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ABSTRACT: Colloidal quantum dots (QDs) are nanoscale semiconductor crystals with
surface ligands that enable their dispersion in solvents. Quantum confinement effects facilitate
wave function engineering to sculpt the spatial distribution of charge and spin states and thus
the energy and dynamics of QD optical transitions. Colloidal QDs can be integrated in
devices using solution-based assembly methods to position single QDs and to create ordered
QD arrays. Here, we describe the synthesis, assembly, and photophysical properties of
colloidal QDs that have captured scientific imagination and have been harnessed in optical
applications. We focus especially on the current understanding of their quantum coherent
effects and opportunities to exploit QDs as platforms for quantum information science.
Freedom in QD design to isolate and control the quantum mechanical properties of charge,
spin, and light presents various approaches to create systems with robust, addressable
quantum states. We consider the attributes of QDs for optically addressable qubits in
emerging quantum computation, sensing, simulation, and communication technologies, e.g.,
as robust sources of indistinguishable, single photons that can be integrated into photonic
structures to amplify, direct, and tune their emission or as hosts for isolated, coherent spin states that can be coupled to light or to
other spins in QD arrays.
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1. INTRODUCTION
Colloidal quantum dots (QDs) are fragments of bulk semi-
conductor crystals with typical diameters of <100 nm. Shells of
ions or organic or inorganic ligands serve to electrostatically or
sterically stabilize their dispersion in solvents (Figure 1a).1

Advances in synthesis enable the preparation of colloidal QDs
tailored in size within atomic roughness, in shape, and in internal
structure for a wide range of elemental, binary, ternary, and
quaternary compositions. Examples include spheres, cubes, and
rods of group IV allotropes of carbon and Si; III−V In-pnictides;
II−VI and IV−VI Zn-, Cd-, Hg-, Pb-, and Sn-chalcogenides; I−
III−VI2 CuxIn1−x-chalcogenides; I2−VI Cu- and Ag-chalcoge-
nides; I−VII Cu-halides; and metal-halide perovskites (ABX3; X
= Cl, Br, I) typically composed of Pb or Sn B-site cations and Cs
or organoammonium A-site cations. These QDs generally are

smaller in size than or comparable to the bulk semiconductor
electron, hole, and/or exciton Bohr radii. Therefore, carriers and
excitons experience strong to intermediate to weak degrees of
quantum confinement. Quantum confinement effects underlie
their size-dependent electronic properties, which evolve from
molecular to bulk-like as the QD size increases, and give rise to
their prized, size-tunable optical properties. As an example,
Figure 1a shows the color of luminescence varying from blue
(right) to red (left) for CdSe QDs ranging from ∼2 to 6 nm in
diameter.2 The continuous tailorability and narrow dispersion in
QD sample size as well as the small Franck−Condon factors in
inorganic semiconductors compared to organic luminophores3

allow precise engineering of their color and high color purity in
their optical absorption and luminescence. These characteristics
are being exploited in conventional applications, commercially
as optical materials that serve as luminescent probes for biology4

and to downshift blue light from light-emitting diode (LED)
backlights to produce high-definition, wide color gamut
displays,5,6 and in research as absorbers and emitters in light-
sensitive and light-emissive optoelectronic devices.7

Here, we briefly introduce the objectives of quantum
information science and several key properties that are desirable
in material platforms. In this context, we then review the role of
quantum confinement effects in defining the electronic structure
of QDs and then describe research in the colloidal QD
community over the last 30 years on synthetic methods,
structural characterization, and optical spectroscopy of their
photophysical properties. This research sets the stage for a more
recent history and a forward look at the opportunities to explore
QDs as quantum optical materials. We begin with the quantum
optical properties of their excitonic transitions and in
subsequent sections discuss the state of the art in how quantum
coherent charge and spin states can be realized through
synthetic control of QD heterostructures and the introduction
of intentional defects. We focus on the unique characteristics of
colloidal QDs, in comparison to their bulk semiconductor
analogues, that make them exciting candidate systems for
quantum optical materials. With diverse functions “packaged”
within individual QDs, we consider how the colloidal character
of QDs can be exploited to assemble single QDs and arrays of
QDs, which promises to allow their integration in optical cavities
and in architectures for quantum information processing.
This review is written to introduce both the colloidal QD

community to the desired materials properties for quantum
information science and technology and the quantum
information science community to the physics and chemistry
of colloidal QDs that make them an excellent materials class and
platform for study. To serve as a resource for and to bring both
communities together, the review is comprehensive in
presenting the fundamental physics and chemistry and well-
studied and distinguishing examples from both fields and in
laying out our present day understanding of the quantum optical
properties of and future opportunities for colloidal QDs to
address the needs of quantum information science.

2. MATERIALS FOR QUANTUM INFORMATION
PROCESSING

We begin with an introduction of the different quantum
information technologies to set the stage for the quantum optical
properties that are required and may be realized in colloidal
QDs. Quantum information processing relies on the isolation
and manipulation of fundamental quantum-mechanical proper-
tiessuch as charge, spin, and lightin such a way that the

Figure 1. (a) Photograph of the photoluminescence from dispersions of
colloidal CdSe QDs,2 ranging in size from (right to left) ∼2 to 6 nm,
and a schematic of a colloidal QD, composed of a crystalline
semiconductor core of radius r and an organic or inorganic shell
(light blue). (b) Schematic of the E vs k band structure of a bulk
semiconductor (dark blue lines) with a direct band gap of energy Eg and
the allowed states of a colloidal QD (green circles) with its lowest-
energy transition, Eg,QD. (c) Schematic of the real space, energy
diagram, corresponding to the E vs k diagram in part b, of a QD of radius
r, as depicted in part a, where EC,V show the spatial variation of the
conduction and valence bands across the core and shell, in this case
forming a type-I band alignment. The photograph in part a is
reproduced with permission from ref 2. Copyright 2011 Elsevier.
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system’s dynamics encode and process information. Information
can be encoded, for example, in the spatial orbital distribution of
an electron, the projection of spin angular momentum for a
nucleus, or the polarization axis of a photon. In analogy with
classical digital computing, the configuration of these discrete
quantum states maps to logical bits. It is often convenient to
isolate a quantum system with two statesa qubitas the
fundamental building block. As shown in Figure 2, quantum

information processing consists of initialization to set the
relevant quantum states, control over interactions such that the
system’s quantum dynamics achieve the desired operation on
those states, and readout to measure the result.8 In contrast to
classical information processing, however, quantum systems can
exploit the properties of superposition, entanglement, and
quantum interference in their operation. Among a host of
rapidly emerging technologies, the four major areas of quantum
information science are quantum computing, where the goal is to
execute an algorithm on digitally encoded data; quantum
communication, with an aim of securely transmitting quantum-
encoded data over long distances; quantum simulation, where
well-controlled quantum systems are used to simulate other
physical phenomena; and quantum sensing, where quantum
systems are used to detect or transduce classical or quantum
signals with enhanced performance.
These different quantum-information technologies have

varied, and often contradictory, requirements. Quantum
computing requires the assembly of a large number of
individually addressable qubits that can be entangled with
each other at will and protected from unwanted interactions
with the environment. Quantum sensing demands a well-
controlled interaction between a quantum system and the signal
of interest along with a robust detection method. Quantum
communication prototypically involves the transfer of quantum
informationin the form of a superposition and entangled
statesbetween different degrees of freedom, such as spins and
photons. The need to match system properties with application
requirements holds even when considering different device
architectures or protocols within a single application domain. A
temperature sensor to be used in living cells, for example, will
have markedly different requirements than a gravitational
accelerometer to be used in space.
Quantum hardware takes many forms, including trapped

atoms and ions,9 superconducting circuits,10 silicon elec-
tronics,11 integrated photonics,12 and quantum defects.13 The
modality used to address and control each quantum hardware
platform, typically through classical electronic or optical signals,
further informs the system design and relevant figures of merit.

Nonetheless, we can outline general considerations. For
optically addressable qubits,14−16 the following characteristics
bear particular importance:

• Single-photon emission: Single-photon emitters possess
discrete electronic ground and excited states, connected
by radiative transitions that can be triggered optically or
electronically.17 The discrete nature of the quantum states
means thatideallyone and only one photon is
emitted when the excited state decays. In principle, such
a two-level system can constitute a qubit; however, the
coherence lifetime will be intrinsically limited by the
radiative decay time. For this reason, qubits to be used for
storage or manipulation of quantum information are
generally encoded in long-lived ground or metastable
states.14 Nonetheless, single-photon emitters are essential
components in many quantum technologies, especially
for quantum communication and for quantum-informa-
tion processing using linear photonic circuits. The basic
properties of single-photon sources include brightness
and Fock-state purity.18 Brightness refers to the
probability that the source produces a photon at the
desired time, while purity measures the likelihood that a
detected photon originated from the source rather than
background effects. These are desired features of all
quantum-photonic technologies; however, most applica-
tions have stricter demands, as discussed below.

• Optical coherence: Indistinguishable photons are required
for all-photonic quantum devices that rely on interference
and entanglement between multiple photons. Key
examples include linear quantum photonic circuits12

designed to implement quantum computations,19,20

quantum simulations,21 or Boson sampling.22 These
applications require large numbers of indistinguishable
photons to be prepared on-demand with high brightness
and purity. Indistinguishable photons are also necessary
for entanglement-by-measurement of distant spin qubits
coupled by photonic channels.23 For photons to be
indistinguishable, they must be emitted in identical
spectral, temporal, and spatial modes. These character-
istics are challenging to achieve in solid-state systems due
to coupling to phonons and uncontrolled electronic
fluctuations in the material.

• Oscillator strength: The electric dipole matrix elements for
optical transitions determine the photon emission lifetime
and the emitter’s coupling strength to a nanophotonic
device. Static and induced electric dipoles also determine
the sensitivity of the optical transition frequency to
electric field noise. Generally, this leads to a trade-off
where systems with large oscillator strength (e.g., QDs
and defect-bound excitons) are bright and couple
efficiently to photonic devices but have low optical
coherence. In contrast, other systems (isolated transition-
metal and rare-earth dopants, especially) have lower
emission rates but more stable transitions.

• Spin coherence: Electronic spins are exceptional and
versatile qubits, especially for applications that require
local processing, long-lived quantum memories, and an
optical interface.14 In contrast to charge degrees of
freedom, spins are relatively insensitive to environmental
noise. At the same time, they interact strongly enough
with specific local fieldsand with other nearby spins
to facilitate the generation and control of entangled states.

Figure 2. Essential elements of quantum information processing.
Classical digital inputs are converted into well-defined quantum states,
which subsequently evolve quantum mechanically through interactions
with each other and with classical control fields. Measurements of the
resulting quantum states yield classical output data.
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The coherence lifetime of an electronic spin in the solid
state is determined by a combination of factors including
spin−orbit coupling or spin−lattice interactions, which
couple the spin to phonons and electric field noise;
hyperfine interactions with proximal nuclear spins; and
magnetic noise typically from unpaired electronic spins in
the material or trapped at interfaces. If the spin state is
metastable, then its coherence is also limited by the state’s
lifetime.

• Spin−photon interfaces: For applications requiring coher-
ent transfer of quantum information between spin states
and photon states (e.g., entanglement-based quantum
communication, quantum repeaters, and distributed
quantum computers), all of the above properties are
required, in addition to a set of spin-dependent optical
transitions that can generate spin−photon entanglement.
Such spin-dependent transitions typically result from
intrinsic spin−orbit coupling between different orbital
and spin levels that comprise the defects’ ground and
optically excited states. Here again, we note a trade-off,
where spin−orbit coupling is required to realize an
interface between spins and photons, yet its presence is
often detrimental to quantum coherence.

• Scalable fabrication: All quantum technologies require
building blocks that can be synthesized with the scalability
and uniformity to enable the fabrication of increasingly
sophisticated devices. Single-photon sources need to be
incorporated with photonic nanostructures to enhance
and direct their emission.24 The resolution and perform-
ance of quantum sensors depend on their placement close
to surfaces within sensing devices that also facilitate
quantum control.25 Coherent magnetic interactions
between proximal spins are only practical for generating
entanglement over separations of a few nanometers,26 so
arrays of coupled spin qubits need to be assembled with
nearly atomic precision.

As we will see throughout this review, colloidal QDs can
address all of these requirements. Other QD platforms, notably
including III−V epitaxially self-assembled QDs18,27,28 and
lithographic QDs created from two-dimensional quantum
wells,29−31 are already widely utilized for building quantum
devices. Colloidal QDs share many desirable characteristics with
these complementary QD morphologies while offering greater
flexibility in the choice of materials and methods for device
integration. Indeed, colloidal QDs are already preeminent
platforms for engineering strong, tunable optical responses for
classical technologies. The time is right to develop their
quantum functionality for new generations of applications in
quantum information science.

