporal response of the
detector,*”® and (2) decreasing the
transit correspondingly to account
for the reduction of lifetime so
that gain is not considerably af-
fected. Significant efforts have
been undertaken to increase car-
rier mobility in colloidal QD solids
and have reached impressive
values of 10—30 cm?/Vs.?3® The
mobility values, however, still fall
well below the ones met in single-
crystalline counterparts.

A potential solution to this road
block was recently demonstrated by
exploiting the synergism of colloidal
QDs with graphene. Colloidal QDs
offer unprecedented opportunities
to tailor optical absorption across
a broad range, whereas graphene
provides carrier mobilities that
cannot be matched in any other
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Figure 16. High-gain, high-sensitivity graphene—quantum dot photodetectors. (a) Device structure of the graphene—QD
phototransistor. (b) Band alignment at the graphene—PbS QD interface. (c) Spectral responsivity of QD—graphene photo-
transistors employing two different sizes of QDs to cover the vis—NIR (top panel) and SWIR—vis (bottom panel) parts of the
spectrum. The achieved responsivities in both cases are in excess of 10° A/W. Reprinted with permission from ref 428.

Copyright 2012 Nature Publishing Group.

Colloidal QD
photodetectors have
seen tremendous
progress over the past
decade and have
emerged as a novel
sensing platform for
high sensitivity, low-
cost photodetectors,
whose spectral coverage
can readily extend from
the UV to the short-
wave and mid-IR

spectrum.

single-crystalline or nanocrystal-
line material.****%” It was recently
shown that efficient charge transfer
of photogenerated carriers in a
QD solid placed atop a graphene
transistor offers an advantageous
platform for achieving record gains
(onthe order of 107) as a result of the
prolonged carrier lifetime in the QD
layer and the ultrahigh mobility
(on the order of 500—1000 cm?/Vs)
of the graphene channel.*?® In this

KOVALENKO ET AL.

architecture (Figure 16a), the QD
layer acts as an efficient sensitizer
for graphene in which photogener-
ated holes are transferred to the
graphene channel, whereas elec-
trons remain trapped in the QD layer
(Figure 16b). With an applied electric
field, holes recirculate within the
graphene channel as long as the
electrons remain in the colloidal QD
layer. This gain was achieved with
low applied electric fields, on the
order of 10 V/cm, and both material
platforms are fully compatible with
large-area manufacturing and CMOS
processing, opening the way toward
monolithic integration to CMOS or
flexible electronic technologies to
cover both the visible and infrared
spectra (Figure 16c¢). The presence of
the back-gate electrode also offers
additional functionalities, as it can
electrostatically modulate the band
alignment of the graphene—QD in-
terface and therefore acts as a local
electric knob that can tune gain in
this transistor from its maximum
value to zero, offering the possibility
of resetting the detector.

At present, one of the major
challenges is the existence of a high
dark current due to the lack of a
band gap in graphene. However,
a new realm of opportunities has
emerged with the advent of other
2D semiconductors that enable high
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in-plane carrier mobilities at atom-
ically thin layers with the added
benefit of the presence of a band
gap.*® The latter enables control
of the carrier density in the channel
over a much broader range; as a
result, similarly performing photo-
detectors with significantly lower
dark current rates are within reach.
Further co-optimization of the inte-
grated amplification stage offered
by the 2D channel with the sensitiz-
ing photogating CQD layer may
pave the way for achieving even
higher performance in sensitivity
and functionalities offered by this
hybrid platform.

