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BACKGROUND: Semiconductor materials feature
optical and electronic properties that can be
engineered through their composition and crys-
tal structure. The use of semiconductors such as
silicon gallium arsenide sparked technologies
from computers and mobile phones to lasers
and satellites. Semiconductor quantum dots
(QDs) offer an additional lever: Because their
size is reduced to the nanometer scale in all
three dimensions, the restricted electron motion
leads to a discrete atom-like electronic structure
and size-dependent energy levels. This enables
the design of nanomaterials with widely tun-
able light absorption, bright emission of pure
colors, control over electronic transport, and a
wide tuning of chemical and physical functions
because of their large surface-to-volume ratio.

Bioimaging and medicine

ADVANCES: The bright and narrowband light
emission of semiconductor QDs, tunable across
the visible and near-infrared spectrum, is at-
tractive to realize more efficient displays with
purer colors. QDs are engineered composi-
tionally and structurally to manipulate energy
states and charge interactions, leading to op-
tical gain and lasing, relevant to light emission
across visible and infrared wavelengths and
fiberoptic communication. Their tunable sur-
face chemistry allows application as optical
labels in bio-imaging, made possible by tether-
ing QDs with proteins and antibodies. The
manipulation of QD surfaces with capping
molecules that have different chemical and
physical functions can be tailored to program
their assembly into semiconducting solids,
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Semiconductor quantum dot technologies. QDs feature widely tunable optical, electrical, chemical,
and physical properties. Their applications span energy harvesting, illumination, displays, cameras, sensors,
communication and information technology, biology, and medicine. These nanostructures have been
exploited to realize efficient lasers, displays, biotags, and solar harvesting devices available in the market
and are emerging in photovoltaics, sensing, and quantum information.
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increasing conductivity and enabling the
transduction of photonic and chemical stimu-
1i into electrical signals. Optoelectronic de-
vices such as transistors and photodetectors
lead to cameras sensitive to visible and in-
frared light. Highly crystalline QDs can be
grown epitaxially on judiciously chosen sub-
strates by using high-temperature and vacuum
conditions, and their use has led to commer-
cially viable high-performance lasers. The ad-
vent of colloidal QDs, which can be fabricated
and processed in solution at mild conditions,
enabled large-area manufacturing and widened
the scope of QD application to markets such as
consumer electronics and photovoltaics.

OUTLOOK: From a chemistry perspective, fur-
ther advances in QD fabrication are needed
to sustain and improve desired chemical and
optoelectronic properties and to do so with
high reproducibility. This entails the use of
inexpensive synthesis methods and precur-
sors that are able to retain laboratory-scale QD
properties to market-relevant volumes. A better
understanding of the yet-incomplete picture of
QD surfaces, atomic arrangement, and meta-
stable character is needed to drive further
progress. From a regulatory perspective, added
attention is needed to achieve high-quality
materials that do not rely on heavy metals such
as Cd, Pb, and Hg. The role of nanostructuring
in toxicity and life cycle analysis for each appli-
cation is increasingly important. From a mate-
rials and photophysics perspective, exciting
opportunities remain in the understanding
and harnessing of electrons in highly confined
materials, bridging the gap between mature
epitaxial QDs and still-up-and-coming colloidal
QDs. The yet-imperfect quality of the latter—
a price paid today in exchange for their ease
of manufacture—remains a central challenge
and must be addressed to achieve further-
increased performance in devices. From a de-
vice perspective, colloidal QD manufacturing
must advance to translate from laboratory-
scale to large-area applications such as roll-
to-roll and inkjet printing. Photocatalysis, in
which light is used to drive chemical trans-
formations, is an emerging field in which QDs
are of interest. Quantum information technol-
ogies, which rely on the transduction of coher-
ent light and electrons, bring new challenges
and opportunities to exploit quantum confine-
ment effects. Moving forward, opportunities
remain in the design of QD-enabled new de-
vice architectures.
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In quantum-confined semiconductor nanostructures, electrons exhibit distinctive behavior compared
with that in bulk solids. This enables the design of materials with tunable chemical, physical, electrical,
and optical properties. Zero-dimensional semiconductor quantum dots (QDs) offer strong light
absorption and bright narrowband emission across the visible and infrared wavelengths and have been
engineered to exhibit optical gain and lasing. These properties are of interest for imaging, solar energy
harvesting, displays, and communications. Here, we offer an overview of advances in the synthesis
and understanding of QD nanomaterials, with a focus on colloidal QDs, and discuss their prospects in
technologies such as displays and lighting, lasers, sensing, electronics, solar energy conversion,

photocatalysis, and quantum information.

he electronic and optical properties of

conventional bulk semiconductors are

determined by materials composition,

crystal structure, and intentional and

unintentional impurities (dopants). Ad-
vances in layer-by-layer crystal growth techni-
ques such as molecular beam epitaxy (MBE)
and metal organic chemical vapor deposition
(MOCVD) enabled the realization of highly cry-
stalline Si and III-V (for example, GaAs, InP,
and GaN) semiconductors (7) with widely tunable
optoelectronic properties. Quantum-confined
structures exhibit size-dependent electronic
properties, leading to extra degrees of tuna-
bility compared with bulk semiconductors and
additional levers in the design of materials and
devices.

Quantum confinement emerges when elec-
trons are constrained to a domain comparable
with their de Broglie wavelength. Quantum-
confined structures are classified as two-
dimensional (2D)—in which electrons are free
to move in two directions—1D, and OD. These
include quantum wells, quantum wires, and
quantum dots (QDs), respectively. In QDs, elec-
trons and holes exhibit a discrete (quantized),
atomic-like density of states (DOS) (Fig. 1A) (2).
As QDs become smaller, quantum confinement
increases the effective bandgap, leading to a
blue shift of the absorption and emission
spectra. An electron excited across the bandgap
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experiences strong interactions with the re-
maining valence band hole. Coulomb attraction
and spin-exchange coupling produce strongly
confined electron-hole pairs (excitons). Under
high excitation levels, multiple excitons popu-
late a QD. The close proximity between charge
carriers in QDs leads to enhanced many-body
phenomena that affect their electronic and
optoelectronic properties (3).

QDs were first realized experimentally as
glass-embedded particles (Fig. 1B) (4) and,
shortly after that, as chemically synthesized
colloidal nanocrystals (5, 6). Independently,
the concept of 3D quantum confinement in
semiconductor nanostructures for lasing ap-
plications was presented (7) and demonstrated
by combining a quantum well potential with
high magnetic fields (8). The resulting struc-
tures were labeled 3D quantum wells or quan-
tum well boxes.

Fabrication and assembly of QDs

Two main strategies exist to fabricate QDs:
physical vacuum-based methods and wet-
chemical approaches.