3. COLLOIDAL QUANTUM DOTS

3.1. Electronic Structure of Bulk Semiconductors and QDs

Bulk semiconductors are characterized by their energy diagrams
composed of an energy gap (Eg), ranging from 0.1 eV to as large
as 6 eV, separating conduction and valence bands. The energy
bands result as the degeneracy of atomic orbitals from ∼1022
atoms/cm3 is broken, but are closely spaced, forming a
continuum. The electronic band structure describes the
dispersion relationship between the energy (E) of allowed
conduction and valence band states and the crystal momentum
(k), i.e., the direction of carrier motion in the crystal (Figure 1b,
blue curves). The band structure of bulk semiconductors is

continuous, given the large number of atoms and therefore
closely spaced energy levels; is practically parabolic, with
curvature near the band extrema that depends inversely on the
carrier effective mass (m*) following the effective mass
approximation; and varies with the composition and crystal
structure of the semiconductor, defining the band energies,
widths, and effective mass for different k. The density of surface
states is small in comparison to the density of band states due to
the small ratio of atoms at the surface relative to those in the
bulk.
As the dimensions of semiconductors are reduced to <100

nm, as found in quantum wells and wires and in QDs, the topic
of this review, the electronic structure is altered from that of the
parent bulk material by quantum confinement effects.32 For
strongly confined QDs, the QD radius is small compared to the

electron and hole Bohr radii a
me,h

2

e,h
2= εℏ

*
∞


and the exciton Bohr

radius ( )a
m mex
1 12

2
e h

= +εℏ
* *

∞


, where ε∞ is the static dielectric

constant of the semiconductor, ℏ is the reduced Planck’s
constant, and  is the unit charge. The electrons and holes can be
treated independently by the particle-in-a-box model, where the
box is composed of the parent semiconductor and treated by the
effective mass approximation.33 The bulk semiconductor
composition and crystal structure determine ε∞, me*, and mh*,
and the size and shape of the QD define the geometry of the box.
Since the size of the box is finite and equal to the product of the
number of unit cells N and their lattice constant a, the allowed
values of k are restricted and equal to m

Na
π , where m is an integer

(Figure 1b, green circles). An equivalent solution is found using
the Hückel molecular orbital theory.34 The discrete eigenvalues
for QDs lie on the bulk E(k).
For spherical QDs of radius r Na

2
= , these states are atomic-

like and are labeled by the radial and orbital angular quantum
numbers n = 1, 2, 3, ... and L = 0, 1, 2, ..., written as S, P, D,
respectively, to give nhLh and neLe for hole and electron states in
the valence and conduction bands. The lowest-energy states are
1Sh and 1Se, where S refers to the symmetry of the envelope wave
functions and h and e index the hole and electron.34 For bands
with substructure, commonly semiconductor valence bands
originating from atomic p orbitals, the hole index can further be
replaced by the total angular momentum quantum number F = J
+ L, where J is the Bloch-function angular momentum describing
the substructure of 4-fold degenerate light and heavy hole bands
with j = 3/2 and the 2-fold degenerate spin−orbit split-off band
with j = 1/2, to give nLF (e.g., the lowest-energy hole state is
1S3/2).

35−37 To be general to different semiconductor QDs, in
this review, we describe the lowest-energy conduction and
highest-energy valence states by 1Se and 1Sh.
The energies and separation between the lowest-conduction

and highest-valence band states increase with decreasing QD
size, giving rise to the size-dependent band gap

E r E( )
r m mg,QD g,bulk 2

1 12 2

2
e h

= + +πℏ
* *

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ, where the second term is

the confinement energy.38 In larger QDs, the Coulomb
interaction between electrons and holes becomes significant

and a correction of e
r

1.8 2

−
ε∞

is added, which acts to reduce the

effective QD band gap. The band gap tunability achievable with
QD size, from the smallest ∼1 nm QDs to QDs ∼2−3× larger
than the exciton Bohr radius for a given semiconductor
composition, depends on me* and mh*, and is easily visualized
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by the curvature of the band structure E vs k.39 The energies of
these allowed k-states are represented in the QD energy diagram
and capture the complexity of the underlying semiconductor
band structure, for example, the p-like character of the valence
band substructure in the example depicted in Figure 1c.
Interestingly, recently explored metal-halide perovskite QDs
have s-like valence bands and p-like conduction bands, so that
the complex, sub-band structure is found not in the valence band
but in the conduction band.40

QDs have a large surface-to-volume ratio, and thus, the
chemistry of the surface can influence the electronic structure of
the QD. The surface of the QD presents different crystal facets
and dangling bonds that can create non-stoichiometry and
defect complexes, which in turn introduce shallow and deep
electronic trap states within the band gap.7,40 Shallow states can
serve as electronic dopants, altering the carrier concentration.
Deep states are efficient non-radiative recombination−gener-
ation (R−G) centers and notoriously limit the quantum yield
(QY) of luminescence. The bright luminescence seen in QDs
came first serendipitously and then from years of research
culminating in the rational design of “shells” that surround the
QD core and passivate surface electronic states.41,42 These shells
are composed of organic ligands that strongly bind QD surface
atoms and, in more recent years, typically larger band gap
semiconductors that create type-I heterojunctions (Figure
1c).43−45 Ligands at the QD surface can also create dipoles
that shift the absolute energies of the conduction and valence
band states, which are particularly important in the design of
some QD heterojunction devices.46

3.2. QD Synthesis, Purification, and Exchange

The past 30 years have seen dramatic improvements in the
synthesis and fabrication of QDs. Three main classes of QDs are
found in the current literature and are actively pursued by largely
separate communities for a range of applications, including
quantum information science. The demands of quantum
information science applications will push the miniaturization,
precision, chemical and structural purity, and spatial localization
of QDs to their chemical and physical limits.
Lithographic QDs: Top-down lithographic processing has

been used to create structures where an externally addressable
electrostatic gate provides a tunable confining potential for
carriers.31,47,48 Lithographic, or “gated”, QDs offer a high degree
of control and a ready path to integration with existing
nanofabricated electronic systems. Lithographic QDs were
among the first platforms explored as architectures for scalable
quantum computing,29 and they remain the focus of active
research.30 However, the patterning of multiple electrodes
needed to create the electrostatic confining potential limits the
size of the QD to several times the most aggressive minimum
lithographic feature size. Therefore, these structures exhibit their
most exciting properties at temperatures well below 1 K. The
fabrication processes that offer the highest-resolution structures
are often serial, direct-write methods such as e-beam
lithography, and thus limit the number of QDs that can be
prepared.
Strained-Layer Epitaxial Quantum Dots (SLE-QDs): Top-

down molecular beam epitaxy (MBE) or metal−organic
chemical vapor deposition (MOCVD) can be combined with
bottom-up, strained-layer epitaxy to yield QDs. In these SLE-
QDs, heteroepitaxy of repeated layers of wide and narrow band
gap semiconductors (e.g., InAs/GaAs or PbTe/PbSe) is used to
create compressive strain in the lattice of the narrow band gap

material, inducing the formation of islands or hillocks rather
than a continuous thin film.49 These islands can, in turn, be
covered by an epitaxial layer of the wider band gap semi-
conductor, resulting in a three-dimensionally confined inclusion
of the narrow band gap material. Although the initially narrow
gap islands are largely randomly positioned laterally, once the
growth transitions from 2D to 3D, the area immediately
surrounding each island is depleted of new material as diffusion
and addition to existing islands is favored.50,51 Under optimized
conditions, the statistical competition for material results in the
growth of an ensemble of islands having similar dimensions and
interisland spacing. As multiple layers of these SLE-QDs are
grown by successively alternating the deposition of materials of
differing lattice constant, the strain fields of the newly buried
dots induce strain in the subsequent layers. This strain enables a
self-assembled or self-organized growth mode to develop in
which the positions of the embedded and added QDs become
correlated both vertically and laterally.52 These strain fields can
be engineered by exploiting lithography.53,54 These SLE-QDs
can be grown with dimensions far smaller than those of
lithographically fabricated QDs, and they exhibit complex
quantum behavior even at room temperature. As the SLE-
QDs are embedded in a semiconducting matrix, they offer a
straightforward path to optoelectronic device integration. The
self-assembled growth process is essentially a planar process
repeated multiple times, but it provides the advantage of parallel
QD production in each layer. However, SLE-QD systems are
constrained by the inherent polydispersity in QD size and QD
position afforded by the thermodynamics and kinetics of the
growth. Further purification or narrowing of the QD size
distribution is not practical.
Colloidal QDs: The focus of this review is colloidal QDs,

which are also commonly referred to as semiconductor
nanocrystals (NCs). These materials are the purest expression
of the bottom-up approach in which the synthesis of QDs can be
coupled with advanced separation or purification procedures.
QDs are grown from molecular precursors and can contain
anywhere from 102 atoms to 105 atoms to more than 108 atoms,
as the QD diameter increases from ∼1 to ∼10 to ∼100 nm. The
ability to produce discrete, dispersible nanostructures blurs the
lines between molecular synthesis and classic colloidal
chemistry. Treating the surface of the QDs with ligands provides
physical and chemical stability to the colloidal QDs andmodifies
the electronic structure of the semiconductor surface. These
colloidal routes offer the ability to process and purify the
resulting QDs to meet ever more demanding optical and
electronic specifications. Although the synthesis of QDs has
been studied for over three decades, recent advances hold the
potential to deliver the structural and chemical uniformity,
spectral tunability and purity, reproducibility, and stability
needed to enable a new generation of quantum-enabled
technologies. The library of QD materials now accessible has
expanded to embrace materials from all major semiconductor
classes, IV, III−V, II−VI, IV−VI, I−III−VI2 I2−VI, I−VII, and
metal-halide perovskites, including many formulations that are
earth-abundant and/or nontoxic for greater commercial accept-
ance. Here, we describe the synthetic methods used to prepare
colloidal QDs.

3.2.1. Aerosol and Plasma Synthesis. One strategy for
QD production builds off the tradition of aerosol chemistry, in
which high-temperature evaporation of material or gas-phase
cracking of molecular precursors is followed by nucleation and
growth of QDs. The QDs are entrained in a gas flow and can
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either be collected on a surface or the gas flow can be bubbled
through a solvent with a colloidal stabilizer to disperse the QDs.
Although the number density of QDs produced in the gas phase
is low, the process is continuous, and thus, appreciable,
multigram scale quantities of QDs can be prepared over
time.55 An attractive attribute of the aerosol or gas-phase
syntheses is that the QDs can be passed through a furnace to
anneal out deleterious structural defects, to introduce dopants,
or to grow a passivation layer (e.g., SiO2 on Si). These routes
allow the production of more refractory materials than lower-
temperature chemical routes. Among the most successful
variants of this approach are the “dusty-plasma”-based
syntheses.56,57

3.2.2. Aqueous Arrested Precipitation. The wet-
chemical synthesis of QDs builds on traditions of aqueous
colloid growth reaching back to Faraday and LaMer. In the early
1980s, investigations of aqueous arrested precipitation reactions,
in which sparingly soluble metal chalcogenide salts were added
to water in the presence of surfactants, yielded stable colloids
with optical absorption spectra that shifted to the red as the size
of the particles grew larger. This observation of size-dependent
optical properties launched interest in colloidal semiconductor
QDs.58−60 The introduction of micellar solutions or inverse
micelle systems to spatially confine the nucleation and growth
process improved particle size control,61 but these low-
temperature methods still suffered from a high degree of
internal and surface disorder and exhibited spectrally broad
emission and low-photoluminescence (PL) QY. Aqueous
arrested precipitation techniques are still broadly practiced
due to their simplicity, scalability to kg or even ton scale,62 and
applicability to a wide range of semiconducting materials.
The attachment of amphiphilic organic ligands (capping

groups) to the QD surfaces post-synthesis or by injection in the
later stages of synthesis to terminate QD growth enabled hybrid
aqueous−organic routes. The organic ligands improved the
colloidal and chemical stability and enhanced the optical
properties (spectral line width and PL QY) of the QDs by
passivating undercoordinated surface sites which act as non-
radiative recombination centers. The phase transfer of the
organically capped, ligand-stabilized colloidal QDs to higher-
boiling point (>150 °C), coordinating solvents (e.g., alkyl-

amines or alkylphosphines and alkylphosphine oxides) allowed
annealing to further reduce internal and surface defects, and thus
improvements in the optical properties of the QDs.63 These
improvements motivated a full non-aqueous, high-temperature
(solvothermal) colloidal synthesis of QDs.

3.2.3. Solvothermal Synthesis. In the early 1990s, high-
temperature, non-aqueous “solvothermal” synthetic routes were
introduced to produce QDs.64 LaMer and Dinegar’s model of
colloid growth teaches that monodisperse colloids can be
prepared via a temporally discrete nucleation event, by creating a
supersaturation of monomers that is relieved at high temper-
ature upon the formation of nuclei (Figure 3a).65 The term
“monomer” in this context does not refer to a precise chemical
entity but is used to represent the smallest hypothetical
semiconductor subunit consisting of one cation and one
anion. The monomer species result from the thermally induced
chemical reaction of the semiconductor precursors.66 The QDs
grow like a living “inorganic polymer” from semiconductor
monomer species in solution. After nucleation, the monomer
concentration drops below the threshold for the formation of
new nuclei but remains above the equilibrium solubility,
allowing further growth on the initially formed nuclei.67 If the
nucleation stage is brief and the subsequent growth consumes
more monomer than the initial nucleation, the colloid can enter
a “size-focusing regime”, generating a monodisperse colloidal
dispersion.68,69 The organic solvents employed in solvothermal
syntheses are comprised of a mixture of surface-active
(amphiphilic) species, capable of moderately and reversibly
coordinating the surface of the QDs during growth, and a high-
boiling-point weakly or noncoordinating solvent. The balance of
coordinating strength, steric bulk, and lability of the stabilizing
ligands is used to allow nucleation and slow growth of QDs at
high temperature (100−350 °C) while suppressing their
aggregation.
Separate from nucleation and growth, many colloidal systems

also display a distinct, third stage called Ostwald ripening in
which the average colloid size increases as the particle
concentration decreases over time.70 If the monomer has an
appreciable concentration at the growth temperature, an
equilibrium is established with the dispersed QDs between
dynamic processes of deposition and dissolution/etching.