Novel Architectures for Colloidal Nano-
crystal Solar Cells Based on Inorganic Bulk
Heterojunctions. Quantum dot solar
cells have emerged as one of the
most promising technologies for
solution-processed thin-film photo-
voltaics, leveraging their solution
processing and facile band gap
tunability.**® The latter possibility
has been a major driving force to-
ward third-generation photovoltaics,
as well, exploiting both multiple ex-
citon generation effects®' and
the development of tandem solar
cells.**? Recent advances in the con-
trol of surface passivation have led to
dramatic performance improvement
in power conversion efficiencies,
now reported to reach nearly
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9%.%337%3¢ These improvements are
the result of tuning the surface prop-
erties of QDs in order to passivate
deep traps with reflected effects on
improved carrier mobility and sup-
pressed  trap-recombination *3**3>
Modification of the surface dipole
moment has also been suggested
as a novel strategy to tune the band
energy levels of QD solids and
has been shown to result in highly
efficient heterojunction QD solar
cells.**® Tailoring the electronic prop-
erties of QD solids, in particular, con-
trolling doping, has been considered
a major challenge, as robust doping
techniques had remained elusive.
Multiple recent reports have shown
that transforming p-type PbS QDs
into an n-type electron acceptor ma-
terial is now within reach. This has
been demonstrated both by control-
ling the cation—anion stoichiometry,
employment of monovalent halide
anions replacing surface sulfur atoms,
as well as through employment of
heterovalent cations that replace
Pb.37337% The last two approaches
have been successfully demon-
strated in operational QD homojunc-
tion solar cells, and the cation
substitution has also yielded robust
n-type PbS QDs under extended
exposure to air.3%® This avenue is
expected to pave the way toward
advanced design methodologies
for controlling the electronic proper-
ties of QDs at the atomic level
and advanced QD functionalities in-
cluding intraband transition-based
applications. Key challenges that
remain include understanding the
introduction of dopants in QDs,
their incorporation into the crystal
structure, and the alleviation of ad-
verse effects that this may have
in terms of introducing additional
states within the band gap. Ad-
vanced codoping/passivation tech-
niqgues need to be sought to
unleash the potential of atomically
engineered QD solids.

At present, the main body of
work on high-performance QD solar
cells has been based on PbS QDs.
The presence of Pb may pose envir-
onmental concerns; therefore, there
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is an eminent need to explore alter-
native semiconductor compounds
for use in environmentally friendly
green photovoltaics (PVs). Some of
the key features that have led to
successful employment of PbS QDs
in solar cells include its large dielec-
tric constant and therefore small
exciton binding energy that
allows exciton dissociation at room
temperature in the absence of a
junction, its favorably long carrier
lifetime that can effectively compete
with the currently achieved carrier
mobilities for efficient charge collec-
tion, and its mild doping that allows
the formation of depletion widths
in excess of 200 nm. Caution is
therefore required, as alternative
semiconductor materials may not
possess such features. The employ-
ment of traditional planar hetero-
junctions may not serve as a
promising architecture for high-effi-
ciency NC solar cells. Recently, and
following the paradigm of polymer-
based solar cells, the introduction of
bulk heterojunctions for inorganic
NC solar cells has been shown to
be a novel architectural platform
for QD and NC solar cells.**” In this
architecture, the photoactive layer
consists of two types of NCs, an
n-type electron acceptor and a
p-type electron donor material, that
have been blended on the nano-
scale so that the charge separation
interface is extended throughout
the bulk heterojunction (Figure 17a).
One of the key aspects of this ap-
proach is that charge transfer of
minority carriers to the correspond-
ing collecting medium takes place at
the nanoscale, suppressing minority
carrier transport, and leads to a
significant increase in effective
carrier lifetime and, consequently,
to charge collection efficiency
(Figure 17b). The employment of an
inorganic bulk heterojunction has
also enabled remote trap passivation
in QD solar cells, resulting in higher
open circuit voltages as a result of
suppressed trap-assisted recombi-
nation (Figure 17c). Similar to the
advanced atomic passivation techni-
ques previously employed, it has

VOL.9

been shown that majority electrons
from ZnO NCs can be utilized to fill
electron trap states in PbS QDs when
the bulk heterojunction of ZnO and
PbS NCs is employed.**® This may
enable both new remote passivation
techniques for colloidal NC materials
for which atomic/ligand passivation
schemes may not be available and
also engineered properties of NC
composites at the supra-nanocrys-
talline level. Last but not least, the
presence of a distributed hetero-
junction at the nanoscale may
potentially expand the available
quantum-confined materials whose
exciton binding energy has been
prohibitively high for their use in
bilayer heterojunction arhictectures
(e.g., CIS(Se) QDs).