Top-down physical fabrication relies on
lithography or milling to define a nanometer-
sized volume in an existing semiconductor
(Fig. 1C). In bottom-up techniques, QD growth
occurs through assembly of atomic or molec-
ular building blocks and is driven by built-in
strain [Stranski-Krastanov (S-K) growth mode].
MBE and MOCVD have enabled the realization
of high-quality epitaxial QDs (eQDs) prepared
on top of a crystalline substrate (Fig. 1D). S-K
growth was used to achieve In(Ga)As/GaAs
eQDs (9-11). Alternative droplet epitaxial growth
of eQDs occurs through sequential deposition
of group III and V atoms without using lattice-
mismatch, offering a path toward strain-free
eQDs that is yet to be fulfilled (72). eQDs have
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been applied in areas such as optical fiber com-
munications (as laser sources), military night-
vision cameras, and aerospace (for example,
optoelectronic circuits and ultrahigh-efficiency
solar cells) (13).

The chemical solution-phase fabrication of
colloidal QDs (cQDs) is an approach distinct to
physical vacuum-based epitaxy. Modern cQD
syntheses can be traced to the colloidal method
introduced in 1993 (74). The synthetic method-
ology for ¢cQDs evolved from early work on
arrested precipitation of inside small aqueous
micelles (15) toward reactions between molec-
ular precursors in organic solvents at mild
temperatures (100° to 350°C) (Fig. 1E). The
nucleation and growth of cQDs is controlled
by surfactant molecules (ligands) that bind
dynamically to cQD surfaces. Judicious selec-
tion of precursors and surfactants, as well as
manipulation of reaction temperature and
duration, enable precise control over the stoichi-
ometry, size, and shape of the cQD. Colloidal
approaches have been successfully applied
to grow cQDs of II-VI (14), III-V (16), IV-VI
(17), and group IV (I18-20) semiconductors and,
more recently, metal halide perovskites (CsPbXs;
X =1, Br, or Cl) (2I).

The quality of cQDs is determined by the
crystalline perfection of their cores, the com-
pleteness of surface passivation, and uniform-
ity in size and shape. High monodispersity is
crucial to retaining the near-discrete character
of the DoS for an ensemble of cQDs. Explora-
tion of the ample synthetic parameter space
has led to a continued improvement in cQD
syntheses, leading to absorption linewidths
approaching the homogeneous (single QD)
limit (74, 22, 23). Doping of cQDs provides an
additional avenue to tune their DOS and type
of majority charge carrier (24-26).

The surface ligands in cQDs—typically bulky
organic molecules, such as oleic acid and
oleylamine—introduce repulsive forces be-
tween cQDs dispersed in a solvent, rendering
them colloidally stable (27). The deposition of
cQDs onto solid substrates can lead to either
glassy or partially ordered QD films, deter-
mined by nanocrystal monodispersity, solvent
drying Kinetics, and the interaction among
surface ligands (28-32).

Solution-based cQD deposition techniques
are scalable and well-suited for the realization
of large-area devices. cQD thin-film fabrication
is compatible with high-throughput manu-
facturing and with a variety of substrates,
which facilitates integration with platforms
such as silicon electronics, plastic circuits,
fiber optics, and fabrics.

QDs: From engineered functionalities
to applications
Size-dependent bandgap

The bandgap of QDs (E;) can be size-tuned
across a wide range of energies from the
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Fig. 1. Quantum confinement and fabrication of QD materials. (A) Quantum
confinement, leading to size-dependent optical and electrical properties that are
distinct from those of parental bulk solids, occurs when the spatial extent of
electronic wave functions is smaller than the Bohr exciton diameter (ag). D, QD
diameter. (B to E) Examples of fabrication techniques of OD semiconductor

ultraviolet (UV) to the infrared (IR) (Fig. 1A).
The lower-bound on E; is set by the bandgap
of the parental bulk solid. Control over E; is
central to QD-based technologies, affecting
solar energy harvesting, lighting and displays,
lasers for telecommunications, sensing, metro-
logy, imaging, and medical diagnostics.

Narrow linewidth, bright emission

In highly monodisperse cQD samples, the dis-
crete, atomic-like structure of electronic states
leads to a narrow ensemble emission line-
width of 20 to 80 meV at room temperature
[defined as a full width at half maximum
(FWHM)], which approaches a single-dot line-
width (23, 33). This enables the high color
purity needed to reach target performance
in next-generation displays (34). Best cQD sam-
ples also achieve near-unity photoluminescence
quantum yield (PLQY; the number of emitted
photons per absorbed photon) (35). The nar-
rowband and bright emission of the cQDs has
been exploited in commercial televisions and
displays. These features are also of interest for
luminescent solar concentrators (LSCs), devi-
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colloidal synthesis.

ces that act as large-area sunlight collectors for
PV modules (36).

In lasing, the discrete character of QD
electronic states is an important advantage.
The sharp DOS concentrates oscillator strength
into the desired ground-state transition, while
a wide separation between quantized energy
levels inhibits thermal depopulation of the
emitting band-edge states (7). Present-day com-
mercial QD lasers are realized by using S-K
grown In(Ga)As/GaAs eQDs. cQD-based lasers
are still under active development (37).

Tunable surface chemistry

QDs feature a large surface-to-volume ratio,
making them sensitive to their environment.
In cQDs, the surfaces are typically terminated
with molecules or ions with different mor-
phologies and functional groups (27, 38). This
offers a route to manipulate cQD interactions
with their environment. cQDs can be tethered
to proteins, antibodies, or other biologic species
and used as optically addressable biolabels (39).

“Surface programming” offers an additional
tool for manipulating energy levels and driv-
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ligands

nanostructures, including early demonstrations of high-temperature precip-
itation in molten glasses; top-down lithography; nucleation and growth of
nano-islands through epitaxial layer-by-layer deposition by using molecular
beam epitaxy (MBE); and solution-based, low-to-moderate temperature

ing the assembly of cQDs into conductive semi-
conductor solids. Ligand exchange strategies
seek to replace bulky molecules with shorter,
more conductive ligands to enhance inter-
dot coupling and facilitate charge transport
(27, 40). This process can be carried out while
the cQDs are in a liquid solution or after they
had been assembled into a solid film. It is
necessary that these steps do not distort
electronic surface passivation so as to prevent
formation of intra-gap states that would com-
promise electronic and optical properties (41).

Tunable charge transport

The ability of cQD assemblies to pass current
is determined by the ability of charge carriers
to cross interparticle barriers (42). cQD solids
exhibit modest charge carrier mobilities (typ-
ically below 10! cm?® V™! s7%) compared with
Si or epitaxial III-Vs semiconductors (102 to
10% em? V! s71). Most ¢QD solids exhibit a
complex interplay between carrier confine-
ment, cQD interfacial properties, and electronic
coupling. Enhanced cQD coupling for higher

mobility is often accompanied by the increase
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Fig. 2. QD materials for displays and lighting. (A) In displays, red, green,

and blue colors are mixed to obtain entire color palette. Chromaticity diagrams are
used to quantify the quality of color for displays. The triangles represent the

color gamut standard for current (sRGB) and next-generation displays (Rec. 2100)
(34). (B to D) Different QD-enabled display technologies in which QDs are excited
either optically or electrically. EIL and HIL are electron and hole injection layers,
respectively. (E) lllustration of high color purity of QD emission (solid lines) compared

of intra-gap tail states that shrink the elec-
tronic gap of the cQD solid. The passivat-
ing layers, added to preclude cQD fusion and
suppress intra-gap states, often introduce
charge-transport barriers between adjacent
dots. By controlling these competing trends,
mobilities up to 10 cm? V! s7* for one type of
carrier have been realized (43, 44). Recently,
encouraging progress has been achieved for
cQD solids showing balanced charge trans-
port for both polarities (n and p) that pre-
serve discrete quantum-confined electronic
states (45).