Figure 3. (a) Schematic of LaMer and Dinegar’s model of monodisperse colloid synthesis, described by the concentration of precursors over time and
the regimes of nucleation, growth, and ripening, and its representation to control the size and number of colloidal QDs. (inset) Reaction vessel for the
growth of colloidal QDs.65 (b) TEM image of an array of 4.8 nm CdSe QDs.65
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Ostwald ripening is driven by the high surface area, less
energetically stable small particles in the ensemble, in
comparison to their larger siblings. The small particles
experience net etching and ultimately disappear, while the
larger particles experience net deposition, resulting in growth
over time. The equilibria between the monomer species and the
QDs and the diffusion rates of the monomer in solution are
strongly temperature-dependent. Thus, time and temperature
can be adjusted to engineer the particle size and size distribution.
The first widely adopted implementation of solvothermal QD

synthesis is often referred to as the “hot injection method”. This
is exemplified by the synthesis of II−VI QDs in which a group II
metal alkyl precursor (e.g., Cd(CH3)2 or Zn(CH2CH3)2) and a
group VI precursor (e.g., bis-trimethylsilyl chalcogenides or
trialkylphosphine chalcogenides) are reacted at high temper-
ature.1 These precursors were initially selected from systems
used in MOCVD, as discussed in SLE-QD synthesis. The group
II and VI precursor solutions are mixed at room temperature in a
high-boiling-point, weakly coordinating solvent, in this case tri-
n-octylphosphine (TOP), and rapidly injected into a reaction
vessel containing a high-boiling-point, strongly coordinating
solvent, in this case trioctylphosphine oxide (TOPO), that is
heated to 200−350 °C under an inert atmosphere (Figure 3a,
inset).64,65 Although the group II and group VI precursors react
slowly, if at all, at room temperature in viscous, coordinating
trialkylphosphine, the injection into the hot vessel causes a
temperate jump in the precursor solution that induces their
rapid decomposition and the creation of monomer species in
situ. The monomer concentration rapidly reaches super-
saturation and is relieved by the nucleation process. The
injection causes the vessel temperature to drop, slowing the
decomposition of precursors and the formation of monomer. In
less than a minute, the nucleation phase ends and the colloid
enters the growth stage. After approximately 10−30 min,
Ostwald ripening becomes dominant. This approach was first
demonstrated to generate a series of CdE (E = S, Se, Te) QDs
from a single batch reaction, isolating species with diameters
ranging from 1.5 to 12 nm over a period of a few hours while
maintaining size distributions of <10% stdv.64 Figure 3b shows a
TEM image of an example of CdSe QDs.65 The size distribution
is further narrowed to <5% stdv via purification and separation
processes described in section 3.2.4. Alternately, the full
contents of the reaction, at the scale of 250 mL in a 500 mL
flask, could be isolated at one time to yield up to 3.0 g of material
of a desired size.71

A general weakness of hot-injection methods is the complex
dependence of the initial nuclei distribution on variables such as
the injection rate, mixing rates, and small temperature
fluctuations, which is a liability when attempting to scale the
production of specific sizes reproducibly. Early organometallic
methods were undesirable due to the reactivity (pyrophoric
nature) and extreme toxicity of the metal alkyl precursors. This
concern was addressed by Peng et al. with the introduction of a
less toxic, nonvolatile, group II CdO precursor that allowed the
hot-injection synthesis of high-quality QDs.72,73 As the inherent
toxicity of Cd cannot be entirely eliminated in the CdE (E = S,
Se, Te) family, the design of “greener” QD variants based on
Zn−VI, III−V, I2−VI, and I−III−VI2 has become an active area
of research.74,75

Replacing the majority of the coordinating TOP−TOPO in
the II−VI QD synthesis with a noncoordinating or at least very
weakly coordinating solvent such as octadecene (ODE)76,77 or
mineral oil/paraffins78 to form a mixed solvent, with a minor

concentration of a coordinating species, further lowers the cost
and reduces the toxicity of the waste from solvothermal
reactions.74 Hot injection continues to be employed at the
laboratory scale, in large part due to the fact that the method can
produce many types of semiconductor QDs, for example, I2−VI
Ag2S and Ag2Se,

79,80 II−VI CdS, CdSe, CdTe, ZnS, ZnSe, and
ZnTe;81−83 IV−VI PbS, PbSe, and PbTe;84−87 and III−V InP
and InAs.88,89 Recently, the synthesis of colloidal perovskite
QDs has become an area of intense study.68−74 Kovalenko et al.
showed that the injection of a solution of cesium oleate into a
hot PbX2 (X = Cl, Br, I) solution could produce the full set of
CsPbX3 (X = Cl, Br, I) perovskite QDs in an ODE solution.90

Pb-free Cs2SnI6 QDs have also been reported.91

The rise in interest in applications in the early 2000s
motivated the identification of scalable routes of QD
production92 that eliminated the precursor injection. The
“heat-up” method was introduced. The route relies on a ramp
up in temperature and favorable decomposition kinetics for the
precursors to generatemonomer in situ, and similarly achieve the
temporally discrete nucleation followed by continued growth
emphasized by the LaMer model67 for the generation of
monodisperse colloids.93,94 van Embden et al. and Hyeon et al.
have written extensive reviews on heat-up synthesis proce-
dures.95,96 In the heat-up approach, all reactants are mixed in the
reaction vessel, and the reaction is heated at a controlled rate to
induce nucleation and growth. As the reaction vessel’s
temperature is raised, the precursors decompose to form
monomers, which can accumulate and briefly exceed super-
saturation to trigger nucleation. The kinetics of the decom-
position reaction and the rate of growth on the nuclei formed
must be carefully balanced, making the selection of the
precursors, ligands, and reaction conditions critical. Nucleation
must be rapid enough to produce a large number of nuclei within
a relatively short time window, and growth must be slow enough
to allow size focusing without the monomer concentration ever
returning to the degree of supersaturation needed to induce
secondary nucleation. Over time, many syntheses first
implemented with hot injection have been modified to allow
the more scalable “heat-up” approach,97,98 of many metal
chalcogenide and pnictide QD compositions.95,99−101

To better control the variables of precursor addition, mixing,
temperature, and temperature distribution that impact QD
growth in both injection and noninjection methods, higher
degrees of automation have been explored, including the
translation of the syntheses for continuous flow production.
These flow syntheses leverage advances in microfluidics, in
which the reactants are continuously fed, undergo trans-
formations in the flow, and yield products upon exit. The
primary appeal is the precise control of reaction parameters (e.g.,
temperature profile and residence time), in comparison to batch
operations, and the ability for online, analytical probes to
monitor and provide feedback to reaction controllers to
optimize the synthesis conditions.102 Microfluidic systems
have proven to be powerful platforms for the investigation of
QD growth mechanisms and kinetics103 and, with integrated
heaters and fluid flow controls, have been shown to benefit QD
“quality control”.104−106 Growth of both the QD cores and
inorganic overlayers or shells (see section 4.2) can be achieved
in flow. A challenge to implementing microfluidic reactions is
the potential for nonuniform flow velocity, due to viscous drag at
the channel walls, which leads to a dispersion in residence times
and in thermal history. This challenge has largely been overcome
by operation in a supercritical solvent.107
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3.2.4. Purification and Separation. Synthetic methods
that yield the highest-quality, most uniform samples are prized,
as discussed in section 3.2. However, even procedures optimized
to yield samples with narrow dispersion in size and shape benefit
from a focus on post-synthesis processing. All colloidal QD
products require post-synthesis isolation from the growth
medium and purification to remove byproducts and reduce
sample inhomogeneities, that are dominated by dispersions in
QD size1 and shape.108 The benefits of purification were
observed when they were first introduced64 and have been
critical to advancing our fundamental understanding of QD
properties.42 However, purification remained underappreciated
until recently as the demand for quality control and purity
dominate efforts to integrate QDs into devices and transition
QDs as optical materials for commercial production. For a
recent review of QD purification approaches, see Greytak et
al.109 Techniques such as ultraviolet−visible−near-infrared
spectrophotometry, photoluminescence excitation, Fourier-
transform infrared spectroscopy, nuclear magnetic resonance
(NMR), thermogravimetric analysis, and calorimetry can help to
characterize QD samples and follow purification processes
increasingly in real time.
A critical consideration in selecting isolation and purification

methods is that the approach must not degrade the desired
optical, electronic, or chemical properties of the QDs.42 These
processes typically exploit differences that solvent polarity has
on the growth medium and reaction byproduct solubility in
comparison to QD dispersibility, or on the mobility (transport
properties) contrast between byproducts and QDs, or more
subtly, on the dispersibility of different sizes and/or shapes of
QDs. Selective precipitation and extraction, ultracentrifugation,
ultrafiltration, diafiltration, size-exclusion chromatography, and
(di)electrophoretic methods dominate current QD purification
strategies.
Precipitation. The process of QD precipitation from solution

is ubiquitous as a purification step. This generally involves the
addition of a “non-solvent”, which is miscible with the solvent
dispersing the QDs but incapable of dispersing the QDs
themselves. At some concentration, the non-solvent will induce
flocculation of the colloidal QDs. The precipitation of the QDs
is often accelerated by filtration or centrifugation to remove the
flocs from the supernatant. The flocculated QDs can generally
be redispersed in a fresh solvent, now free of much of the
byproduct of the original synthesis. If the stability of the QDs
permits, the process may be repeated multiple times to achieve a
desired level of separation and purification.1,64,110 In addition to
removing synthetic byproducts, the precipitation has also been
used to refine the size distribution of the samples.111 Care must
be taken to select solvent systems that do not significantly
desorb the protective ligand shell during the processing, as
ligands can dictate the optical performance of the QDs,112−116

the physical stability,117−119 and/or the QD reactivity.120,121

When non-solvents are titrated into the dispersion, a more
controlled flocculation can be induced in which the most
attractive (largest) particles in the dispersion flocculate first.122

This size-selective precipitation method is simple and scalable,
although the yield is often limited by the initial breadth of the
QD size and shape distributions.1,64,123 Some choices of solvent
(e.g., ODE) or reactions with residual stabilizers, like alkyl
phosphonates, have been shown to interfere with the size-
selective precipitation processes.124−127 However, precipitation
methods remain the most practiced mode of QD purification.
Precipitation from tunable solvents including gas expanded

liquids128,129 and in supercritical fluids130 has also been explored
to allow continuous and reversible adjustment of solvent density
and dielectric constant.

Liquid−Liquid Extraction (LLE). Closely related to precip-
itation, LLE or phase transfer also separates QDs from
byproducts based on exploiting differences in solvent polarity
and, thus, solubility and dispersibility. LLE offers a potentially
gentler process, as the QDs are not flocculated, and thus reduces
the risk of irreversible aggregation. LLE-based purification of
CdS, CdSe, and CdTe QDs by partitioning the QDs and
byproducts between alkanes and alcohols has been demon-
strated,76,131,132 and the effectiveness of the process was
improved by the introduction of coordinating phase transfer
agents.133−135 Chloroform/methanol and other solvent mix-
tures have been used to improve the separation of QDs with
recursive application.132,136,137

Ultracentrifugation. Ultracentrifugation is a powerful
technique that can produce both analytical and preparative
scale quantities of QDs. Themethod separates material based on
differential density in high centrifugal fields (g > 105) and as such
can separate the inorganic cores from the free surface ligand.138

More subtly, it can separate QDs of different size based on their
surface-to-volume ratio and the resulting difference in the
quantity of surface coordinated ligands. It is most prominently
used to isolate materials after some change in surface
functionalization.131,138−141 Ultracentrifugation has also been
used to sort QDs with different shapes by exploiting differences
in hydrodynamic drag as well as density.142−146

Filtration and Dialysis-Based Separation. Porous mem-
branes can be used in dialysis or filtration to remove reaction
byproducts and to narrow the initial QD size distribution.147

Dialysis is most effective in removing excess ligands and other
small molecular impurities and can be implemented with a range
of commercially available membranes matched for the specific
solvents.148−151 Although dialysis has the benefit that it is quite
gentle, it can also be quite slow, taking hours or even days due to
the limits of the diffusion coefficients. Filtration is distinct from
dialysis in that a pressure difference is applied to push the
dispersion across the membrane. However, the size cutoff of the
pores will impede the crossing of species above a size threshold.
Variants on the filtration process, such as centrifugal
filtration,152−156 ultrafiltration,157 and diafiltration,158 add
additional driving forces of a centrifugal field or a semi-
continuous or continuous flow field, respectively, to enhance
separation across the membrane.