Carrier Multiplication for High-Efficiency
Solar Cells. Semiconductor NCs offer
a number of functionalities that are
attractive for solar energy conver-
sion. A size-controlled tunable
band gap in combination with low-
temperature synthesis and proces-
sing can enable low-cost, high-
efficiency single- and multiple-
junction PV cells based on NCs of
various formulations and sizes.*3? 42
High emission efficiencies and tun-
able emission colors along with a
large engineered Stokes shift can
help to realize new types of lumines-
cent solar concentrators and new
schemes for spectral reshaping of
solar radiation.**3~*%° Attractive pro-
spects are also associated with use
of novel processes such as carrier
multiplication (CM) for boosting PV
efficiencies above traditional ther-
modynamic limits.*46 44

CM is a process by which absorp-
tion of a single photon produces mul-
tiple electron—hole pairs (excitons).
It can potentially increase the power
conversion efficiency of single-junc-
tion PVs to above 40% via increased
photocurrent.*****° The first spec-
troscopic observation of CM in PbSe
NCs**" and follow-up studies of this
process in NCs of various composi-
tions**2™*7 have demonstrated
that CM can indeed be enhanced
in nanomaterials compared to bulk
solids. This assessment is based
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Figure 17. More efficient charge collection and suppressed trap recombination in
colloidal quantum dot solar cells is achieved by means of a bulk nano-heterojunc-
tion structure in which p-type and n-type materials are blended on the nanometer
scale. (a) Schematic of the bilayer (left) and the bulk nano-heterojunction solar
cell devices (right) consisting of n-type ZnO nanocrystals and p-type PbS QDs.
The improved performance of the heterojunction devices, compared with that
of bilayer devices, is displayed in higher photocurrents (b) and higher open
circuit voltages (c) (resulting from a trap passivation mechanism at the supra-
nanocrystalline level). Reprinted with permission from ref 438. Copyright 2014

John Wiley and Sons.

on the observed reduction of both
the spectral onset of this effect (CM
threshold; hwy,) and the electron—
hole (e—h) pair creation energy (&en),
that is, the energy in excess of Awy,
required to create an extra exciton.
Other types of nanostructures in-
cluding quasi-1D nanorods**%4°
and 1D carbon nanotubes*®® as well
as quasi-2D nanoplatelets*®’ and 2D
graphene®®? have also shown sig-
nificant CM efficiencies. Further-
more, studies of QD-based devices
such as photodetectors*® and PV
cells®®'%3 have demonstrated that
CM can produce greater-than-unity
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quantum efficiencies in a generated
photocurrent, which firmly estab-
lishes the relevance of this pheno-
menon to practical solar energy con-
version technologies.

A current challenge in the CM
field is the development of struc-
tures operating at or near the limit
defined by energy conservation.
As applied to the CM threshold and
the e—h pair creation energy, the
corresponding targets are ., = Eg
and hwy, = 2E,. A “window-of-
opportunity” model*® relates ., to
the non-CM (e.g., phonon-related)
energy loss rate (keoon e€nergy

dissipated per unity time) and the
CM rate (rem = 1/tewm Tem is the
characteristic CM time) by e =
Keool/fem = KeoolTem. Hence a smaller
gon €an be achieved by either in-
creasing the CM rate or decreasing
the cooling rate.

Recently, the role of intraband
cooling in CM was evaluated via
a comparative study of PbS, PbSe,
and PbTe QDs.**”>7¢ These studies
indicated that the measured CM
yields are directly correlated with
the energy loss rates inferred either
from direct measurements of intra-
band relaxation or from estimated
phonon emission rates. This sug-
gested the possibility of enhancing
CM yields by designing NCs with
slowed intraband cooling.

The concept of “cooling-rate
engineering” was recently tested
by Cirloganu et al. using PbSe/CdSe
core—shell QDs with exceptionally
thick shells (Figure 18a).*** Theore-
tical modeling of these structures
indicates that a large valence band
offset between PbSe and CdSe
(Figure 18b) and a significant dis-
parity between hole masses lead to
strong backscattering of hole wave
functions at the PbSe/CdSe inter-
face. Therefore, at large shell thick-
nesses and correspondingly large
aspect ratios (p, defined as the ratio
between the shell thickness and
the total NC radius), the higher en-
ergy holes are almost entirely shell-
localized, while the lower energy
states remain primarily confined
to the core. As a result, these two
types of states become electroni-
cally decoupled, which is further
emphasized by a sizable energetic
gap separating them at large p
(Figure 18b). These effects are ex-
pected to slow the cooling of a “hot”
shell-localized hole, which, in turn,
should enhance the CM channel
associated with scattering of this
long-lived energetic hole with a pre-
existing electron in the band-edge
core-localized states (Figure 18b).