QD technologies and challenges
QD materials for displays and lighting

The narrowband cQD emission represents a
competitive advantage compared with other
semiconductors for the generation of pure
colors, a requisite for next-generation displays
(Fig. 2A). Displays can use cQDs either as color-
converting phosphors excited by light-emitting
diodes (LEDs) or as active electroluminescent
materials directly driven by an applied bias. In
the first mode (Fig. 2B), a polymer composite
containing red- and green-emitting nanocrys-
tals is combined with a backlight unit frame of
blue InGaN LEDs, incorporated into a liquid-

Garcia de Arquer et al., Science 373, eaaz8541 (2021)

crystal display architecture as an RGB (red-
green-blue) backlight (46). This approach offers
improved color gamut and reduced light losses
during color filtering as compared with those
of traditional white LED backlight approaches.
In another scheme, patterned cQDs are used
as a photoactive material, absorbing short-
wavelength blue light and re-emitting light of
longer-wavelength blue, green, and red colors
(Fig. 2C). This eliminates the need for separate
color filters, removing color cross-talk (47); re-
duces the number of layers in the device stack;
enhances the viewing angle; and increases the
light output and device efficiency.

In cQD-based electroluminescent structures,
c¢QDs are used to implement RGB LEDs that
are addressed electrically (Fig. 2D). This ap-
proach can help reduce screen thickness, en-
hance dynamic range, improve black-color
rendering, and increase viewing angle and
frame rates. Compared with organic LEDs
(OLEDs), cQD-based LEDs offer narrower
emission linewidths (<30 nm versus >60 nm
for OLEDs) (Fig. 2E) and correspondingly
higher color purity, as needed to meet Rec.
2100 color gamut specifications (34, 48).

In QD-LEDs, a cQD active layer is sand-

wiched between electron and hole injecting
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Luminance (cd m™2)

with those of OLEDs emitting at similar wavelengths (dashed lines) (48). (F) Efficiency
droop in QD-LEDs. EQE roll-off at higher current densities (J) is typically a result

of imbalanced electron and hole injections, which leads to accumulation of long-lived
uncompensated charges and associated carrier losses due to nonradiative Auger
recombination. (G) A virtually droop-free EQE of ~13.5% maintained up to high
luminance levels of ~0.15 Mcd m™ is realized by using cQDs with suppressed Auger
recombination, achieved by grading the cQD composition (inset) (52).

layers (Fig. 2D). An important LED characteristic
is the external quantum efficiency (EQE)—the
ratio of the number of emitted photons to the
number of injected electrons. The prerequi-
sites of high EQEs are a high PLQY and good
balance between electron and hole injec-
tion currents to avoid CQD charging because
the formation of charged excitons promotes
nonradiative Auger recombination (49, 50).
During Auger decay, the electron-hole recom-
bination energy is released not as a photon but
instead transferred to the resident charge
carrier (Fig. 2F). Auger recombination has
been identified as at least one of the reasons
for EQE droop—a decrease in device efficiency
with increasing current density. This creates
problems even in the case of standard displays
operating at low-to-moderate brightness (500
to 1000 cd m'z); and becomes a serious chal-
lenge for outdoor systems whose brightness
should be comparable with or greater than
that of natural sunlight (5000 c¢d m ™).

The droop problem has been tackled with
both device optimization and cQD structure
control. Compositionally graded cQD multishell
heterostructures have been shown to impede
Auger recombination because of creation of a
“smooth” confinement potential that suppresses
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Fig. 3. Principles of QD lasing and recent advances. (A) Optical gain in QDs originates from biexcitons;
hence, suppression of Auger recombination is critical to realize lasing, especially in the case of cw optical and
dc electrical pumping (63). (B) Modeling indicates strong dependence of the cw lasing threshold on biexciton
lifetime (txx = Trxxtaxx/(Trxx +taxx). Here, t.xx and ta xx are, respectively, the radiative and the Auger
lifetime of a biexciton (65). (C) Increasing splitting between the light and heavy hole states owing to biaxial
strain leads to the reduction of the optical gain threshold, which facilitates the realization of cw lasing (69).
(D) Continuously graded cQDs (cg-cQDs) exhibit strong suppression of Auger decay, which increases the
biexciton emission efficiency and extends optical gain lifetimes. (E) A current-focusing LED architecture helps
boost the current density to levels sufficient for achieving population inversion in a cQD active layer. (F) Light
amplification by using cg-cQDs incorporated into a current-focusing LED (51).

the intragap transition involving the energy-
accepting carrier (51). This enabled red-
emitting LEDs with high droop-free EQEs up
to ~100,000 cd m™ (Fig. 2G) (52). cQD surface
modifications have been also pursued to faci-
litate balanced charge injection, enabling green-
emitting LEDs with brightness >400,000 ¢d m™>
(53). In addition to improving EQEs and bright-
ness, good charge balance helps reduce heat
generation by suppressing Auger decay, which
is essential to maintaining high EQE stability
and extending device longevity (54). Substan-

Garcia de Arquer et al., Science 373, eaaz8541 (2021)

tial strides in cQD-LED performance have led
to EQEs near the limit defined by the light
extraction efficiency from a high-index semi-
conductor medium, exceeding 20% for red
and green colors and 18% for blue (55-57).
The realization of efficient IR cQD LEDs—
desired for technologies such as optical tele-
communications, biological imaging, and
chemical sensing—had previously been hindered
by difficulty in obtaining simultaneously high-
IR PLQY and highly efficient, balanced charge
injection (58). The advent of cQD-in-perovskite
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solids—cQDs embedded in a metal halide
perovskite—provided an avenue to resolving
these problems (59). These materials take
advantage of ambipolar charge transport of
perovskites and spectral tunability of the
cQDs. The cQDs and the perovskite matrix
form a defect-free epitaxial junction with a
band alignment that can be tuned to facil-
itate carrier injection into the cQDs. This
materials platform led to high-performance
IR LEDs with good power conversion effi-
ciencies (PCEs) and high brightness (60). The
use of quantum-confined perovskite matrices,
in which charges were injected as excitons,
led to improved charge balance and helped
further increase the EQE and the brightness
(61). An alternative QD-in-matrix approach
used inorganic bulk-heterojunction solids
implemented by using percolated networks
of PbS and ZnO nanocrystals to achieve a PCE
of 9.3% (62).

QD lasers

Semiconductor lasers are sources of coherent
light applied in numerous technologies, includ-
ing optical communications, on-chip intercon-
nects, digital projection systems, manufacturing,
surgical instruments, metrology, and emerging
quantum information technologies. Lasing re-
quires population inversion in which the oc-
cupancy of a higher-energy state of the emitting
transition exceeds that of a lower-energy state.
For QDs with twofold-degenerate electron and
hole band-edge states, the onset of population
inversion and optical gain occurs when the
average number of electron-hole pairs per-dot
is one ((Nen) = 1) (63). This corresponds to the
regime of optical transparency or optical-gain
threshold when absorption and stimulated emis-
sion exactly compensate each other (Fig. 3A).