Electroseparation/Electrophoresis. The differential motil-
ities of QDs and impurities in the presence of an electric field can
be exploited in electrophoresis, with early successes including
the separation of polymer-coated CdSe−ZnS159 and biofunc-
tionalized QDs.160,161 Unfortunately, the separations are quite
slow and difficult to scale. Free-flow electrophoresis (FFE) or
continuous flow electroseparation addresses some of these
limitations.162,163 Electrophoretic deposition (EPD) has been
extended to slightly polar or even non-polar solvents expanding
the separation options164,165 and to microfluidic pro-
cesses.158,166

Chromatography. In its various forms, affinity or size-
exclusion chromatographies have been applied extensively to
purify QD samples both at analytical and preparative
scales.167−169 Affinity chromatographies exploit specific and/
or enthalpic interaction between the QDs or byproducts and the
stationary phase, as aliquots of the QD dispersion are run
through the column modulating the concentration of material
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exiting with time. Size-exclusion or gel-permeation chromatog-
raphies affect a separation by allowing the smaller species in the
dispersion to explore much more of the porous volume of the
support. As such, these smaller, more mobile constituents
experience a much longer path length before transiting the
column, allowing the species that could not sample that
additional volume to exit the column more rapidly.108,170−173

Chromatography can achieve high-resolution separations, but it
is quite time-intensive and costly. As a class of analytical
techniques, QD chromatography has been very useful when
coupled with online detection (e.g., index of refraction, thermal
conductivity, light scattering, absorption, or photoluminescence
measurements).
3.2.5. Surface Ligands. Characterization of surface

coordinated ligands is essential, as ligands help to mediate QD
synthesis and post-synthesis processing, provide physical and
chemical stability, and modify surface electronic states.64,124

Although the introduction of inorganic shells (see section 4) can
help to decouple the role of the ligands in modulating the
electronic properties of the QDs, giving greater design freedom,
the ligands are still an important component of colloidal QD
systems. QD−ligand binding during synthesis must be dynamic,
but the details of ligand binding and impact of ligand lability
upon purification and processing are of increasing interest.
Although many descriptions of QD−ligand binding modes have
lackedmolecular detail, there are examples from single-crystal X-
ray diffraction studies for inorganic clusters and small QDs that
give some insight174,175 into the static ligand structure. NMR has
also been used increasingly to follow the ligand dynamics.176−180

It has long been observed that ligand exchange (see section
6.2.2) and even the choice and quantity of solvent used to purify
and disperse the QDs can impact QD PL energy and
QY.45,112,181−184 A number of studies saw that merely diluting
the QD dispersion leads to spectral changes including PL
quenching,181,185,186 which in some cases is reversible upon
introduction of new ligand species to recoordinate the QD
surface.187 Isothermal titration calorimetry has been used to
follow the energetics of ligand binding and exchange.109,188

Owen et al.117,189 have introduced an approach to classify
different types of QD−ligand interactions based on the nature of
the surface bonding. Ligands are labeled as L-type (i.e., Lewis
bases that are two-electron donors, such as amines, phosphines,
etc.); X-type (i.e., anionic one-electron donors, such as
carboxylates, phosphonates, sulfates, alkoxides, halides, thiols,
etc.); or Z-type (i.e., neutral Lewis acids that are two-electron
acceptors, such as alkyl boranes). The L-type binding exhibited
by tertiary amines and phosphines tends to be more labile,
showing dynamic exchange in the dispersed state, in contrast to
secondary or primary amines or phosphines.190 For example,
primary amines tend to bind firmly even at high temperatures.191

In contrast, X-type ligands do not readily exchange/dissociate in
non-polar solvents, as it requires charge separation. In the
presence of a competitive ionic species and a polar environment
(e.g., alcohols), both L-type or X-type ligands can be stripped
from the QDs and may even result in the removal of surface
cations altering the stoichiometry of theQD.117,135,192−194 Some
ligands appear to display multiple binding modes as in the case
of thiols, where both exchangeable “surface-bound” thiolates
and “crystal-bound” sulfur have been identified on I−III−VI2
QDs.195,196

3.2.6. Ion Exchange. Ion exchange has become a powerful
tool for the creation and transformation of QDs and QD
heterostructures (see section 4), allowing access to composi-

tions and architectures that are often inaccessible by direct
synthesis routes.197−199 This class of reactions is dominated by
cation exchange, the replacement of onemetal ion (M1)n+ with a
second metal ion (M2)n+, as smaller metal cations typically have
higher diffusion constants compared to their larger anion
partners. That said, there is also some precedent for anion
exchange.200,201 Cation exchange was initially introduced to
extend the capabilities of aqueous syntheses202 but expanded
rapidly in its use when combined with solvothermally prepared
materials.203,204 In fact, ion exchange has long been known in
bulk materials and thin films. However, in bulk semiconductors,
the distance of most atoms from the surface is large, making
exchange reactions impractical. In contrast, the high surface-to-
volume ratio of QDs requires diffusion across only a few unit
cells, and the lattice is more compliant to readily allow ion
exchange and significant alteration of QD composition or
structure.
There are several distinct approaches to ion exchange in

colloidal QDs. Generally, a QD is synthesized by a solvothermal
procedure, isolated, and then redispersed to allow the cation
exchange step to be carried out. Alternately, a competitive cation
precursor can be introduced at the latter stages of synthesis,
without intermediate isolation of the parent QD, to induce
cation exchange in a one-pot process. However, this strategy
typically leads to only partial exchange. Cation exchange can
yield alloyed QDs, core−shell QDs, and heterostructures with
radial or periodic compositional modulation (see section 4.2). In
most cases, ion exchange is performed in an aqueous or polar
organic QD dispersion, although exchange processes have been
carried out on QD thin films.205 The exchange of isovalent
cations is topotactic in most cases, although there may be
significant residual strain in the exchanged QD. When the
cations undergoing exchange are aliovalent, there is generally a
change in the crystal structure and often a change in QD shape,
although typically with modest distortion of the anion network.
Cation exchange has been demonstrated in II−VI,206 I−III−VI2,
and IV−VI QDs.207
Although a detailed understanding of the mechanisms driving

cation exchange is still being developed, cation exchange is
already established as a key technique in QD synthesis.203 For a
cation exchange reaction beginning with a QD of composition
(M1)E, where E is a chalcogen, exposed to a solution containing
(M2)n+, and thus forming a QD of composition (M2)E and a
solution now including (M1)n+, cation exchange is broken down
into four steps: (1) (M1)−E dissociation, (2) (M2)−E
association, (3) (M2)n+ desolvation, and (4) (M1)n+ solvation.
To predict a priori the reaction spontaneity,197 the balance of the
(1) association and (2) dissociation relative to the (3)
desolvation and (4) solvation energies is assessed. The (1)
association and (2) dissociation processes depend on the sum of
the lattice and surface energies of the (M1)−E and (M2)−E
crystal phases, respectively. A relevant table of enthalpies ΔH is
found in De Trizio et al.203 The (3) solvation and (4)
desolvation processes depend on a more specific description of
the interaction of (M1)n+ and (M2)n+ with any ligands and the
solvents employed. ΔH for solvation and desolvation tend to
dominate the thermodynamics of most cation exchange
reactions. The reaction can be favored by selecting ligands
and/or solvents that increase the solubility (and thereby the
extraction efficiency) of (M1)n+ and promote insertion into the
lattice of (M2)n+. For example, QDs comprised of hard Lewis
acid (M1)n+ (e.g., Zn2+, Cd2+, In3+, Sn2+) can be readily
exchanged for weaker Lewis acid (M2)n+ (e.g., Cu+, Ag+, and
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Pb2) when the solvent is a hard base (e.g., H2O, R−OH).
Inversely, weak Lewis acid (M1)n+ can be exchanged for hard
Lewis acid (M2)n+ when soft bases (e.g., tertiary alkylphos-
phines, amines, and carboxylates) are present in the solvent
mixture. The solubility of (M1)n+ must be sufficient to allow the
exchange to proceed to the desired extent before the solubility
limit is reached. In the case of aqueous CdS or CdSe QDs and
Pb2+, Ag+, Cu+, Cu2+, or Hg2+ ions, the exchange is
thermodynamically favored as the solubility of the parent Cd2+

exceeds those of the product metal chalcogenides.208−213 Zn2+

ions in ZnS can be exchanged with softer Lewis acid (M2)n+

(e.g., Ag+, Cu2+, Pb2+, Cd2+, and Hg2+) in H2O or polar organic
solvents, considering the solubility product constants of these
compounds. As examples, these trends lead to a series of
transformations “CuS→ Ag2S, CdSe→ Ag2Se or HgSe, PbS→
Cu2S, and ZnSe→CdSe or Ag2Se”.

203 Other exchange reactions
have been demonstrated, for example, direct exchange between
different divalent metal chalcogenides.
For isovalent cation exchange, it is believed that solid-state

diffusion via vacancies associated with Frenkel defect pairs is
critical in the cation exchange reaction.214 The formation energy
for these defects helps to establish a thermal threshold for cation
exchange. Although many cases of cation exchange have been
assumed to be diffusion limited, in which partial and continuous
exchange is observed, there is some evidence for cooperativity in
some systems as QDs are fully exchanged while others remain in
the original state (e.g., in the conversion of CdSe to Ag2Se or
Cu2Se).

215,216 In systems showing cooperativity, there is a
barrier to the incorporation of guest cations (e.g., Ag+ or Cu+) in
the QD; however, once a guest (M2)n+ is inserted, the barrier to
a subsequent (M2)n+ is lowered, and ultimately, the QD
transforms. The volume change associated with cation exchange
in some systems can be observed even when the shape of the
particle is preserved, but lattice stress (as large as 30% for CdSe
→ PdSe and CdTe→ PtTe) can induce the formation of voids
or even fragment the particles.217

Anion exchange though less common than cation exchange
has a recent exciting example in the development of halide ion
exchange in metal-halide perovskite QDs, which display
extremely high diffusivity even at room temperature.218,219

The A- and B-site cations remain in place, allowing the band gap
to be tuned across the visible as a function of halide
composition.203,220,221

3.3. Optical Properties

In this section, we also describe the optical properties of
colloidal QDs, that have come from 30 years of study, in order to

lay the requisite foundation for more recent exploration of their
quantum optical properties, described in section 3.4.
The optical absorption spectrum of bulk semiconductors

shows an onset at (for direct band gap materials) or within a
phonon energy of (for indirect band gap materials) Eg that
increases, as the 3D density of states gC,V ∝ E1/2 increases with
energy, creating a broadband absorption with a linear absorption
coefficient of ∼104−105/cm (depending on composition) at
higher energies. Photoexcitation of bulk semiconductors with
light having an energy that exceeds Eg creates electron−hole
pairs. At room temperature, the Coulomb energy binding the
electron−hole pair is small compared to the thermal energy, as
the relatively large dielectric constant of bulk solids screens their
interaction, and they instantaneously form free electrons and
holes. Free electrons and holes with excess kinetic energy rapidly
thermalize at ∼1 eV/ps to the bottom of the conduction band
and top of the valence band, andin direct band gap
semiconductorsradiatively recombine, yielding luminescence
with energies ∼Eg. Since the Coulomb binding energy of
electron and hole pairs is small, for low-intensity photo-
excitation, excitonic luminescence in bulk semiconductors is
only seen at cryogenic temperatures (note: PL at the excitonic
resonance is possible at elevated temperatures for high-
excitation intensities and at ultrafast time scales).222 Atomic
dopants or defects in the form of impurities or vacancies can
introduce electronically shallow states or deep states within the
band gap of bulk semiconductors. As these defects are typically
found in low concentrations (<1018/cm3 for a non-degenerate
semiconductor and typically many orders of magnitude lower
for unintentional defects), these states are localized. Band-to-
defect and defect-to-defect transitions are possible, and theymay
be observed in absorption and/or luminescence spectra if the
energy of the transition exceeds thermal energy. Transitions are
characterized according to their luminescence lifetimes, with
lifetimes <10 ns typically corresponding to fluorescence from
electric-dipole-allowed transitions and longer lifetimes from
dipole-forbidden transitions giving rise to phosphorescence. See
section 5 for further details on the optical properties of defects
and dopants.
In contrast, the atomic-like electronic structure of QDs gives

rise to linear optical absorption spectra with discrete excitonic
resonances, consistent with the zero-dimensional density of
states gC,V∝ 2δ. These transitions are excitonic, as electrons and
holes are spatially confined yet delocalized over the volume of
the QD and the energy of confinement exceeds thermal energy.
For idealized semiconductors with simple band structures, these

Figure 4. Schematic energy diagrams for (a) single-exciton generation, via interband optical absorption, and recombination, via radiative interband
photoluminescence in competition with non-radiative or lower-energy radiative relaxation through trap states; (b) fine structure in the lowest-energy
1Se1Sh transition exemplified for (top) wurtzite CdSe QDs and (bottom)metal-halide perovskite QDs; (c) biexciton generation via sequential photon
absorption and radiative recombination; (d) multiexciton generation from a single high-energy excitation; and (e) Auger autoionization and trion
generation.
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resonances follow the selection rules Δn = 0 and ΔL = 0 for the
difference in the radial and orbital angular quantum numbers
between QD states, as introduced in section 3.1.223 For actual
semiconductors with sub-band structures, mixing between the
bands, and in QDs with large Coulomb interactions, forbidden
transitions with Δn ≠ 0 gain significant oscillator strength (e.g.,
the S S2 13/2 e transition is the second absorption feature seen in
CdSe QDs).36,37 The absorption coefficient is typically derived
from the molar absorption coefficient, since optical measure-
ments are usually carried out on low-concentration QD
dispersions in solvents. Its dependence on QD size has been a
topic of significant discussion in the community.224−226 The first
excitonic resonance is the 1Se1Sh transition (Figure 4a), which
appears at higher energies than the semiconductor bulk band
gap. Experimental and theoretical studies show that the first
excitonic resonance of small, strongly confined QDs with
volume VQD has an absorption coefficient of V

1
QD

α ∝ , as the

bulk oscillator strength is concentrated in these discrete QD
states. As the size increases and QDs become weakly confined,
the zero-dimensional density of states is no longer accurate.
Closely spaced, higher-energy transitions contribute to the
oscillator strength of the first resonance, and the absorption
coefficient near the band edge is smaller, akin to the bulk
semiconductor. Higher-energy transitions are also observed,
although the density of transitions increases with energy and the
resonance structure is eventually lost, converging to a
continuum, again like that of the bulk semiconductor.
Fine structure is further found in the lowest-lying band-edge