A prominent signature of re-
duced rates of hole cooling was the
observation of shell-related PL in the
visible spectrum, which emerged for
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Figure 18. Thick-shell PbSe/CdSe nanocrystals with enhanced carrier multiplication yields.*** (a) TEM image of a sample of
PbSe/CdSe NCs with an overall radius of 4 nm and an aspect ratio of 0.52 (10 nm scale bar). Inset: Higher-resolution image of an
individual NC (2 nm scale bar). (b) Approximate structure of electronic states for the NC with a 2 nm core radius and a 2 nm shell
thickness. The quantum dot energy spectrum features closely spaced electron levels and sparsely distributed hole core levels.
Relaxation of a hot hole from a shell-based state to a core-localized level can happen either via a CM process (straight black
lines) or by thermalization (dotted black line); the photogenerated and pre-existing carriers are shown by solid and dashed
circles, respectively. (c) Photoluminescence spectra of the PbSe/CdSe NCs with aspect ratios of 0.27, 0.4, and 0.52 and a
constant overall radius of 4 nm, showing progressive blue shifts with increasing shell size and the emergence of visible
emission for the NCs with the thickest shell (shaded spectra); all IR spectra are normalized, while for the thick shell structure, the
visible emission amplitude is multiplied by a factor of 60 for the purpose of comparison. Inset: Schematic representation of the
band structure indicating the transitions associated with the IR and visible emission. (d) Multiexciton yields measured for PbSe/
CdSe core/shell structures with progressively increasing shell thicknesses (3.1 eV excitation). The QDs have slightly different
total sizes but similar band gaps (~0.87 eV) for proper comparison and are represented by different color squares on the plot
(black dashed line is a guide for the eye). The region where energy conservation is met and simultaneously slow cooling is
observed (green shading) corresponds to the highest CM yields. The CM yields for core-only PbSe QDs and PbSe nanorods of
similar band gaps are shown by the black square and the blue star, respectively.

indicated a considerable reduc-
tion of the CM onset almost down

large aspect ratios of about 0.4—0.5 Theranostic Applications of Nanocryst-

(Figure 18c). The appearance of this
new emission band correlated with a
sharp, almost 4-fold increase of the
CM vyield (Figure 18d). Specifically,
the studies of the PbSe/CdSe NC
samples with similar band gaps
(0.87 & 0.02 eV) but different aspect
ratios revealed the increase in the
CM yield from ~20% for the core-
only samples (p = 0) to ~75% for
the core—shell NCs with p = 0.68.
The measurements of CM efficiency
as a function of photon energy also
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the fundamental 2E, limit.*** These
findings suggest that the control
of intraband cooling in combina-
tion with other demonstrated ap-
proaches for enhancing CM yields,
such as shape control**® and/or use
of semiconductors with reduced
rates of phonon emission (e.g.,
PbTe),*®> might provide a practical
route for reaching the ideal energy-
conservation-defined limit in the
CM performance.

VOL.9 =

als. Recently, NCs have been dis-
cussed frequently in the context of
theranostics. Theranostics involves
a platform combining medical diag-
nostics/analysis with subsequent
treatment. From the materials point
of view, NCs exhibit significant
potential because many different
functionalities can be combined in
one NC. Nanocrystals comprise an
inorganic crystalline core (which can
contain core—shell structures such
as in the case of CdSe/ZnS) and, in
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the context of biological environ-
ments, an organic coating (either
by design or by adsorption of
proteins).**® Thus, even when the
inorganic NC cores act only as pas-
sive carriers, the possibility to link
different functional molecules to
their organic surface coating en-
ables multifunctionality straightfor-
wardly. Functional molecules may
involve ligands for specific target-
ing, for reducing interactions with
the immune system, and for pro-
viding contrast for imaging, etc.
However, the NC cores may also
introduce functionality, such as
fluorescence, super-paramagnetism,
or plasmon resonance. Thus, with
inorganic cores and organic shells
together, NCs are suitable for com-
bining different functionalities. For
example, by combining fluores-
cent, magnetic, or radioactive cores
with fluorescent, magnetic, or
radioactive shells, NCs that can
be detected with several imaging
modalities such as fluorescence
microscopy, magnetic resonance
imaging (MRI), or single-photon
emission computed tomography
were demonstrated.*¢”~*7°