To enact optical gain, at least a fraction of
the QDs in the sample must contain two or more
excitons, implying that optical amplification in
QD media relies on biexcitons and other higher-
order multiexcitons. This greatly complicates
the realization lasing because of the extremely
fast deactivation of optical gain through non-
radiative Auger recombination (63, 64). Fast
Auger decay represents an especially serious
obstacle for realizing continuous-wave (cw)
lasing. In particular, in the case of small-size
standard (nonengineered) cQDs with <100-ps
Auger lifetimes, it leads to prohibitively high
lasing thresholds of around 10° to 10° W cm ™
(Fig. 3B) (65). As a result, most experimental
demonstrations of cQD lasing used pulsed op-
tical excitation (37).

The efforts to suppress Auger recombina-
tion explored “giant” CdSe/CdS cQDs with a
thick shell to increase the spatial extent of
electronic wave functions (66) and interfacial
alloying to realize a “smooth” confinement
potential (67, 68). These approaches enabled a
considerable reduction of lasing thresholds in
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(C) Photodetection at the MWIR is challenging and typically achieved with HgTe
cQDs. Shown here, a cQD back-to-back photodiode enables monolithic detection
of SWIR and MWIR bands (85). (D) cQDs have been incorporated into Si-based

imaging technologies, enabling new sensing architectures such as top-surface
photodetection: cQDs sensitize a Si CMOS readout-integrated-circuit (ROIC)
(93). (E) The combination of cQDs with high-mobility materials such as graphene
can provide large photoconductive gains. The integration of this sensing
platform into CMOS has been recently reported (95). (F) cQDs have also been
monolithically integrated with Si in a photovoltage transistor modulating charge
transport in Si by use of an IR cQD-generated photovoltage (96).

the pulsed regime (65) and allowed for de-
monstrating cw lasing with pump powers of a
few kilowatts per square centimeter (69). The
latter study also took advantage of strong
biaxial strain realized by means of epitaxial
facet-selective growth of CdS on CdSe cores.
This increased the energy splitting between
valence-band states and helped impede ther-
mal depopulation of the band-edge hole level
involved in lasing (Fig. 3C).

The development of compositionally graded
core-multishell cQDs have stimulated further
advances in the lasing field (Fig. 3D) (87, 51). The
electronic band alignment in these structures
increases the spatial overlap between electron
and hole wave functions and thus boosts the
emission rate compared with quasi-type II
CdSe/CdS systems. The radially graded com-
position also leads to strong suppression of
Auger decay, which extends optical gain life-
times. These properties have been exploited to
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demonstrate electrically driven optical gain in
“current-focusing” LEDs (Fig. 3, E and F) and
to realize dual-function devices with an inte-
grated optical cavity that operated as an op-
tically pumped laser and a standard LED (70).
These are major milestones on the path to
electrically pumped cQD laser diodes.

Whereas cQD lasers are still at the stage
of exploratory devices, lasers based on eQDs
have already reached technological matu-
rity (7). In particular, record-low thresh-
olds (72) and high operating temperatures
of up to 220°C (73) have been achieved by
using II1-V eQDs. eQD lasers have become a
key component in silicon photonics, optical
interconnects, telecommunication, and data
centers (74).

QD materials for optical sensing and imaging
The wide spectral tunability of QD absorption,

combined with good mobility of photogener-
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ated charge carriers, make them competitive
candidates for optical sensor applications for
wavelengths beyond the Si bandgap. Early QD
sensors relied on InGaAs eQDs grown on InP,
in which photoexcited electrons were emitted
into the InP transport matrix with the help of
an electric field (Fig. 4A) (75). eQD IR detectors
were then considered a compelling sensing
platform of IR light (76), demonstrating low
dark current and high sensitivity and speed
(77,78).

The high cost/performance tradeoff of exist-
ing IR sensors based on bulk narrow-gap semi-
conductors opened additional opportunities for
cQDs, which have the benefit of readier inte-
gration with Si chips. Initial cQD IR sensors
consisted of PbS cQDs embedded in a polymer
matrix, in which a type II heterojunction pro-
vided selective charge circulation (79). Sur-
face modification of cQDs enabled electrically
coupled cQD solids with increased IR sensitivity
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Fig. 5. QD semiconductors for solar energy harvesting. (A) Solar
irradiance spectrum and cumulative power. (B) cQD absorption can be tuned
across the entire solar spectrum, which is of interest for lightweight
standalone solar cells or tandem cells to increase the net PCE of other
technologies such as perovskites (additional +15.6% PCE) and cSi (+6%
PCE). (C) Efficient photovoltaic operation in QD solids requires minimization
of defects pining quasi-Fermi level splitting and open-circuit voltage and
sufficient QD coupling to facilitate charge transport to electron (ETL) and hole
(HTL) transport electrodes. (D and E) Perovskite cQDs have emerged as a

(Fig. 4B) (80). These devices exhibited high
photoconductivity and specific detectivities
(D*; noise-equivalent power normalized to
measurement bandwidth and device area)
comparable with those of III-V technologies.
The high photoconductive gain—while one type
of photocarrier is trapped, the other recircu-
lates many times leading to gain—came with
the downside of high dark currents and time
response limited to approximately milliseconds.

Unlike photoconductors, photodiodes rely
on the collection of minority carriers, open-
ing the door to lower dark currents and faster
time response. Advances in surface chemistry

Garcia de Arquer et al., Science 373, eaaz8541 (2021)
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enabled sensitive short-wavelength IR (SWIR)
cQD-based photodiodes with 3-MHz 3-dB
bandwidths but no gain (81).

Sensing of mid-IR wavelengths—of interest
for spectroscopy, gas and health monitoring,
aerospace, and thermal imaging—is more
challenging. As the semiconductor bandgap
decreases, it becomes closer to background
radiation and transport energy barriers. This
increases dark current and noise and makes
charge collection by using conventional elec-
tronics more difficult. The materials choice
for IR sensing is reduced to few candidates in

the HgCdTe family, InSb, and III-V epitaxial
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1
700

Oxidation

h-quality perovskite solids with stabilized composition

and record PCE (113). (F) In an LSC, cQDs absorb incident sunlight and then
reemit lower-energy photons that are captured by means of total internal
reflection in an LSC slab and waveguided toward edge-mounted solar cells.
(G) The LSC performance can be enhanced by increasing the LSC quality

defined as the ratio of the absorption coefficients for
tted (ap) photons (Qrsc = 02/ay). [Inset courtesy of

UbiQD.] (H) cQDs are candidates for photo- and electrocatalysts to store
solar energy in the form of chemical bonds.

quantum-well structures exploiting intraband
transitions that demand complex fabrication
and low temperature for efficient operation.
Compared with other technologies, such as
bulk HgCdTe photodiodes or Schottky photo-
emissive sensors, cQD-based IR sensors offer
the prospect of lower dark currents, higher-
temperature operation, and higher detectivity.