1Se1Sh excitonic transition. This structure uniquely arises in

QDs from strong electron−hole exchange interactions (∼10−
100 times stronger than in bulk semiconductors), given the
strong overlap of carrier wave functions confined to the QD, and
from anisotropy in the parent semiconductor crystal structure
(e.g., for the wurtzite structure), creating crystal field splitting,
and in the QD shape (e.g., for prolate or rod-shaped
particles).33,227 The exchange interaction mixes the electron
and hole spin states, splitting the excitonic transition into two,
where the appropriate quantum numberN = Fh + Fe captures the
electron−hole correlation (Figure 4b). Exchange interactions
and fine structure are significant for QDs composed of
semiconductors with large aex. For most semiconductors,
which have an s-like conduction band and p-like valence band,
the exchange interactions yield a higher-energy, dipole-allowed,
optically bright singlet exciton state and a lower-energy, dipole-
forbidden, optically dark triplet state. This is the origin of the
“bright” and “dark” excitonmodel.227 These states can be further
split by the anisotropy in crystal structure and QD shape. In
archetypical, spherical wurtzite CdSe QDs, the contributions of
exchange interactions and anisotropy form five sublevels, and
the lowest-energy transition remains dark (Figure 4b, top).
Increasing the QD size227 reduces the splitting between bright
and dark states,ΔEB−D ∝ r−2, and tailoring the shape, e.g., CdSe
rods,228 can even reorder the energy of fine structure states,
yielding a lower-energy bright state and a higher-energy dark
state. As there are always semiconductors that defy the trends,
recent studies of metal-halide perovskite QDs, which have an
overall s-like valence band and p-like conduction band and an
expected significant Rashba effect from strong spin−orbit
interactions and broken inversion symmetry,229 have reported

Figure 5. (a) Comparison of the room-temperature PL spectra of an ensemble of CdSe−CdS QDs (blue) and a single (red) CdSe−CdS QD.244

Reproduced with permission from ref 244. Copyright 2011 The Royal Society of Chemistry. (b) 10 K PL spectra for an ensemble and example single
CdSe QDs.245 Adapted with permission from ref 245. Copyright 1999 American Chemical Society. (c) 2 K, high-resolution PL spectrum of a single
CdSe−ZnS core−shell QD and (inset) a time trace of the integrated PL intensity.246 The labels F and A are also used to represent the dark |2⟩ and
bright |1L⟩ states depicted in Figure 4b, top. Reprinted with permission from Figure 1a of ref 246. Copyright 2009 American Physical Society. (d)
Coincidence g2(τ) histogram of a single CdSe−ZnS core−shell QD.247 Reprinted with permission from 247. Copyright 2004 AIP Publishing.
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an optically bright, low-energy triplet and optically dark, higher-
energy singlet dark states (Figure 4b, bottom).230 As the metal-
halide perovskite QDs are newly synthesized and therefore
relatively unexplored, there is active debate in the community
about the ordering of the bright and dark fine structure states,
the effects that contribute to their ordering, and their size and
composition dependence.231−233

The formation of multiple excitons is more significant in QDs
than in bulk semiconductors, again due to spatial confinement of
and large Coulomb interactions between carriers.234 At high
illumination intensities, sequential absorption of multiple
photons within the exciton lifetime can create biexcitons (Figure
4c) or even tri- or quadraexcitons, where the multiparticle
binding energies reduce the energy of the multiple exciton
relative to that of the single exciton.235,236 Multiexciton
formation was first observed in pump−probe measurements,
where the time scale between excitation pulses was shorter than
the lifetime of the excited state, and more recently has been
observed in single-QD PL spectroscopy at increasing illumina-
tion intensities. Another pathway to create multiple excitons but
at low excitation intensities yet with high excitation energies is
through a process of multiple-exciton generation (MEG)
(Figure 4d).237−239 Excitation of a “hot” exciton with an
excitation energy that theoretically exceeds the band-edge
1Se1Sh exciton energy by more than a factor of two can form two
lower-energy 1Se1Sh excitons, i.e., a biexciton, instead of the
single exciton thermalizing to the band edge (or “cooling”).
MEG is akin to impact ionization that allows for carrier
multiplication in bulk semiconductors. However, unlike in the
bulk where impact ionization requires conservation of both
energy and momentum and “hot” carriers rapidly thermalize to
the band edge, the efficiency of MEG is increased in QDs as the
need for momentum conservation is relaxed and a decrease in
electron−phonon coupling slows carrier cooling. The MEG
quantum yield depends on the composition, size, shape, and

surface chemistry of the QDs, and the threshold energy forMEG
typically exceeds twice the 1Se1Sh exciton energy and depends
on the MEG quantum yield. MEG has received significant
attention in the community as a route to break the one-photon
to one-thermalized, electron−hole pair paradigm that limits the
thermodynamic power conversion efficiency, i.e., the Shockley−
Quiesser limit, for broadband solar conversion in single-band-
gap semiconductor photovoltaic devices.240

With exception to the fraction of multiple excitons generated
by high-intensity or high-energy illumination of direct band gap
QDs, single excitons with excess energy relax to and luminesce
from the lowest-energy 1Se1Sh transition (Figure 4a) and are
responsible for the size-dependent PL (Figure 1a). In the
following discussion, we exemplify the optical and quantum
optical properties of excitonic transitions in colloidal QDs for
most semiconductor compositions (e.g., II−VI, III−V, IV−VI,
and ternaries) by archetypical CdSe cores with and without ZnS
or CdS shells (Figure 5) and for recently introduced metal-
halide perovskite QDs by CsPbX3 (where X = Cl, Br, I, or their
combination) (Figure 6). We highlight InP QDs where there are
differences with interesting implications for quantum informa-
tion and as they are receiving more recent attention as a Cd- and
Pb-free composition. Room-temperature, band-edge PL QYs
are typically ∼1−10% for most compositions (e.g., II−VI, III−
V, IV−VI) of QD cores capped by organic ligands, as
unpassivated surface trap states provide an alternative path for
recombination, leading to non-radiative or low-energy, radiative
recombination (Figure 4a).241 More recent studies tailoring the
stoichiometry and ligand chemistry at the surface have reported
considerably higher-PL QYs,242 although it is unclear that the
high PL remains stable over time as the ligated surface is
dynamic and often susceptible to oxidation. The growth of
inorganic shells to create type-I core−shell QDs (see section
4.2) is known to better passivate surface states and create stable
structures with high-PL QYs.43,44 Optimization of core−shell

Figure 6. (a) Room-temperature ensemble absorption (orange) and PL spectra (black) and 6 K PL spectra for ensemble (dark green) and example
single (red, blue, green) metal-halide perovskite QDs. (b) 6 K PL spectral time trace and (inset) histogram of the peak energy.248 (a, b) Adapted with
permission from ref 248. Copyright 2016 American Chemical Society. (c) Zero-phonon line filtered, correlation g2(τ) traces and (d) PCFS
interferogram envelope function (red circles) and best fit (blue line), where the decay (black dashed line) yields the optical coherence time T2. (inset)
Spectral correlation p(ζ, τ) for τ < 100 μs.249 Parts c and d reprinted with permission from ref 249. Copyright 2019 AAAS.
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QD synthesis has delivered samples with near unity QY and
small size distributions with narrow ensemble luminescence line
widths of <100 meV. The best samples have line widths of <70
meV (∼20 nm) for visible emittingQDs, approaching that of the
single-QD line width (Figure 5a).243,244 Metal-halide perovskite
QDs are core-only structures with QYs up to 90% and similarly
narrow line widths (Figure 6a).90 The high QYs of core-only
structures are attributed to energetically shallow surface states
that do not lead to significant non-radiative recombination.
QD sample PL spectra are inhomogeneously broadened by

structural dispersity in the ensemble, principally in QD size and
shape, which leads to variation in the constituent QD emitting
energies. Single-QD spectra were first approached using size-
selective, fluorescence line narrowing spectroscopy250 and then
measured as “single-molecule” PL microspectroscopy245

(Figures 5b and 6a) and solution photon-correlation Fourier
spectroscopy (PCFS) techniques (Figure 5a) were advanced.251

At room temperature, single-QD PL line widths are as small as
∼50−60 meV and are limited by exciton−phonon coupling and
to a lesser extent by emission from the manifold of states arising
from fine structure, which are populated at elevated temper-
ature.252 Since exciton−phonon coupling and fine structure
depend on the composition, size, shape, and surface chemistry of
the QDs, thus so does the homogeneous QD PL line width.
Low-temperature single-QD spectroscopy reveals spectra
consisting of a narrow (<200 μeV), zero-phonon line (ZPL)
luminescence accompanied by a longitudinal-optical (LO)
phonon progression (Figures 5b and 6a), where the separation
between luminescence lines is defined by the bulk LO phonon
frequency.245,253 For small size QDs, the ZPL and its
progression are only seen for emission from the low-energy
dark state. However, for larger size QDs, higher-resolution
spectroscopy shows the ZPLs of both the dark and bright
excitons (Figure 5c), as well as acoustic and LO phonon lines.246

The observation of both dark and bright excitonic PL is
consistent with a model of thermal mixing between these bright
and dark states, which increases asΔEB−D gets smaller for larger
size QDs, and with a phonon bottleneck, as ΔEB−D becomes
small compared to acoustic phonon energies, allowing PL from
the higher-energy bright state to compete with thermalization.
For InP QDs, ensemble measurements show slow thermal-
ization even allows for PL from the upper bright state, suggestive
of weaker exciton−phonon coupling and thus reduced phonon
scattering.254 At cryogenic temperatures, spectral diffusion of
the single-QD spectrum is observed on slow (∼second) time
scales and attributed to fluctuations in the charge environment
around the QD for many compositions of semiconductors.245

Interestingly, this slow spectral diffusion has not been observed
in low-temperature measurements of metal-halide perovskite
QDs (Figure 6b).248,255

The fine structure in the lowest-energy 1Se1Sh transition also
has significant effects on the QD sample PL energy, lifetime, and
brightness.256 The occupancy of the manifold of states depends
on their energy separation, governed by the size, shape, and
composition of QDs (described above), relative to available
thermal energy. In QDs frommost semiconductor compositions
(with p-like valence bands), theQDPL spectrum shows a Stokes
shift from its absorption spectrum. The Stokes shift arises from a
combination of the fine structure, as photons are absorbed into
the high- and low-energy dipole-allowed transitions and emitted
from only the lowest-energy transition, and from the PL line
shape and its low-energy LO phonon sidebands.252 In spherical
QDs, the lowest-energy state is optically dark and weakly

emitting with size-dependent PL lifetimes, which in CdSe QDs
are on the order of microseconds at low temperature.257 The
bright state, higher in energy by ΔEB−D, has a lifetime in CdSe
QD of ∼10 ns. At lower temperatures, the exciton decay
depends on the thermal distribution of lower-energy dark and
higher-energy bright states.256 At higher temperatures, the
exciton lifetime depends on the partition of emission from the
bright and dark states, as well as additional non-radiative effects.
At room temperature, both the lower-energy, mostly dark states
as well as bright states in themanifold are populated with exciton
lifetimes of ∼10−100 ns. As described above, the metal-halide
perovskite QDs provide a contrasting example with bright, near
unity quantum yield PL and≲10 ns lifetimes at low temperature
and at room temperature.90

Single-QD spectroscopies also allow measurement of PL over
longer, second-scale timeframes. The QDs reveal PL inter-
mittency, also referred to as blinking, where there are on periods
of emission and of f periods where the QD is dark. PL
intermittency was shown to be consistent with an Auger
autoionization process (Figure 4d) that in older literature was
referred to as photodarkening.258,259 In this process, upon
photoexcitation of two excitons (or a biexciton) in a single QD
(Figure 4c), the energy of recombination of one exciton, instead
of radiating, is transferred to the electron or hole of the other
exciton, giving it enough energy to be ejected from the QD core
to the nearby surrounding matrix (Figure 4e). This leaves a QD
core, typically 2−10 nm in diameter and thus composed of 102−
105 atoms, with a single charge. Further excitation would form a
three-particle positively charged (two holes and one electron) or
negatively charged (one hole and two electrons) trion. Akin to
Auger recombination prevalent in highly doped bulk semi-
conductors, exciton recombination would be non-radiative, and
the QD would be dark. The Auger autoionization rate depends
on illumination intensity, as higher-intensity irradiation
increases the ionization process and shortens the on periods; it
increases with decreasing VQD, as the need for momentum
relaxation is relaxed and Coulomb interactions increase in QDs;
and it depends on the composition of the matrix, where core−
shell QDs reduce the rate of ionization, showing longer on
periods, and reduce the rate of carrier tunneling back into the
core, establishing longer of f periods.3,259,260 More recently, the
opening and closing of non-radiative, surface states have also
been identified as an additional source of PL intermittency.261

Non-radiative Auger recombination is detrimental to the
performance of many conventional QD-based applications262

such as low-threshold lasers, reducing the optical gain
lifetime;263 as biological tags, limiting the PL QY; in light-
emitting diodes, leading to a buildup of charge and roll-off (i.e.,
lowered efficiency at high current density and thus bright-
ness);264 and in photovoltaic devices, reducing the time to
extract multiple excitations (i.e., the efficiency ofMEG) and thus
the advantage of QDs as a generation III material to exceed the
Shockly−Quiesser thermodynamic limit for a single-band-gap
semiconductor.265

Optimization of the shell composition and thickness to create
type-II band offsets, giant shells,266−268 and smoother interface
potentials via alloying269,270 has been pursued to reduce spatial
overlap of carriers, and thus the Auger recombination rate and
blinking of QDs (Figure 5c, inset) (see section 4). Once again,
metal-halide perovskite QDsmay provide a contrasting example,
with reports of nonblinking QDs at low illumination intensities,
as these materials are reported to have electronically shallow
surface states that are not effective trap sites (Figure
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6b).248,249,255 Blinking is still observed at higher excitation
intensities where the Auger process becomes significant. The A-
cation site in perovskite QDs can either be a small organic
methylammonium or formamidinium cation or inorganic Cs+.
The Auger rate has also been reported to depend on the
composition and is slower for organic A-cations, suggesting
these organic cations may mediate multiple exciton inter-
actions.271 The Auger process in most semiconductor QDs
competes with multiexciton PL. The design of core−shell QDs
of different thickness and composition has allowed the reduction
in the Auger process, and the increased efficiency and lifetime of
biexciton PL (Figure 4c).272,273