In order to be truly theranostic,
NCs would need to comprise sen-
sing as well as actuating capabilities.
In principle, such NCs are available,
such as super-paramagnetic iron
oxide NPs (SPIONs). Super-paramag-
netic iron oxide NPs can be used as
T, contrast agents for MRI, for ex-
ample, to indicate the presence of
tumors3*® In the same manner,
upon irradiation with alternating
magnetic fields, SPIONs can also
be used to heat locally and thus
to destroy tumor tissue by hyper-
thermia.*”! Efforts in this direction
are aimed at preparing SPIONs that
are optimized for hyperthermia,
that is, characterized by high values
of specific absorption rates in
order to minimize the NP dose to
be administered and, therefore,
to reduce toxic side effects. In this
context, successful approaches
have been demonstrated in terms
of exchange-coupled core—shell
architectures*’? and  optimized
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shapes.*’*>*”* Thus, SPIONs fulfill
theranostic purposes, first, by help-
ing to diagnose tumor tissue by
providing contrast in MRI to visua-
lize it and, second, by facilitating
therapy (i.e., tumor ablation) by local
hyperthermia. Similar principles
can be extended to more complex
applications. Nanocrystals, such as
SPIONs, with ion-sensitive fluoro-
phores integrated into their organic
surface coating can optically quanti-
fy local ion concentrations.*”> Upon
local creation of heat, SPIONs can
also be used to gate ion channels
and thus to control ion con-
centrations.*’® The same NCs can
both detect irregularities in ion
concentration (via integrated ion-
sensitive fluorophores) and correct
them via heat-mediated control of
ion channels. In addition to ions, this
idea has been indicated for glucose.
Again, glucose-sensitive fluoro-
phores on the NC surface could re-
port local glucose concentration,*’”
and upon diagnosis of increased
glucose levels, the levels could be
corrected therapeutically by trigger-
ing release of insulin via local
hyperthermia.*’®

The above-mentioned examples
are based on particles that report
data for diagnosis to a physician
(e.g., images of tissue, local analyte
concentrations) and can, upon
switching on an external trigger
(e.g., local exposure to alternating
magnetic fields), initiate treatment.
However, one can also envisage NCs
with a direct feedback loop. In such
stimuli-responsive NCs, a local trig-
ger (i.e., diagnosis) would transform
the properties of the NCs, thus lead-
ing to a therapeutic effect. One ex-
ample is pH-sensitive NCs, which,
upon exposure to acidic tumor
tissue (diagnosis), locally release
drug molecules against the tumor
(therapy). Analogous to this ap-

proach, pH-sensitive, magnetic,
so-called “nanogrenades” (NGs),
which are self-assembled NPs

composed of iron oxide NPs immo-
bilized in a pH-sensitive polymer,
were recently fabricated as thera-
nostic anticancer agents.*’® Based
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on  pH-dependent  assembly/
disassembly, magnetic resonance
imaging and the photodynamic ac-
tivity are enhanced when these NGs
are present in the tumor environ-
ment, where the pH value is lower
than elsewhere. Small tumors of
only 3 mm implanted in mice
were successfully visualized via pH-
responsive T; magnetic resonance
and fluorescence imaging, demon-
strating early stage diagnosis of
tumors.*”® Furthermore, the pH-
triggered generation of singlet
oxygen enabled pH-dependent
photodynamic therapy to kill the
cancer cells selectively. The en-
hanced photoactivation of the
NGs within the tumor parenchyma
enabled superior photodynamic
therapeutic efficacy in both human
colorectal carcinoma xenografts and
in highly drug-resistant heteroge-
neous tumors. For this purpose, a
tumor pH-sensitive nanoformulated
triptolide coated with folate target-
ing ligands was synthesized to treat
hepatocellular carcinoma (HCCQ),
which has one of the worst prog-
noses for survival as it is poorly
responsive to both conventional
chemotherapy and mechanism-di-
rected therapy (Figure 19).%°
Screening hundreds of compounds
against a panel of HCC cells showed
that triptolide, a natural product, is
much more effective than the cur-
rent standards of therapy. However,
its poor solubility and high toxicity
prevented triptolide from potential
clinical application. Incorporating
triptolide into pH-sensitive polymer
NPs coated with folate-targeting
ligands led to greatly increased pro-
gression-free survival in mice with
mitigated side effects.