Improvements in colloidal synthesis of HgTe
cQDs, doping, and surface engineering led to
the demonstration of mid-IR sensors with
room-temperature photoresponse beyond
5 um (82-84). Multispectral IR detectors have
been demonstrated by using two opposing
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Fig. 6. QD materials for quantum light generation. (A) (Top) A
single-photon source based on a QD coupled to a resonant cavity.

(Bottom) The second-order intensity correlation function (g2) exhibits an
“antibunching dip” at time zero, a signature of high single-photon purity.
(B) If two indistinguishable photons simultaneously reach a beam splitter,
they leave it along the same optical path as a photon pair. This experiment is
used to assess the degree of photon indistinguishability. (C) Generation

Schottky junctions of cQDs with different
bandgaps (Fig. 4C) (85). IR intraband photo-
detectors have also been demonstrated with
doped cQDs (86-88) or mixtures of different
cQDs (89).

Solution-processing of cQDs opened the
door to their integration with incumbent visi-
ble sensor platforms such as Si complementary
metal-oxide semiconductor (CMOS) readout
electronics. In standard CMOS-based cameras,
readout circuitry and photoactive elements
coexist within the same layer, limiting the
photodetection area (fill-factor) to ~30%.
Top-surface integration of cQDs onto CMOS
chips led to improved sensors with 100% fill-
factor (Fig. 4D). The direct bandgap of cQDs
also allowed for thinner photoactive films
(~600 nm), reducing signal crossover from

Garcia de Arquer et al., Science 373, eaaz8541 (2021)

Correlated dipoles

(rsf)

adjacent pixels compared with silicon back-
surface-illuminated sensors.

The integration of cQDs with materials that
have high mobilities, such as metal halide
perovskites, and 2D materials such as graphene
and transition-metal chalcogenides enabled de-
coupling sensitization (light absorption) and
charge transport (90). In QD-in-perovskite
solids, it has been shown that one can com-
bine the field emission of photoexcited charges
from PbS cQDs into the perovskite matrix,
along with ensuing charge transport within
the higher-mobility perovskite matrix (91).
¢QDs and 2D materials have been incorporated
in a phototransistor architecture (Fig. 4E). As
photoexcited electron-hole pairs in the cQD
layer split, one of the charges drifts into the 2D

transport layer, where it recirculates multiple
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of polarization-entangled photon pairs through a “radiative cascade”
produced by decay of a biexciton. (D) The degree of entanglement
can be assessed with polarization tomography. Coherent interaction
would lead to states on the surface of the Poincare sphere. (E) Super-
fluorescence from colloidal CsPbX3 ensembles (169). (F) Single-photon
emission from CsPbX3 QDs has been achieved with coherence times of
tens of picoseconds (155).

times before recombination, leading to photo-
conductive gain (92). This mode of operation
enables larger photoconductive gain than con-
ventional cQD solids (because of faster charge
recirculation) without compromising time
response (93). However, it requires special
integration with current CMOS technologies
(94). CMOS sensor arrays modified to in-
clude graphene and PbS cQDs have achieved
high on-chip detectivity from the visible to
the IR (Fig. 4E) (95).

cQDs have also been integrated into Si tran-
sistors, modulating Si transport by means of a
photovoltage effect (96). Light absorption with-
in the PbS cQD layer leads to a modification of
the depletion region in the Si layer, controlling
transport in Si and extending its photoresponse
up to 1500 nm. A comparison of performance
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characteristics for different sensor architec-
tures points to a favorable combination of gain
and bandwidth in these devices (Fig. 4F).

The highly tunable emission of cQDs was
exploited in alternative sensing schemes. Up-
conversion devices transduce lower-energy
photons (such as IR) into visible light, which is
then directly imaged (97, 98); down-conversion
devices convert high-energy radiation into
lower-energy photons, which is of interest for
detection of radiation such as x-rays. CsPbBr;
perovskite cQDs have been used to realize in-
expensive flexible scintillators with high per-
formance (99). cQD tunability has also been
exploited to realize fast spectrometers (100).

QD materials for solar energy harvesting

Solar energy harvesting is widely achieved by
using photovoltaic Si modules, with impres-
sive levelized costs below 2¢/kilowatt-hour
(kWh) in well-isolated geographic regions,
thus approaching grid parity. The high crys-
tallinity of eQDs offers a path toward high-
efficiency multijunction solar cells. cQDs can
be deployed in single-junction lightweight
solar cells or in tandem configurations to com-
plement existing PV technologies (Fig. 5, A
and B) and used as the photoactive material
in LSCs and photocatalytic systems.

cQD solar cells

In cQD photovoltaic devices, the energy of
photogenerated excitons is harvested in the
form of electrons and holes, which are col-
lected and used to generate an electric current.
Early cQD solar cells relied on a dye-sensitized
configuration as organic dye replacements.
Electron-hole pairs were harvested by means
of redox reactions and charge transport fa-
cilitated through TiO, and electrolyte. Initial
solid-state cQD PV devices used PbS cQDs
embedded in a conducting polymer to enable
charge transport (101).

Improvements in charge transport in cQD
solids opened the door to cQD active layers
(Fig. 6C) (102). This was first implemented by
using a Schottky junction configuration, in
which the built-in field at the cQD-metal in-
terface facilitated charge extraction. This was
followed by other architectures such as the
depleted heterojunction, which maximized
field-assisted charge collection (103).

Higher-performance cQD solar cells would
still require efficient charge extraction at near-
flatband, maximum-power point conditions
in which charge transport is diffusion-based
rather than field-assisted. Because the dif-
fusion length (Lgi¢r) of minority carriers was
shorter than the length required to maximize
light absorption, this led to an absorption-
extraction compromise. Extended L g required
fewer defects in the cQD solid, to increase car-
rier lifetime and mobility, and avoidance of
quasi-Fermi level and open-circuit voltage (V)
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pinning—also curtailed by cQD polydispersity
and disorder (104, 105).

Advances in cQD quality and PV PCE have
been achieved through improvements in syn-
thesis; ligand exchanges relying on small
metal halides to improve cQD coupling, pro-
tect against oxidation, and reduce the density
of defects (106); doping and surface dipole
engineering (107); device architectures (103);
and light management (108).

The implementation of cQD bulk hetero-
junction (BHJs)—percolating paths of cQDs
forming a type II heterojunction (109)—offered
a route to extend Lg;e by separating electron
and hole transport, reducing recombination.
One challenge is the retention of the desired
c¢QD configuration once the final solid is as-
sembled. BHJs are also attractive to reduce V.
deficit through DOS modification and remote
passivation (62).

The introduction of single-step solution-
phase ligand exchanges enabled to preserve
¢QD monodispersity in the final solid, leading
to a more uniform energy landscape, reduced
bandtail states, and improved charge trans-
port, resulting in higher V. and PCE > 11%
(110). Further improvements in cQD order and
coupling achieved through perovskite bridging
have been shown to boost PCE to >14% (III).

Advances in device architecture have led in
parallel to similar PCEs. These exploited the
combination of PbS cQDs with small-molecule
organic semiconductor layers to complement
c¢QD absorption and enhance charge extrac-
tion (112).