Engineering particle shape continues to provide new
opportunities to tailor the properties of nanoscale emitters. An
example important to include is that of two-dimensional Cd- and
Pb-chalcogenide nanoplatelets. The nanoplatelets have thick-
nesses with integer numbers of atomic layers and are strongly
confined only in this one direction; dispersion exists in their
lateral dimensions. Since the thickness defines the energy of
their PL, ensemble line widths of <40 meV in core only and <60
meV with a PL QY of 90% in core−shell structures are
realized.274−276 Even though these particles also have a fine
structure of high-energy bright and low-energy dark excitonic
states, they have giant oscillator strengths that yield ∼1 ns
lifetimes at room and cryogenic temperature.274

3.4. Quantum Optical Properties of Bright, Dark, and
Multiple Excitons

Interest in harnessing QDs as quantum emitters stretches back
two decades.277−280 Colloidal QDs represent a complementary
materials class to SLE-QDs fabricated by molecular-beam
epitaxy and strain-layer overgrowth,277−280 yet with the
advantage of scalable, solution-based synthesis and integration
in photonic device architectures (see section 6). Prerequisite for
single-photon emission, QDs behave like two-level systems, as
low-intensity (and even higher-energy, assuming a low MEG
efficiency) excitations rapidly thermalize to the lowest-energy,
discrete 1Se and 1Sh states and yield narrow line-width, high QY,
excitonic PL.281 The first report of single-photon emission from
colloidal QDs was reported282 in core−shell CdSe−ZnS QDs
after the addition of the Hanbury−Brown−Twiss photon
coincidence or correlation measurement configuration283 to
single-QD spectroscopy measurements. The autocorrelation
function, g(2)(τ), characterizes the probability for theQD to emit
two photons separated by a time τ. In a two-level model,
emission of a photon at τ = 0 returns the QD to its ground state,
implying that another photon cannot be emitted for a period of
time determined by the optical pumping rate and spontaneous
emission time (T1). Thus, single-photon emission is confirmed
by observing photon antibunching, i.e., g(2)(τ = 0) < 1. The value
of g(2)(0) is a measure of the single-photon purity; values of
g(2)(0) < 0.04 have been observed for perovskite QDs and
<0.004 for core−shell CdSe−ZnS QDs (Figures 5d and
6c).247,249 Single-photon emission from colloidal QDs can be
triggered optically247,249,284 and electrically.285

The creation of indistinguishable photons and control over
entangled photon pairs requires optical coherence of the emitted
photons, with a characteristic coherence time, T2, comparable to
T1. Low-temperature measurements of the ZPL width for core−
shell CdSe−ZnS QD emission, ΓZPL ∼ 10 μeV, imply a lower
limit for the optical coherence time of T2

2
ZPL

= ℏ
Γ ∼ 100 ps.246

Photon echo spectroscopy286 and the PCFS technique,249 an
interference-based measurement akin to that of Hong−Ou−

Mandel, have subsequently been used to measure T2 directly in
colloidal QDs (Figure 6d). At low temperature, both core−shell
CdSe−ZnS and CsPbBr3 QDs have a reported T2 of ∼100
ps.249,286 However, for CdSe−ZnSQDs, the radiative lifetimeT1

is >10 ns, a consequence of the fine structure in the 1SeSh
transition yielding an optically forbidden, low-energy, dark
excitonic state (described above). Thus, T1 ≫ T2. The loss of
optical coherence (i.e., dephasing) in the ZPL is attributed to a
significant phonon density of states available to assist the spin-
flip between higher-energy bright and lower-energy dark states.
This is supported by temperature-dependentmeasurements that
show faster dephasing from greater phonon occupation at
elevated temperatures. This understanding presents an oppor-
tunity to design the electronic structure of QDs through control
of their size, shape, composition, and internal structure to reduce
ΔEB−D compared to phonon energies and slow the spin flip
between bright and dark states, e.g., in larger versus smaller size
CdSe QDs or InP instead of CdSe QDs.254 Even smaller fine
structure splittingΔEB−D and therefore smaller density of lower-
energy phonons in epitaxial InGaAs/GaAs is consistent with
their long spin-flip times and less significant dephasing from
phonon scattering.287 In contrast, CsPbBr3 QDs are reported to
have low-energy optically bright states and, thus, much faster
radiative lifetimes with T1 ∼ 210 ps, much closer to T2.

249 In
these perovskite QDs, T2 is hypothesized to still be limited by
phonon scattering, although environmental charge and spin
noise are anticipated to play a role. Interestingly, the low-
frequency spectral wandering observed in most QD composi-
tions as a consequence of charge fluctuations245 is not observed
in metal-halide perovskite QDs. This is attributed to the
material’s electronically shallow surface states.248

The increased PL efficiency and lifetime of biexcitons found
by reducing competitive non-radiative Auger processes in core−
shell QDs271,273 present both a challenge and an opportunity for
application in quantum information processing. For single-
photon emission from excitonic transitions, it is advantageous
for the efficiency of biexciton PL to be low.281 Biexciton PL
limits photon purity since it leads to g(2)(τ = 0) > 0. In fact,
single-QD correlation measurements have served as a tool to
quantify biexciton efficiency.288−290 The difference in the energy
of the single exciton and biexciton (i.e., the binding energy of the
biexciton) spectrally separates and allows filtering of the
biexciton PL (this was done in collecting the data in Figure
6d).249 On the other hand, biexcitons can be advantageous as a
source of entangled photon pairs.291 Biexcitons are composed of
two electron−hole pairs with correlated electrons and holes
having opposite spins. While not yet demonstrated in colloidal
QDs, correlation between the carrier spins was proposed and
reported to result in anticorrelation in the polarization of the
emitted photons in III−V SLE-QDs, creating polarization-
entangled photon pairs.291,292

Early work also aimed at probing spin coherence in core,
wurtzite-CdSeQD samples with and without a CdSe shell.293,294

In these experiments, rapid dephasing of spin coherence by
interaction with the environment was observed. Further studies
have explored spin relaxation particularly to understand
dynamics within the exciton fine structure of bright and dark
spin states.295,296
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4. HETEROSTRUCTURES

4.1. Electronic Structure of QD Heterostructures

Heterojunctions marry two dissimilar semiconductors, often
differing in their band gaps and band energies, and are used in
“band gap engineering” of semiconductor interfaces to control
the behavior of charge and light in device architectures.
Heterojunctions are used in bulk and low-dimensional semi-
conductor electronic transistors and optoelectronic photo-
diodes and laser diodes to improve device speed and efficiency.
In the idealized Anderson model used to construct the band
diagrams of heterojunctions (which neglects defects that can
form at the interface), the band offsetsΔEC andΔEV give rise to
band discontinuities and the carrier types and concentrations of
the constituent semiconductors control band bending, forming
for non-degenerate semiconductors typical depletion region
widths of ∼1 μm.297

In colloidal QDs, heterojunctions are also commonly
introduced, especially in their application as optical materials.
Heterojunctions may be formed radially in core−shell QDs or
axially in segmented QDs (Figure 7a,b). QD size and
composition allow independent control of band gaps and band
energies. As the size of QDs is small compared to bulk
semiconductor depletion regions, band diagrams look more like
those presented for organic semiconductors with discontinuities
between bands but without band bending. Importantly, since the
electronic wave functions are delocalized across the QDs,
heterojunctions enable wave function engineering to spatially
control the overlap of electrons and holes.
In sections 3.3 and 3.4 above, we already introduced the

importance of growing semiconductor shells on semiconductor
cores,115 without which we could not describe our under-
standing of their optical and quantum optical properties. Type-I
heterojunctions confine the electron and hole to discrete
conduction and valence band states in the core (Figure 7c) and
have a shell to electronically passivate surface states and reduce
Auger ionization key to realizing near unity PL QY. A staggered,
type-II alignment separates one carrier in the core and the other
in the shell (Figure 7d).298 Intermediate to those cases are quasi-
type-II heterojunctions (Figure 7e) in which the electronic
structure presents a small offset in one of the bands, with some
discrepancy in whether the offset formally yields a type-I or type-
II alignment.299 Both carrier wave functions reside in the core,
but one carrier wave function has a greater extension into the
shell. As the shell thickness is increased, the carrier wave
function is further extended. In addition to abrupt core and shell
junctions that give rise to sharp discontinuities in the energy
landscape, alloying is also used to “smooth” the confinement

potential in the junctions (Figure 7c−e). The energy diagrams
exemplified for different type core−shell heterostructures can be
generalized to that of heterodimer architectures (i.e., the energy
diagrams of heterodimer QD structures are “half” those of core−
shell structures).

4.2. QD Heterostructure Synthesis

Although the ability to access the smallest crystal dimensions
and solution processability are prominent advantages of
colloidal QD preparations, it may be the potential to
heterointegrate different materials at nanoscale dimensions
and engineer complex architectures that are the most powerful
attributes. Here we describe the synthesis of QD hetero-
structures with composition modulations radially in core−shell
and laterally in segmented heterostructure QDs.

4.2.1. Core−Shell QD Synthesis. Efforts to create such
core−shell structures began in the late 1980s with arrested
precipitation methods,43 but research to design core−shells
accelerated in the 1990s harnessing solvothermal meth-
ods.44,45,300−303 Growth approaches using small-core QDs as
seeds opened the door to a large library of heterostructures that
have been realized with the ability to precisely tailor the core size
and the shell thickness of epitaxially grown overlayers. The first
solvothermally synthesized coreshell structures were a CdSe−
ZnSe quasi-type-II system, used to enhance the QY in
electroluminescent QD devices.300,301 In the following years,
type-I CdSe−ZnS QDs were produced,45,302,303 which signifi-
cantly improved the PL QY and led to the first commercialized
core−shell−shell CdSe−CdS−ZnS and InP−ZnSe−ZnS sys-
tems, adopted as down-shifting nanophosphors in advanced
displays304 and emerging QD-LED electroluminescent devi-
ces.305

The selection of the shell material is dictated by the electronic
energy alignment desired and the requirement that the two
materials have a similar lattice constant and lattice symmetry to
allow epitaxial growth.115 One benefit of the small size and
curvature of the core is the greater compliance, allowing epitaxial
growth even with a lattice mismatch that would not be tolerated
in planar thin films. Shell growth requires precursors that are
highly selective and reactive to allow heterogeneous, epitaxial
growth of the shell under conditions mild enough to ensure the
core materials are not degraded. Initially toxic and pyrophoric
reagents like hexamethyldisilathiane (CH3)3SiSSi(CH3)3 and
diethyl zinc Zn(CH2CH3)2 were employed, but a range of
“greener” precursors better suited to scale up have become more
popular, including elemental sulfur and zinc carboxylates or
dithiocarbamates.

Figure 7. Schematic of (a) radial, core−shell and (b) axial, segmented heterojunctions. Energy diagrams exemplifying (c) type-I, (d) type-II, and (e)
quasi-type-II band alignments. ΔEC and ΔEV are the band offsets between core and shell semiconductors. The red lines represent the probability
amplitude of the wave function |Ψ(x)|2, and the gray dashed lines represent a smoothing of the confinement potential.
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In addition to the control of the shell composition, its
thickness must be precisely controlled. A shell that is too thin
does not efficiently confine the carriers and does not significantly
enhance photostability. In contrast, a shell that is too thick and
has a non-negligible lattice mismatch will accumulate strain and
eventually create defects or induce a transition to island-type
growth and roughening similar to the effects exploited in SLE-
QD growth. In most cases, core−shell QDs are synthesized in a
two-step process. First, core QDs are synthesized and purified.
Then, the QD cores are reintroduced to a growth vessel, the
dispersion is heated, and a dilute solution of the shell precursors
is added dropwise to initiate growth while maintaining the
concentration of the shell precursors below the threshold for
homogeneous nucleation. The amount of shell precursors
added, to yield shell thicknesses of typically 1−6 monolayers, is
quantified by measuring the optical absorbance of the cores to
find the number density of QDs in solution.132,306

A significant advance in shell growth was reported by Peng et
al. termed successive ion layer adsorption and reaction (SILAR).
In SILAR, the anion and cation shell precursors are added
separately and in succession in amounts calculated to provide a
single ionic adsorption layer.307 The QD monodispersity is
maintained for CdS shell thicknesses of up to five monolayers.
The SILAR method has also been extended to allow the
synthesis of “giant” CdSe−CdS QDs. The giant QDs show
optical properties that are largely independent of their ligand
surface chemistry, which reduces Auger ionization and PL
intermittency (as described in section 4.3), when CdS shell
thicknesses of 6 nm (i.e., 19 monolayers) and graded CdSe−
CdS−Cd1−xZnxS−ZnS shells are employed.266,268

The ion-exchange process (see section 3.2.6) has proven to be
a particularly effective route for the synthesis of core−shell and
segmented heterostructure QDs when the beginning (M1)E and
cation-exchanged (M2)E compositions are immiscible (Figure
8).203,308−311 In contrast, if the two phases are miscible, cation
exchange has been used to dope (see section 5.3.2) and alloy
QDs.
4.2.2. Segmented QD Synthesis. A variety of syntheses

have been developed to produce segmented colloidal QD
heterostructures, such as heterodimers (also referred to as Janus
particles) and homodimers, in which radial symmetry is broken
but axial symmetry is preserved. Each colloidal particle exhibits
inhomogeneity in composition and displays at least two distinct
crystalline, inorganic QD domains.312,313 Interdiffusion or
compositional grading during QD growth may lead to diffuse
interfaces that can be difficult to characterize.115 In the growth of
heterostructures, an initially prepared QD can be considered a
precursor for the transformation into a variety of new structures
when in intimate contact with a second distinct QD. The direct
coupling leads to strong intra-QD interactions. Heterodimer
and homodimer QDs can produce optical and electronic
properties not seen in either separate particles or bulk crystals.
The inter-QD interactions can be engineered and when
sufficiently monodisperse captured in extended self-assembled
structures.314−317 The design of segmented heterostructure
QDs offers a route to multifunctional materials for electronic,
optical, optoelectronic, biomedical, photovoltaic, and catalytic
applications, but scalability will depend on improved reprodu-
cibility and yield.318 Seeded-growth methods are the most
extensively studied, although oriented attachment (i.e., solution-
phase sintering) and cation exchange approaches are also widely
practiced.