All of these examples demon-
strate that, from the materials
point of view, NCs and NPs are cap-
able of combining diagnostic and
therapeutic function in one entity.
However, there is still almost no
clinical use of theranostic NCs. Set-
ting aside the problem of potential
cytotoxic effects, the main hurdle
is targeting. NCs enable passive
tumor targeting governed by the
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Figure 19. Triptolide-based anticancer theranostic nanoparticles for the treatment of hepatocellular carcinoma (HCC). Left:
Structure formula of triptolide, a natural bioactive molecule, and schematic of tumor pH-sensitive nanoformulated triptolide,
coated with folate, for use in an HCC subpopulation that overexpresses the folate receptor. Right: While triptolide can prevent
disease progression, the pH-sensitive nanoformulated triptolide (Nf-Trip) NPs facilitate uptake into the tumor, and specifically
tumor cells, leading to increased efficacy while mitigating systemic toxicity, resulting in increased survival rates. Reprinted
from ref 480. Copyright 2014 American Chemical Society.

size and the enhanced permeation
and retention effect.*®' This effect
is dominant in mice but less pro-
nounced in humans; thus, passive
targeting often is not sufficient
and involves significant side effects,
such as clearance of the NCs by the
immune system, leading to their
accumulation in the liver. Active
targeting of NCs, for example, by
the attachment of ligands specific
to the target tissue, however, adds
little specificity on top of passive
targeting.*®2

Thus, controlled biodistribution
is one key issue that remains to be
resolved. The general problem to
solve is not in the functionality of
the materials but rather the basic
issue of many pharmaceutical agents:
targeted biodistribution. Having
made this statement, one has to
question critically some recent de-
velopments concerning the design
of theranostic NCs. In the literature,
there are increased reports combin-
ing as many functional properties
into one NC as possible. However,
in many reports, the usefulness
of all these different components
is not demonstrated. Are all these
functions needed? Are the effects
of the respective functionalities
additive, or is the synergistic effect
negligible? To justify the integration
of many functionalities into one
NC, one would first have to investi-
gate experimentally the effects
of all functionalities individually,

KOVALENKO ET AL.

then paired functionalities, etc., and
finally benchmark the NC with all
combined functionalities. Unfortu-
nately, in many reports, authors do
not undertake this effort, and thus
the practical use of multifunctional-
ity remains in question. One should
also keep in mind that, for clinical
use, each theranostic NC-based
system should be kept as simple as
possible. There is no doubt that NCs
are well-suited to offer multifunc-
tional properties with the potential
for theranostic use. However, in
order to translate from laboratory
to bedside, one has to go back
to solve the basic remaining issues
such as biodistribution and bio-
compatibility,*®3 instead of aiming
only to make the NCs increasingly
complex.

Some tens of years ago, NC re-
search existed as an individual field,
with its main focus on the synthesis
and basic optical and structural
characterization. Contemporary NC
research has expanded, impacting
many research fields and promising
a wide scope of applications, as a
broad range of inorganic materials
has become accessible in NC form.
Topics that unite all researchers
dealing with NCs are the advances
in synthesis, structural characteriza-
tion, and surface chemistry; basic
optical, magnetic, and electronic
properties; and the construction
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of nanosolids composed of NCs as
building blocks. In this Nano Focus
article, we aimed to provide a snap-
shot of the current developments
and trends in NC research. For more
specific information on the topics
that we could only briefly discuss
here, we refer to recent reviews
onNC Synthesisl30,33,71,129,323,4847489
simulation of NC growth,*® QD
photovoltaics,*’ QD electronics,**?
QD LEDs,**? near- and mid-IR
active colloidal QDs,***#174%> exci-
ton dynamics,**%*” semiconduc-
tor NC plasmonics,”"**® surface
chemistry,°? biomedical applica-
tions of NCs,**® and electrochromic
applications of NCs.>*°

Being at the forefront of NC re-
search, QDs are at an advanced
stage of development in terms of
the precision of their syntheses as
well as control of their surface che-
mistries. In fact, it is the effect of the
surface chemistry on the individual
optical properties of QDs and on
QD-based optoelectronic devices
that will continue to motivate re-
search about inorganic surface cap-
ping and simulation of NC surfaces
and the enitre NC entity using den-
sity functional theory. The advent
of inorganically capped NCs was
recent, but we foresee it impacting
all fields of applications based on
NC solids, including electronics,
thermoelectrics, and batteries, and
triggering a wave of device im-
provements and new applications
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enabled by their low-cost, low-
temperature, and large-area inte-
gration and compatibility with
flexible and nonplanar substra-
tes. 339351507 Novel NMR techniques
such as dynamic nuclear polariza-
tion—surface-enhanced NMR spec-
troscopy will facilitate acquisition of
well-resolved spectra from surface-
bound organic or inorganic capping
ligands and outermost NC atomic
layers.>®?