Rapid progress has been made in recent years
using metal halide perovskite cQDs (Fig. 5, D
and E). The use of presynthesized high-quality
CsPbX; cQDs as the precursor to perovskite
solids—as opposed to an on-substrate perov-
skite crystallization—has enabled control over
perovskite phase stability. The lower density
of electronic defects in perovskite cQD solids
compared with PbS led to PCEs that reached
16.6% (113-115).

The tunable bandgap of cQDs can be ex-
ploited to augment the PCE of other PV archi-
tectures by harvesting IR light. This strategy
can lead to up to +6 and +12% additional PCE
points when combined with Si or perovskites,
respectively (Fig. 5A). To date, PbS cQD:perov-
skite tandems have achieved a 24.7% PCE when
combined in a four-terminal configuration (116).

Alternative strategies to improve PV per-
formance include solar spectra reshaping, in
which cQDs absorb and reemit light at a re-
gion of interest. CsPbX; cQDs doped with Yb**
ions can efficiently absorb blue light and re-
emit in near-IR, with quantum efficiency ap-
proaching 200% (117).

Luminescent solar concentrators

LSCs are light-management devices envisioned
as large-area sunlight collectors for building-
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integrated solar cells (118). In LSCs, light is
absorbed by fluorophores embedded in an
optically transparent slab. Excited fluorophores
reemit lower-energy photons, which are guided
by means of total internal reflection to slab
edges to be collected by PV modules (Fig. 5F).
If the light-collecting area of the LSC is greater
than the area of its edges, the output photon
flux density (d;) can exceed the incident flux
density (¢;,), concentrating light. In contrast
to traditional lens- and mirror-based concen-
trators, LSCs can operate equally efficiently for
direct and diffuse light, making them well suited
as large-area sunlight collectors for building-
integrated PVs installed as solar windows and
solar sidings (119).

An important performance-limiting factor
of LSCs is light reabsorption by the fluorophores
themselves, which restrict the maximum device
size. The interplay between sunlight-harvesting
ability and losses due to reabsorption can be
quantified by an LSC quality factor (Q; sc = 011/0),
which is defined as the ratio of the absorption
coefficients for the harvested (o;) and the re-
emitted (a,) light (Fig. 5G). The maximum con-
centration factor (C = 0yyt/dour) Obtained in
the large-area limit is approximately equal to
Q@ s, highlighting the importance of achieving
Qrsc > 1, which can be realized with engineered
cQDs (120). An additional requirement is spec-
tral matching between fluorophore’s emission
and PV absorption. In the case of Si PVs, this
implies that for optimal LSC operation, cQDs
should combine efficient NIR emission and a
spectrally displaced NIR absorption onset.

Initial efforts to tackle reabsorption ex-
plored giant CdSe/CdS cQDs. A thick CdS shell
served as a light-harvesting antenna that fun-
neled photogenerated carriers into a small
emitting CdSe core (121). Because the band-
gap of the core is smaller than that of the shell,
reemitted light is not attenuated by absorp-
tion arising from a large-volume shell. This
approach enables Q; sc of more than 100 and
leads to high concentration factors exceeding
~60 (120, 122).

The amount of sunlight absorbed by giant
CdSe/CdS cQDs is limited by the high bandgap
of the shell. This problem has been addressed
by using narrower-gap I-III-VI CulnSe,S,_,
cQDs (123, 124). In addition to improved sun-
light harvesting, these structures exhibit low
reabsorption because of a peculiar light emis-
sion mechanism that involves an intragap hole-
like state (125). Further improvements in the
LSC efficiency have been obtained by exploit-
ing spectral splitting in tandem devices im-
plemented by using a combination of II-VI and
I-ITI-VI cQDs (126).

Following principles exploited in LSCs, cQDs
can be used for spectral reshaping of incident
sunlight for applications in agriculture to match
the absorption of photoactive molecules and
thereby boosting crop growth. This approach
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is presently being tested for greenhouse and
indoor farming (127).

Photo- and electrocatalysis

Storage of renewable energy as chemical bonds—
for example, transforming greenhouse gases or
pollutants into fuels and chemical feedstock—
is a path toward carbon-neutral energy sys-
tems (128). In this context, cQD materials might
enable photon-to-chemical energy conversion
across the solar spectrum, combining benefits
of heterogeneous and homogeneous catalysis
(129). cQDs can be used as standalone photo-
catalyst or as the sensitizing agent of metal
catalytic sites.

In a photocatalytic system, excited electron-
hole pairs in a semiconductor are directed from
conduction and valence bands to catalytic sites
to drive reduction and oxidation reactions, re-
spectively (Fig. 5H). The cQD large surface-to-
volume ratio offers a path to increased reaction
rates. Strain and defect engineering was shown
to increase cQD photocatalytic activity (130).
Energy positioning is interesting to match the
potentials of different reactions and control
selectivity and to drive electrons and holes
toward different reaction sites, minimizing
product recombination. cQD surfaces can be
manipulated to influence the interaction be-
tween solvents and adsorbates (131).

cQDs have been used in different photocat-
alytic systems, such as H,/O, evolution (132)
and CO, reduction (133), lignocellulose (134)
and plastic (135) reforming, ammonia gen-
eration (136), and water purification (137).
¢QDs have also been implemented in hybrid
strategies to sensitize living bio-organisms,
enabling the production of CO,-upgraded
feedstock (138).

Carbon-based cQDs are an attractive route to
realize metal-free photocatalysts. Their optical
and electronic properties can be widely manip-
ulated to control their size, shape, and doping
(139). Their chemical inertness brings benefits
in aqueous reactions at extreme pH conditions.
Quantum-confined transition-metal dichalco-
genides have also shown a path for water split-
ting and CO, reduction (740), among other
reactions.

In water-supported reactions, single-junction
photocatalytic systems must overcome the en-
ergy gap and overpotentials required to split
water (>1.23 eV) and outcompete product re-
combination. This can be achieved through
two-step excitation and Z-scheme energy trans-
fer in cQD heterojunctions and using tandem
photoelectrochemical (PEC) systems, in which
redox reactions take place separately at the
photocathode (anode). The design of photo-
electrodes follows the same logic as that of
photovoltaic systems but brings added chal-
lenges of cocatalyst integration and more de-
manding chemical stability. Further progress
in PEC performance and system cost are still
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required for this technology to have impact
commercially (141).

Pure electrochemical systems have the ad-
vantage of separate optimization of PV and
electrocatalyst modules. cQD heterostructures
might enable a design platform to tailor the
physical, chemical, and electronic properties
of catalysts—which undergo extensive surface
reconstruction through oxidation and reduc-
tion from their initial configuration as they
are operated.

QD materials for quantum light generation

The development of QD technology for quan-
tum computers and quantum communication
is of growing interest. Quantum technologies
are desirable for fast computation and secure
communication (742). The artificial atom-like
features of QDs triggered efforts to use them
as quantum technology hardware, leveraging
potential advantages such as ease of miniatur-
ization, scalability, and integration.
Although the coherence properties of QD
quantum bits are superior to higher-dimensional
semiconductors (143-148), they so far have re-
mained considerably behind those of atoms or
other solid-state systems such as defect centers.
For optically active excitons in self-assembled
QDs, the coherence time can be as long as
nanoseconds; for optically inactive excitons,
it may reach microseconds, similar to spins.
QDs are attractive as quantum light sources,
providing emission of single as well as en-
tangled photons with high fidelity (149). Ex-
cellent performance parameters have been
achieved, mostly by using eQD structures thus
far. A key factor in that respect is the “silencing”
of the quantum emitter environment—for ex-
ample, by suppressing lattice vibrations and
charge fluctuations. The first can be achieved
with cryogenic cooling, whereas the second
requires high material quality and separation
from surfaces and surfactants located therein.