Seeded growth involves the synthesis of QD seeds and the
subsequent growth of a second semiconductor phase on those
existing seeds, most commonly using the SILAR method.
Seeded growth can be used iteratively to create complex
heterostructures, for example, to prepare colloidal double
QDs.319 In this example, on a QD seed, SILAR is used to
grow and embed a QD in a rod, forming a dot-in-rod system.
Then, a different band gap semiconductor is nucleated and then
grown via SILAR preferentially on one end of the rod, thus
giving an axially symmetric double QD with a semiconductor
spacer.
Solution-phase sintering or oriented attachment has been

used to create more complex structures such as PbSe dimers
from different size QDs,320 type-II ZnSe−CdS heterodimers,321

Au−CdSe−Au (dot−rod−dot) dumbbell heterostruc-
tures,322,323 and CdS−PdSx−CdS nano-dumbbells.324 In each
of these cases, fusion is triggered thermally or chemically to
reduce the repulsive interactions created by surface ligands, thus
allowing the close approach and attachment of QDs and NCs.
Partial ion exchange can be exploited for the rapid synthesis of

nano-heterostructures197,325 in which cation exchange and
anion exchange can play a role (Figure 8). As discussed in
section 3.2.6, cation exchange proceeds rapidly under relatively
mild conditions due to their high diffusivities even at low
temperatures, while anion exchange is carried out at higher
temperatures and over longer times. Cation exchange has been
used to form CdSe−PbSe and CdS−PbS heterodimers
exploiting partial cation exchange.326 Alivisatos et al. showed
that facet specific Cu+ exchange could introduce Cu2S domains
into wurtzite CdS nanorods.208 CdSe−CdS dot-in-rod hetero-
structures have been used to template the formation of Cu2Se−
Cu2S,

327 ZnSe−ZnS,328 and PbSe−PbS327 dot-in-rod QDs
when Cu+, Zn2+, and Pb2+ are exchanged, respectively, for the

Figure 8. (a) Schematic of ion-exchange reactions to dope and alloy
QDs and to form core−shell and segmented QDs or NCs.203 Adapted
with permission from ref 203. Copyright 2016 American Chemical
Society. (b) TEM images of PbTe−CdTe core−shell QDs synthesized
via cation exchange.308 Adapted with permission from ref 308.
Copyright 2009 American Chemical Society. (c) STEM-EDS maps
(Cu is red, Zn is green, Cd is blue, and S is yellow). (d) TEM image of
CdS−ZnS−(CdS−Cu1.8S)−ZnS nanorods prepared via cation ex-
change.309 Adapted with permission from ref 309. Copyright 2018
American Chemical Society.
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native Cd2+. Through sequential partial and complete cation
exchange, this approach can form multimaterial stripped CdS−
ZnS−(CdS−Cu1.8S)−ZnS rod-shaped QDs (Figure 8c,d).309

Cation exchange can also be used to create metal−semi-
conductor hybrid heterostructures such as Au−CdS and Au/
Ag−CdS nanorods. Here, Au nanorods were coated with Ag+

and then exposed to sulfur to create Au−Ag2S heterostructures,
which were then transformed to Au−CdS by cation exchange
with Cd2+.329

An example of anion exchange is the production of CdS−
CdTe heterodimers fromCdSQDs by partial exchange of Te for
S.330 The large 11% lattice mismatch between CdS and CdTe
components is thought to limit the extent of exchange. This
approach has been used to create CdS−CdSe core−shell
nanowires331 and PbS−PbSe core−shell QDs.332

4.3. Optical and Quantum Optical Properties and
Applications

In type-I core−shell QDs, the lowest-energy 1SeSh transition
occurs in the small band gap cores (Figure 7c) and optical
absorption measurements look similar but spectrally shifted to
the red from that of isolated, ligand-capped cores, as the
semiconductor shell reduces the barrier height to confinement.
The fine structure within the 1SeSh transition of bright and dark
states, and their energy splitting, is also not measurably
changed.333 Transitions in both the core and the shell contribute
to optical absorption at higher energies. The epitaxial shell
passivates the QD surface and reduces trap recombination and
Auger ionization responsible for PL intermittency. Single-
exciton PL is characteristic of the QD core band gap (Figure 7c)
and produces materials with the highest-PL QY of near unity. It
is with these bright core−shell QDs that the measurements of
single photons and optical coherence have been made on most
QD compositions,282 as described above (Figure 5), with the
exception of the perovskite QDs that show a particularly unusual
tolerance to surface states (Figure 6).
In contrast, in type-II QDs, the lowest-energy transition is

indirect between the 1Se (1Sh) of the core and the 1Sh (1Se) of
the shell (Figure 7d).298 Higher-energy transitions occur for
states delocalized across the core and shell. The resonances
characteristic of the discrete QD transitions of the core are
primarily but not completely lost (as the core transitions have
greater oscillator strength), and the optical absorption spectra
are nearly featureless. The staggered energy landscape is
effective for charge separation and transfer of photoexcitations
and is pursued for photovoltaic and photoconductive devices.
PL is observed at energies characteristic of the indirect exciton
(Figure 7d), but with low QY, that decreases as the shell
thickness and therefore the spatial separation of electron and
hole wave functions increases.
Intermediate, and perhaps most interesting for quantum

information science in most semiconductors, are quasi-type-II
QDs. The lowest-energy transition is between a confined core
state and, with the small band offset, a delocalized state
extending across the core and shell (Figure 7e). This offset could
be in the valence or the conduction band. Optical absorption
spectra show resonances characteristic of discrete states but that
are shifted to the red by the lower energy barrier for the confined
carrier (as in type-I heterostructures) and by the reduced
confinement of the carrier delocalized across the core and shell.
Wave function engineering in the quasi-type-II QD band
alignment has a significant effect on the fine structure in the
1SeSh transition.

334−336 As the thickness of the shell material is

increased and the probability amplitude for the delocalized
carrier shifts more into the shell, the magnitude of the exchange
interaction is reduced, and therefore, so is the splitting between
the bright and dark states.334 PL is characteristic of the low-
energy transition with reported QYs of >50%. Since the spin-flip
between the higher-energy bright and low-energy dark states
serves as a source of optical dephasing, the quasi-type-II
structure provides an intriguing configuration to explore for
quantum information science. Low-temperature measurements
of the ZPL dephasing time were reported to increase, as the
energy level separation between bright and dark states decreases
with increasing core size and shell thickness.287

The spectroscopic characteristics of heterodimer QDs have
been more limitedly explored to date than core−shell QD
heterostructures. However, interest in photovoltaic devices and
photocatalysis has spurred studies of heterodimers with type-II
or quasi-type-II band alignments. These band alignments allow
control over the electron and hole overlap, yet unlike core−shell
QDs, they enable collection of both carriers. In particular, the
CdE−PbE family of heterodimers has been studied.326

Absorption spectra show signatures of transitions in both CdE
and PbE components with energies that depend on the size of
their domains. As the narrow-band gap PbE component
increases in size, the PL spectrum changes. Band-edge and
trap PL from CdE become less prominent, and indirect exciton
(i.e., between the conduction band of CdE and the valence band
of PbS) emission is observed. The PL from the PbE component
red shifts and eventually grows to dominate the spectrum.337 In
addition, these QDs (e.g., for 50:50 PbS:CdS) advantageously
showMEG with a threshold close to 2Eg, unlike PbS QDs, and a
more rapid increase in MEG quantum yield, compared to core−
shell QDs. The improved MEG characteristics are attributed to
increased Coulomb interactions in the asymmetric, heterodimer
architecture, in comparison to spherically symmetric core−shell
QDs,338 and to slow carrier cooling, as carriers interact with a
manifold of CdE−PbE interfacial states.
In another example, core−shell CdSe−CdS QDs were fused

to create homodimers, akin to coupled QDs grown by MBE but
advantageously with smaller QD cores and interparticle spacings
to probe more strongly coupled QD molecules.339 The band-
edge absorption and PL of the QD dimers were broadened and
red-shifted, compared to a single QD, consistent with quantum
mechanical coupling and hybridization of QD core electronic
states. Compared to a single QD, the dimers also showed PL
with shorter lifetimes, PL intermittency with a broader
distribution of energies, and an increase in g(2)(0) indicative of
reduced photon antibunching. This behavior is attributed to the
multiexciton configurations of biexcitons and trions with
different character than those in single QDs, as carriers and
excitons can tunnel and reside in different QD cores. For
quantum information science, while increased g(2)(0) and PL
intermittency are not clearly advantageous, this example of QD
dimers shows the possibility of quantum mechanical design of
QD homo- or heterodimers. It could be used to optically address
and create excitations in one component and then to selectively
transfer one carrier to the adjacent semiconductor, e.g., by
engineering proper band alignments and interfaces, thus
increasing the distance and reducing the interaction between
photogenerated electrons and holes and thereby increasing the
lifetime of the initialized spin. CdSe/CdS tetrapods have shown
∼1 μs spin lifetimes.340
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5. DEFECTS AND DOPANTS
Defects and impurities are ubiquitous and unavoidable in solid-
state crystals. Their literature is vast; many defect systems have
been intensely studied with the goal of identifying and ultimately
eliminating them to improve material purity. Meanwhile, the
incorporation of certain defects is desirable, for example, as
electronic dopants to tune the charge carrier density or as
optically active impurities to tune the absorption and emission of
light. In this section, we review the current understanding of
optically active defects and dopants in QDs, especially for their
use as light-emitting materials and color-converting phosphors.
Then, we describe the rapidly expanding role of defects and
dopants in bulk semiconductors as spin qubits and light−matter
interfaces for quantum information science. Finally, we consider
the prospects for engineering and controlling defects and
dopants with desirable quantum properties in colloidal QDs.
5.1. Defects and Dopants in Colloidal QDs: History and
Background

Defects and dopants modify a material’s structural, electrical,
and optical properties. In this review, we are primarily interested
in optical properties. In semiconductors, crystallographic point
defects, including intentional and unintentional impurities,
vacancies, and their complexes, introduce midgap states that
create new pathways for optical excitation and recombination.
Even at relatively low concentration (<1016 cm−3, corresponding
to ppm levels), such defects can have dramatic effects on a
material’s optical absorption and emission properties. Some
defects provide non-radiative recombination pathways for
excitons that would otherwise have decayed radiatively,
quenching the material’s intrinsic PL (Figure 4a). Other defects
introduce radiative decay pathways that produce PL at new
wavelengths. The latter class of defects are known as color centers
or phosphors. The term color center is generally associated with
defects in insulators such as the halide salts, metal oxides, or
ultrawide-band-gap semiconductors such as diamond,341−343

whereas phosphor refers more commonly to luminescent defects
in semiconductors that can be directly pumped optically or
electrically through the host’s electronic states.344 Well-known
classes of optically active defects include anionic vacancies
(often called “F-centers” after the German Farbzentrum for color
center) and halogen impurities, as well as transition-metal (TM)
and rare-earth (RE) ions, which typically substitute for metal
atoms in compound semiconductors. The name phosphor
derives from the long-lived phosphorescence that is typically
associated with TM and RE ions. ZnS, in particular, is a
prototypical host material for the study of phosphors because of
its large, direct band gap. In 1866, Theódore Sidot reported
phosphorescence from unintentionally Cu-doped ZnS while
studying its crystal growth. Subsequent development of ZnS and
other, primarily transition metal and alkaline earth chalcogenide
hosts has produced libraries of well-known phosphor materials
which have been used in various electronic display technolo-
gies.344,345

5.2. Electronic Structure of Isolated Defects

We draw a distinction between shallow and deep defects based
on their ionization energy, a measure of the strength of the
Coulomb interaction between the defect and charge in the host
semiconductor. Shallow donor and acceptor defects have small
ionization energies; i.e., their electronic energy states are close to
the conduction or valence band edges, respectively, and weak
Coulomb interactions. At elevated temperature, the thermal
energy, kT, is comparable to the ionization energy and effectively

promotes carriers into the bands, such that dopant concen-
trations define the electron and hole concentrations of
semiconductors in the extrinsic regime. The electronic structure
of a shallow defect can often be effectively derived from the band
extrema of the perfect host lattice. It is modeled like a hydrogen
atom where charge is solvated in a medium with the dielectric
constant of the semiconductor. Its excited states are weakly
bound excitons with optical properties that closely resemble that
of QDs. In contrast, deep defects’ electronic energy levels lie
many kT away from the band edge and are defined by strong
Coulomb interactions, giving rise to tightly bound, spatially
localized states. The electronic structure of a deep defect is
instead derived from the electronic orbitals associated with the
dopant and nearby atoms or vacancies, including their
modifications by the host crystal field.346 The number and
degeneracy of electronic orbitals can be predicted by molecular
orbital theory, which relies on group theory to determine the
arrangement of orbitals consistent with the defect’s symmetry
properties. Coulomb, spin−spin, spin−orbit, and hyperfine
interactions further determine the energy ordering and fine
structure of the defect’s electronic states. Deep defects are also
known as R−G (recombination−generation) centers, as they
dramatically modify recombination pathways for photoexcita-
tions.
Figure 9 shows examples of two well-studied deep defects

the negatively charged diamond nitrogen-vacancy (NV−)

center347 (a prototypical spin qubit) and the ZnS:Mn2+ system
(a classic phosphor).344 The energy levels are labeled using
molecular symmetry notation, which classifies molecular orbitals
according to irreducible representations of the point group
describing a complex. The notation is widely used to designate
both single-particle electronic orbital states and multiplet or
spin−orbit states, as in the Tanabe−Sugano diagrams that
catalog crystal-field-dependent excited states in coordination
compounds.348 Letters and subscripts correspond to irreducible
representations of the relevant point group (C3v in Figure 9a and

Figure 9. Simplified electronic structures of two well-known defect
systems giving rise to deep trap states in their respective hosts. Energy
separations are not to scale. Letters and subscripts labeling energy levels
are molecular symmetry notation used to describe single-particle
orbitals (left) or multiplet states (right). (a) The diamond NV− center,
a complex of a carbon vacancy with a nearest-neighbor substitutional
nitrogen. (b) A substitutional manganese ion on a zinc site MnZn in
cubic ZnS.
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Td in Figure 9b), which indicate the symmetry properties of an
electronic orbital. Lowercase symbols, such as a1 and t2,
represent single-particle orbitals, whereas uppercase symbols
such as 3E and 3A2 represent multiparticle states in spectroscopic
notation. For example, the 3A2 state in Figure 9a represents the
spin-triplet ground state with orbital symmetry A2 and total spin
degeneracy 2S + 1 = 3. The a1 and e states in Figure 9a represent
linear combinations of carbon and nitrogen sp3 orbitals around a
carbon vacancy, which transform according to the A1 and E
representations of the defect’s C3v point group.
In the case of the diamond NV−-center shown in Figure 9a,

from left to right, the electronic structure can be thought of as
the result of symmetry lowering from the Td point group of a
carbon vacancy to the C3v point group of a nitrogen-vacancy
complex. The tetrahedral coordination of dangling sp3 bonds
around a carbon vacancy in a diamond lattice forms a1 and t2
electronic orbitals in the vacancy’s point group, Td.