Understanding the mechanisms
of NC synthesis supports the com-
munity's ability to design NC materi-
als with controlled size, shape, and
composition. Concerning the syn-
thesis of NCs, a particularly difficult
task remains: the in situ observation
of NC formation at the nucleation
stage and at the very early stage of
growth. Despite the great potential
of in situ XRD, an inherent limitation
is the mass transport during the
mixing of reagents. We believe
that this task may be facilitated by
the deployment of microfluidic
methods,>%3~>% combined with on-
line monitoring by optical absorp-
tion and emission spectroscopy and
with in situ structural characteriza-
tion by synchrotron XRD. Further-
more, microfluidics may enable fast
screening of reaction conditions and
more repeatable synthesis outputs
than in conventional batch synth-
eses performed in reaction flasks.
Some of the key principles of colloi-
dal synthesis of inorganic NCs, such
as the use of surfactants, also enter
other fields of material develop-
ments, including colloidal graphene
nanoribbons®” and the synthesis of
organic pigment NCs, as discussed
above.'”*

A frequently debated issue in the
field of nanomaterials is the ques-
tion of toxicity®®®>'2 and environ-
mental friendliness. The use of the
most promising QD materials—
those exhibiting record photolumi-
nescence quantum yields,> record
charge transport properties,>'>
or long photoluminescence wave-
lengths***—might be restricted
by legislation because of the toxicity
of their constituents (Pb, Cd, Hg).>""
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Understanding the
mechanisms of NC
synthesis supports the
community's ability to
design NC materials
with controlled size,
shape, and

composition.

Promising and substantially less-
toxic replacements of the currently
favored Cd- or Pb-containing com-
pounds include not only ionically
bound compound semiconductors
but also covalently bound group IV
NPs. The latter (silicon, diamond,
silicon carbide, and germanium NPs)
benefit from their fluorescence, ob-
served over wide spectral regions
covering the near-infrared, visible,
and near-ultraviolet ranges and are
thus favored for in vivo and in vitro
biomedical experiments.>'* Also,
“carbon dots” exhibit color-tunable
emission properties, which are ex-
citation-dependent in this case,
making these nanomaterials pro-
mising for applications predomi-
nantly in the fields of bioimaging,
cancer therapy, printing inks,
photocatalysis, and optoelectronic
devices>'>>16

When it comes to real-world
applications, the NC research com-
munity will soon face significant
challenges in commercially compe-
titive areas such as photovoltaics.
The power conversion efficiencies of
QD-based solar cells have advanced
from sub-1% levels in 2005 to over
85% in 2013-2014.36491517518
However, this breakthrough is now
challenged by the discovery of
highly efficient photovoltaics in lead
halide perovskites with power con-
version efficiencies approaching
20%, yet with even simpler fabrica-
tion procedures than the synthesis
and processing of QDs>'® A com-
mon problem of both technologies
is chemical instability, which limits
long-term operation required for
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commercial solar cells and should
be addressed in the future.

Applications in which the integra-
tion of NCs into well-established
technologies results in significant
improvement in the performance
of the latter are certainly beneficial.
An example of such an application is
the QD color TV, representing LCD
screens with improved back-light-
ing, provided by colloidal QDs. The
color conversion back-lighting pro-
vides a larger range of possible col-
ors than the standard phosphor
coatings used for color conversion
from the LED back-light, making the
LCD screens as powerful as the old
vacuum-tube electron ray TV sets.
Even though this innovative product
was technically ready for the market,
it was offered for sale only for a
period of a few months in 2013,
indicating harsh competition with
other technologies and, eventually,
restricted market penetration in
Europe related to the presence of
cadmium in the QDs. Another pro-
mising optoelectronic application is
the implementation of infrared-
active QDs onto CMOS-based read-
out electronics to obtain highly inte-
grated infrared imagers and cam-
eras, operated at wavelengths not
accessible for Si-based devices.>?°
Also, the incorporation of QDs in
place of organic dye molecules in
conventional OLEDs>?" is being ac-
tively pursued as a technology with
the potential for fast commercializa-
tion, owing to extensive devel-
opments in hole- and electron-
transporting and injecting layers
for OLEDs.