Single-photon sources

A QD in a high-quality optical resonator cavity
is the basic unit of a single-photon source (Fig.
6A) (150). After tailored pulsed excitation, the
QD will ideally emit one and only one photon,
which is called antibunching. The quality of
antibunching can be characterized by mea-
suring the second-order correlation function
g@)(r = 0), which should reach zero in case of
perfect operation because it gives the prob-
ability of detecting simultaneously two photons
(Fig. 6A, bottom). Over the years, the contin-
uous improvement of In(Ga)As/GaAs eQD
materials (151, 152) has led to the suppression
of g®(1 = 0) to less than 10~* (153). High-
brightness In(Ga)As/InAs eQD single-photon
sources have been accomplished by using
optical (154, 155) or electrical (156) excitation
with record-high operation frequencies of up
to 1 GHz. Single-photon sources are usually
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operated at cryogenic temperatures, but oper-
ation at room temperature or above is desired
for practical quantum integrated circuit sys-
tems. On the basis of the large biexciton bind-
ing energy (>60 meV) realized in GaN eQDs
embedded in a GalN/AlGaN nanowire, single-
photon emission was achieved at 350 K (157).

In addition, photons emitted during a se-
quence of pulsed excitation should be in-
distinguishable (758), a requirement also for
photon-based quantum simulators and com-
puters that exploit Fock number states with
a well-defined number of identical photons.
Indistinguishability concerns their energy, po-
larization, and spatiotemporal mode structure
and can be tested for two photons by means
of a “which-path” experiment (Fig. 6B): When
two indistinguishable photons simultaneously
reach a 1:1 beam splitter, they leave this splitter
only in pairs. This is due to destructive inter-
ference of the transition amplitudes for the
two photons leaving the beam splitter through
separate ports (159). Photon indistinguishabil-
ity exceeding 98% has been achieved for eQD
devices (160).

Sources of entangled photons

QDs can generate entangled photons (for ex-
ample, by using their polarization degree of
freedom through the biexciton cascade recom-
bination) given a sufficiently small splitting of
the polarized exciton states so that the photons
cannot be distinguished through their energies
(Fig. 6C) (161). The biexciton is a zero-angular-
momentum eigenstate, so the polarizations
of the two photons from the biexciton decay
cancel. On the other hand, each photon can
have either of the two possible complemen-
tary polarizations, leading to entanglement
(Fig. 6D) (162-165). The fidelity of entangle-
ment generation has already exceeded 98%
(166). Efforts have been also made to generate
cluster states with a photon number exceed-
ing two (167).

Remaining goals include further enhance-
ment of photon source and detector per-
formance parameters and integration into
nanophotonic circuits. Currently, operation
has been limited to cryogenic temperatures.
Another priority to achieve greater impact is
the demonstration of similarly high-fidelity per-
formance in the fiber-based telecommunication
wavelength range, which is around 1.5 um.

Colloidal QDs for quantum light generation

QD quantum light sources have largely relied
on eQDs, even though one of the very first dem-
onstrations of antibunching involving QDs
used colloidal nanocrystals (168). Ordered su-
perlattices of CsPbX3 perovskite nanocrystals
have been shown to achieve superfluorescence
light generation (169), potentially opening
the door to the implementation of multipho-
ton entangled quantum light sources (Fig. 6E).
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Individual CsPbXj3; QDs have been used to
demonstrate highly tunable single-photon
sources (155) that, combined with their solu-
tion processability, results in a compelling ma-
terial platform to serve as the building blocks of
next-generation quantum light sources (Fig. 6F).

Challenges and outlook

Furthering technological impact of QDs will
require continued advances on multiple fronts,
including QD synthesis and assembly, integra-
tion with existing technological platforms, and
the development of effective QD-specific device
designs.

From a synthetic perspective, the realiza-
tion of high-quality cQD materials based on
solution-chemistry syntheses that transition
toward widely available, inexpensive precur-
sors and solvents is of increasing importance
(I70, 171). Scaling up synthesis processes is
required to meet the large-volume material
demands of markets in consumer electronics,
wearable devices, displays, and energy gener-
ation and storage. Broad adoption of cQD de-
vices will put additional pressure on reducing
the manufacturing costs of highly monodis-
perse cQDs.

The cost to volume and availability of pre-
cursors have a strong impact on the final cost
as production scales up. The available body of
knowledge on cQD synthesis suggests that it
should be possible to switch from currently
used costly trimethylsilyl-based chalcogenide
and pnictide precursors with poor atom econ-
omy (172) to simpler species, such as H,S and
PH;. Other approaches, such as the use of
amine complexes or thiourea, offer promising
¢QD quality and a path for greener synthesis
with lower projected costs (170). Sustainable
large-scale synthesis should consider recycl-
ing the large volume of organic solvents used
during synthesis and cQD assembly to decrease
their cost and associated carbon footprint (771).
The implementation of continuous-flow auto-
mated syntheses is expected to bring down
production costs substantially. Generally, cQD
synthesis will benefit from the development
of quantitative kinetic models based on the
mechanistic understanding of each reaction
step. Recent developments in machine learn-
ing and artificial intelligence can be imple-
mented to increase the predictive power of
these models (173).

The regulation of heavy metals such as Pb,
Cd, and Hg, among others, requires advanc-
ing the synthesis, processes, and perform-
ance of more widely accepted cQD materials.
Widespread technological adoption brings
additional constraints and challenges. Many
groundbreaking fundamental studies have used
CdSe cQDs and Cd-based core shell structures.
In terms of color purity and other perform-
ance metrics, CdSe cQDs are superior to cQDs
of InP, CulnSe,_,S,, and other less toxic semi-
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conductors. However, legislative regulations,
additional manufacturing and transportation
costs, and environmental concerns have re-
quired displays to switch to InP cQDs. One can
anticipate a similar trend with other emerging
cQD technologies. Substantial progress has
been achieved by using Cu-, Bi-, Sn-, Sb-, and In-
based cQDs in display and energy-harvesting
applications (174-176). Accelerated materials
discovery is also expected to play an increasing
role in these areas (177). Another important
direction for cQD synthesis will be the de-
velopment of new routes toward III-V cQDs
beyond currently available InP, InAs, and InSb.
The record-performing eQD devices all used
Ga-based materials such as GaAs and GaN,
which are very difficult to synthesize with cur-
rent solution methods.

Long-term material stability is an additional
metric that needs careful study when proof-
of-concept demonstrations are successful. In
general, nanomaterials are metastable with
respect to bulk crystals. This raises an important
problem of their morphological and chemical
stability during operation—often at elevated
temperatures. An increased understanding of
sintering and grain growth in materials com-
posed of <10-nm semiconductor grains is
needed (I78). Generally, covalent semicon-
ductors show fewer tendencies to electromi-
gration, ion diffusion, and sintering compared
with those of ionic compounds. Lattice-matched
cQD-in-perovskite systems have been shown to
extend the lifetime of the cQDs and perovskite
matrix and enhance their properties (179), rep-
resenting a promising path forward.

From a manufacturing perspective, more
efforts are needed to demonstrate reprodu-
cible cQD devices with high performance by
using techniques such as roll-to-roll and spray
casting. Patterning of cQD layers is an im-
portant step for manufacturing almost any
electronic or optoelectronic device contain-
ing cQDs. The development of material- and
process-tailored patterning methods will be
critical for cQD technologies (180). Inkjet
printing colloidal solutions offers exciting
opportunities for device manufacturing, but
patterns with <10-um features will require dif-
ferent, typically lithographic methods, such
as direct optical lithography of functional
nanomaterials (181). The translation of exist-
ing cQD surface chemistries—mostly devel-
oped at smaller scales or optimized for other
deposition processes—to these manufacturing
conditions is not trivial (03). The integration
of ¢cQD technologies in manufacturing pro-
cesses of products with increasing complexity
may bring additional challenges regarding
cQD stability.

At the device level, the evaluation of per-
formance metrics at conditions relevant to
the final application and standardized stress

tests combined with material degradation

6 August 2021

studies are needed to advance in the reliability
of cQD devices.

Challenges remain on the path to com-
mercialization of cQD LEDs. So far, the best-
performing devices still rely on Cd or Pb, which
are highly toxic heavy metals. Another chal-
lenge is the need for pixelation of cQDs toward
high-resolution, multicolor-LED-based displays.
Different variations of photolithographic and
printing techniques have been explored for this
purpose but have yet to fully meet resolution,
fidelity, and throughput requirements (182).
LEDs based on cQDs must target further in-
creases in power efficiency and stability at rele-
vant operating currents and brightness. This is
especially the case for UV, blue, and infrared
LEDs, whose performance is lower than that
for green and red colors.

The demonstration of electrically driven cQD
laser diodes is an important present objective.
Further advances in the design and imple-
mentation of complex cQD heterostructures
are expected to help accomplish this goal. In-
teresting opportunities are associated with
cQD-specific recent lasing concepts that do
not require biexcitons to achieve optical gain.
These include single-exciton gain (183) and
charged-exciton gain (184-186). Promising re-
sults have been also obtained with emerging
nanocrystalline materials such as CsPbXj3 pe-
rovskite cQDs (187) and quasi-2D nanoplate-
lets (188, 189). Recently, cQD optical gain and
amplified spontaneous emission were realized
within the IR telecom window by using PbS
cQDs (190).

Challenges also remain in the area of eQD
lasers. Improvements in eQD fabrication (S-K
growth) are needed to increase the in-plane
density of QDs and number of layers in the
stack without compromising materials qual-
ity and QD uniformity. These are expected to
provide with extended high-temperature sta-
bility of the threshold current, increased modu-
lation bandwidth, and reduced noise features
that are important for quantum light applica-
tions. Lasers that use droplet eQDs have yet to
be demonstrated.

In addition, it is interesting to develop eQD
lasers that are based on other materials. In par-
ticular, the realization of efficient ultraviolet
GaN eQD lasers would open the door to manu-
facturing and lithography applications. The
fabrication of eQD lasers on CMOS-compatible
silicon-on-insulator substrates is also an im-
portant unresolved challenge.

In photodetection, deepened understanding
of cQD assembly, charge transport, intragap
states, and interfaces are needed to improve
the sensitivity of sensors operating at the
SWIR and beyond (191). Mobilities beyond
10 cm® V' s7! and low dielectric constants are
desired to meet the demands of fast sensing
(<1 ns) for time-of-flight 3D imaging and light
detection and ranging (LIDAR)—which is of
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interest to the expanding autonomous driving
industry (93), machine vision, and augmented
reality for consumer electronics. Efforts to im-
prove device architecture (92), charge mobility,
and trap density in cQD films are necessary to
improve D* and response time (192).

Attention is still needed to increase the PCE
and stability of cQD solar cells. Improvements
in diffusion length need to be pursued together
with strategies to ensure long-term chemical
and mechanical compatibility with other ele-
ments in tandem devices. Because IR harvest-
ing requires larger-diameter cQDs that have a
different facet distribution, different surface
chemistry strategies are needed relative to
those used for smaller cQDs (193). Multiple
exciton generation or carrier multiplication,
in which one high-energy photon (E > 2E,)
generates multiple electron-hole pairs (194), re-
mains a path to be fulfilled for achieving PCEs
that exceed a traditional Shockley-Queisser
limit. Long-term stability at maximum power
point and under temperature and humidity,
which is now standard in perovskite PV re-
ports (195), needs to be consistently reported
to evaluate the impact of this technology and
guide its further development.

In the context of eQDs, the realization of
devices that achieve high uniformity, high
density, and multiple layers has the prospect
to enable ultrahigh-efficiency solar cells with
near 80% PCE by using multiple intermediate
levels (196).

The largest cQD-based LSCs are yet with-
in a few tens of square centimeters (197). An
important challenge is the scale-up of these
proof-of-principle structures to meter-sized de-
vices that would be of relevance for building-
integrated sunlight collectors. This will require
further CQD developments to improve the LSC-
relevant parameters (such as PLQY and Q;sc),
especially in the case of NIR emitters. Other
challenges include the elimination of prop-
agation losses in the LSC waveguide and the
enhancement of device stability under out-
door conditions.

The use of cQDs in photo- and electrochem-
istry is still in its early stages. It is still to be
seen which cQD properties can be exploited in
practical systems, demanding long-term sta-
bility at harsh electrochemical conditions.

In the application of QDs to nonclassical
quantum light sources such as single-photon
and entangled-photon sources, high-precision
position and wavelength control and integra-
tion to a quantum circuit are important issues.
Nonclassical quantum light sources are posi-
tioned as indispensable devices for quantum
key distribution and quantum repeater sys-
tems for quantum communication. Emerging
distributed quantum computer systems (edge
quantum computing systems) will be mutually
connected by quantum networks. In that case,
quantum communication based on on-demand

Garcia de Arquer et al., Science 373, eaaz8541 (2021)

and highly efficient nonclassical quantum light
sources will play large roles.

In addition, quantum bits (qubits) based on
semiconductor QDs are one of key candidates
for realizing quantum computer systems. Up
to now, these have been realized by using QDs
under depletion effect induced by electric
fields. eQDs relying on group IV such as silicon
or germanium are emerging as next-generation
qubits. The application of QDs for quantum
sensing and metrology could also enable QDs
to replace diamond nitrogen-vacancy centers
and carbon nanotubes.
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Advances in colloidal quantum dots

The confinement found in colloidal semiconductor quantum dots enables the design of materials with tunable
properties. Garcia de Arquer et al. review the recent advances in methods for synthesis and surface functionalization of
guantum dots that enable fine tuning of their optical, chemical, and electrical properties. These important developments
have driven the commercialization of display and lighting applications and provide promising developments in the related
fields of lasing and sensing.
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