Exciting progress with respect to
NC applications has been obtained
in the wide field of biomedicine and
especially in theranostics. We have
discussed NP-based approaches
here, highlighting their advantages
in comparison to traditional medica-
tions in cancer treatments—mouse
models with increased survival rates
are encouraging results.*®® Similarly
successful was the demonstration
of gold NPs in cancer-cell-specific,
on-demand intracellular amplifica-
tion of chemoradiation therapy,
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obtained by laser-induced mechan-
ical impact.>*? With a laser pulse, the
gold NPs provide a plasmonic nano-
bubble, a mechanical explosion that
destroys the host cancer cell or
ejects drugs into the cytoplasm.
The same NPs locally enhance ex-
ternal X-rays, leading to a “quadra-
peutic” effect, which improves the
efficacy of standard chemoradiation
therapy by a factor of 10—1000x.
Thus, theranostic NPs have the po-
tential to become powerful tools in
cancer treatment, as indicated in
studies on animals (mice). While
there are no doubts that research
in these directions will provide a
multitude of further treatment
routes to heal a wide range of dis-
eases, challenges remain in the
transfer of these developments to
applications for humans, which in-
cludes finding appropriate dosages,
ruling out pharmacological interac-
tions, studying side effects and in-
nocuousness, licensing novel NP
medicines, and gaining regulatory
approval. Less critical, and therefore
much more straightforward for clin-
ical use, might be medical applica-
tions for which the NPs are applied
outside of the body. An example of
such promising applications is an
extracorporeal blood-cleansing de-
vice for sepsis therapy, presented
recently by Kang et al>?* In this
device, magnetic NPs are used,
coated with an engineered human
protein, which captures a broad
range of pathogens and toxins.
Magnets are then used to pull out
the toxins and pathogens bound
to the magnetic NPs in the blood,
which is then returned back to
the patient after cleansing. The
extracorporeal device is called
“biospleen”, and it removes multi-
ple-gram doses of bacteria, fungi,
and endotoxins from human blood
at a flow rate of 1.25 L per h in vitro.
Thus, it represents a dialysis-like
blood cleansing system, which
could also be applied in parallel with
targeted antibiotic therapy to heal
diseases and to prolong life.

As mentioned in the introduction,
photoelectrochemistry was one of
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the original driving forces for the
development of NC research. While
this field had stagnated somewhat
over the last 20 years, there have
been significant advances in under-
standing photocatalytic processes
required for the conversion of solar
energy into fuels. In particular, Ni-
decorated CdS nanorods have been
shown to generate H, (with ethanol
as a sacrificial agent) photocatalyti-
cally with an external quantum effi-
ciency of above 50%, which is an
unprecedented value for chalco-
genide NCs with non-noble cocata-
lysts under visible light.>>* This high
value was suggested to be achieved
through a two-step mechanism
of hole transfer via a redox couple
‘OH/OH™ at high pH, operating as
a highly mobile molecular shuttle
between the NC surface and the
hole scavenger (ethanol).

Prior to applied considerations,
NC research is often (if not primarily)
dominated by pure curiosity and
always has the potential to provide
surprising fundamental discoveries.
Questions such as to what extent
energetic interactions are responsi-
ble for the NC self-assembly into
more- or less-ordered structures®?>
are being debated and explored.
Superstructures of increasing com-
plexity and/or beauty will be as-
sembled, independent of their
impact on device performance. Also,
NPs with more elaborate shapes and
specific properties will be developed
by direct synthesis or with the assis-
tance of galvanic- or cation-exchange
reactions.>?® Hybrid superlattices of
NCs with large inorganic (atomically
defined) molecules such as poly-
oxometallates will bridge the gap
between atomically precise and
colloidal crystals.>*” The increased
availability of in situ characterization
tools will deliver deeper insights into
the formation mechanisms of NCs,
their seeds, their shape evolution,
and the dynamics of their growth
for increased numbers of materials.
Nanocrystals will continue to provide
a playground to make the unimagin-
able come closer, such as cold elec-
tron transport at room temperature

by energy filtering through the quan-
tum-confined states of NCs.>*® Such
basic research will certainly continue
to lead to novel concepts for devices
and applications in the coming years.
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