349 With the
substitution of a nitrogen atom on a nearest-neighbor carbon
site and the symmetry lowering of the defect complex to C3v, the
degeneracy of the t2 orbital is lifted, splitting into a doubly
degenerate e orbital and a non-degenerate a1 orbital. Ground-
and excited-state electronic configurations within these orbitals
give rise to multiplet states. For the NV− center, the multiplets
are arranged into singlet and triplet manifolds according to their
exchange symmetry.349−352 The states that are manipulated in
NV-center-based spin qubits are shown on the right-hand side of
Figure 9a: the ground- and excited-state spin triplets, 3A2 and

3E,
which are associated with the defect’s characteristic 637 nm ZPL
and broadband emission between 650 and 750 nm, and two
singlet states, 1A1 and

1E, accessible via an intersystem crossing
between the triplet and singlet manifolds. The decay from 1A1
and 1E generates emission in the infrared with a 1042 nm
ZPL.353 Degeneracies of the spin and orbital sublevels in the
triplet states are further lifted by spin−spin and spin−orbit
interactions.
In the case of the ZnS:Mn2+ system of Figure 9b, from left to

right, we consider the case of a Mn2+ ion substituting for a Zn2+

site in cubic ZnS, to form the defect configuration MnZn. The
degeneracy of the partially filled Mn2+ 3d-shell is lifted by a
tetrahedral crystal field. Electrons can fill these orbitals to form
various multiplets including the ground state 6A1 along with the
4T1 excited state. Transitions between these twomultiplets cause
the characteristic 585 nm emission arising from this system.
Several additional multiplet configurations exist, and some are
optically active.354−356

Because defect electronic structures are shaped by crystal field
effects, the position of a dopant inside a semiconductor host
profoundly influences the resulting luminescence characteristics,
especially in colloidal QDs, in which a high percentage of doping
sites are at or near the surface.33,357−360 Strategies for controlling
the spatial distributions of dopant concentrations within
colloidal QDs are therefore critical.

5.3. Doping Strategies for Colloidal QDs

An early and current target in the colloidal QD community is the
introduction of electronic dopants and optically active
impurities.361 Due to the QDs’ small size, adding only a small
number of impurity atoms can dramatically change and
introduce new physical properties. The introduction of shallow
and deep dopants has been used in the design of electronic and
optoelectronic devices,362 to create localized surface plasmon
resonances,363 to enhance photocatalysis and surface redox

reactions, and, the topic of this section, to introduce new
emissive centers.364

Typically, dopant ions have different ionic radii than those in
the lattice, and whether they insert substitutionally or
interstitially, the dopants often induce lattice strain. Thus,
doping may be easier when there is a closer match in the ionic
radii of the dopant and host. For example, Mn2+ (typically in its
high-spin state) is larger than Zn2+ but smaller than Cd2+,
inhibiting its doping of both pure ZnS and CdS QDs,
respectively. However, the doping of alloyed Zn0.5Cd0.5S QDs,
with a lattice constant close to MnS, proceeds more readily even
up to 7.5% Mn2+.365 Ions can have the same charge (isovalent)
or different charge (aliovalent) than that of the host QD ions.
Defects may introduce strain or microscopic needs for charge
balance that require thermal treatments to heal.
Here, we focus on strategies to insert impurity atoms and ions

that introduce deep electronic states and new emissive centers.
These strategies open up a new dimension in QD design and
their use as quantum optical materials with control over their
charge and spin states.366,367 In particular, we describe
approaches to deliberately dope the core of QDs with TM or
RE ions either during the growth of the host QD or by
postgrowth cation exchange. It has been shown that ZnS and
ZnSe QDs incorporating TM impurities at surface sites exhibit
less or no characteristic emission compared to those
incorporating TM impurities at core sites, owing to lower
crystal field symmetries at QD core doping sites.358,359,368 We
also provide a description of routes to electronically dope QDs
by exploiting their surfaces, providing a means to control the
carrier concentration and thus charge states of deep level
centers.

5.3.1. Doping during QD Synthesis. In bulk semi-
conductors, dopants and defects are introducedmost commonly
during growth by substitution in the lattice. Similarly, the
incorporation of dopants in SLE and gas-phase-synthesizedQDs
is achieved by mixing the host and dopant precursor during
nucleation and growth. However, the incorporation of impurity
atoms in the QD core during synthesis using wet-chemical
approaches has proved to be a challenge. Early studies on doping
were thought to be limited by “self-purification”, i.e., the
exclusion of impurities atoms from the core, and later, it was
shown that differences in QD shape, surface morphology, and
surfactants limited the initial impurity adsorption to the QD
surface needed for its incorporation.369 The different reactivities
of the dopant and host precursors limit the choice of precursors
to achieve optimum QD size and shape control, and the high
mobility of ions makes the balance of QD growth and doping
conditions difficult. Early studies also showed that dopants are
incorporated in the QD lattice at concentrations often typically
an order of magnitude lower than that corresponding to the bulk
solubility limit or the concentration in the growth solution. For
example, for Mn2+ doping, the solubility of Mn2+ is more than
10% in bulk II−VI semiconductors, eventually transforming to
rock salt Mn-chalcogenides. In contrast, Mn2+ is generally
incorporated at only a few percent in the lattice of II−VI QDs,
and ions often enrich the outer surface of the QDs.361 While the
low solubility of Mn2+ in metal chalcogenide QDs was a
disadvantage in earlier explorations of these materials as diluted
magnetic semiconductors, it in fact may be an advantage in
efforts to isolate single dopants in QDs as a platform for
quantum information science.
Significant strides have been made in doping of QD

cores.370−377 It was found that, if the nuclei and QDs first
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formed are kept small initially, surface adsorption of the dopant
ions can be favored. The addition of more host precursor can
encapsulate and embed the impurities if the growth temperature
is kept low.366,378,379 This has allowed the synthesis of ZnSe:Cu+

or ZnSe:Mn2+ when ZnSe is regrown on the surface of small
QDs nucleated in the presence of both the Cu- of Mn-dopants
and host precursors. The thermal budget must be kept low to
avoid segregation of the impurities, as has been seen in
ZnSe:Cu+ QDs, when heated above 220 °C.380 Near molecular
magic-sized clusters have been employed to seed QD growth
and realize more uniform QD doping.381 These clusters are the
smallest, <2 nm diameter QD species, adopting closed-shell
configurations with typically <100 atoms in the inorganic core
and are thus homogeneous in size, shape, and stoichiometry.
Thus, adding a single dopant to a magic size cluster provides <2
nm spatial resolution.
Definitive characterization has always been the greatest

challenge to the development of doping. Electron paramagnetic
resonance studies of Mn2+ in a chalcogenide host provided the
first clear evidence of successful doping382 and the creation of
ZnS:Mn2+, CdS:Mn2+, and ZnSe:Mn2+.357,366,383,384 The syn-
thesis of QDs doped with Mn2+ and Co2+ progressed in part due
to their characteristic magnetic and optical signatures of
successful incorporations.357

5.3.2. Doping QDs Post-Synthesis by Partial Cation
Exchange.When the number of impurities is very small, we can
consider cation exchange as a doping methodology rather than
transformation chemistry. Again, the small size and large surface-
to-volume ratio of QDs means that the doping levels achieved
via cation exchange may be quite high by comparison with bulk
analogues. As discussed previously, doping by direct synthesis
requires a precise balance of precursor reactivity to ensure
impurities are incorporated at a controlled rate. This is
complicated by the fact that precursor reactivity also impacts
particle size, shape, and crystal phase. The incorporation of
dopant ions may also be frustrated in synthesis by their greater
mobility at high temperature, which can allow dopants to be
segregated at surfaces or defects. Thus, cation exchange offers
the potential to separate the doping and growth stages.
Norris et al. prepared lightly-doped CdSe:Ag+ QDs by

implementing cation exchange procedures normally used to
transform CdSe into Ag2Se but by adding TOP to mediate and
keep the concentration of available Ag+ very low. QD samples
with an average of N = 1, 2, 3, ... Ag-dopants per QD can be
attained. PL spectra show a strong modulation in QD emission
properties, including sub-band gap defect emission at higher Ag-
dopant concentrations and a PL QY that first increases, goes
through a maximum at N = 2, and then decreases as N is
increased. The modulation in optical properties is proposed to
arise from dopant incorporation in a mixture of interstitial and
substitutional sites in the CdSe QD lattice. Cation exchange
employing hydrazine as a promoting ligand has been used to
form ZnSe:Cu+ QDs and Cu- or Ag-doped Cd1−xZnxSe QDs.

385

By exposure of ZnSe to Ag+ or Cu+ ions, the respective Zn−Ag−
Se or Zn−Cu−Se alloy QDs are produced. Then, in a second
cation exchange with Cd2+, the doped Cd1−xZnxSe QDs are
formed. More complicated dopant systems have also been
realized, such as dopants that allow isotopic labeling, namely,
positron-emitting 64Cu-doped CdSe/ZnS QDs.386 Cation
exchange can even work to dope small, ∼2 nm “magic-sized”
QDs and has been demonstrated in the example of Mn2+ doping
of ZnTe to produce ZnTe:Mn2+ QDs. Even these magic-size
QDs show PL spectra that display the 4T1 → 6A1 emission

characteristic of Mn2+ in zinc chalcogenides (described in more
detail in section 5.4).387

5.3.3. Remote Doping of QDs Post-Synthesis. Since
QDs have a large surface-to-volume ratio, the surface provides
sites for “remote” doping.388 Exposure of QDs to gases, liquids,
or solids that add surface atoms, ions, or ligands can intentionally
or unintentionally introduce impurities and alter stoichiometry
and are effective routes to electronic doping.389 These
approaches have been utilized to engineer the carrier type,
concentration, mobility, and energy in electronic and optoelec-
tronic devices.362,390

Although QDs are generally passivated by long-chain organic
ligands, the large surface area makes the QDs susceptible to
oxidation and this modest protection may be further reduced
when the ligands used in the synthesis are exchanged,
particularly for shorter ligands as used in electronic and
optoelectronic applications.357,391,392 The degree and character
of QD oxidation can be tuned by illumination, the choice and
concentration of ligands, and the size of the QDs.393 Generally,
oxygen serves as a p-type dopant in Pb-chalcogenide QDs,
shifting the Fermi level nearer to the valence band,388,393−395

and creates deeper electron-accepting states in Cd-chalcogenide
QDs.396 Physically adsorbed molecular oxygen can serve as a p-
dopant at concentrations low enough to limit irreversible
oxidation, while exposure to N2 gas was seen to impart n-type
doping.397

Stoichiometry can significantly influence QD electronic
doping, as excess anions and cations (or equivalently cation
and anion vacancies) create shallow acceptor and donor
states,398−403 allowing the Fermi level to be swept across the
band gap with composition. Similarly, the intentional addition of
excess atomic species, that will incorporate as the respective
ions, can dope the QDs; for example, adding elemental Pb or Se
atoms n- and p-dopes Pb-chalcogenide QDs, respectively.398

Cu2S has a propensity to form Cu vacancies upon oxygen
exposure, leading to doping levels high enough to degenerately
dope the QDs and establish a localized surface plasmon
resonance.404,405

Incorporation of aliovalent dopants is often associated with
significant distortion of the QD lattice. However, if the dopants
can remain outside the lattice but reside close enough to donate
charge, this distortion can be reduced. The adsorption of ions in
an electrochemical cell has been shown to dope QDs, leading to
the development of interband bleaches in the visible and
intraband induced IR features in the optical absorption spectra
for charged QDs.406−408 The introduction of strong reducing
agents such as cobaltocene has been seen to completely bleach
the first excitonic feature, indicating a very high degree of n-type
doping.409 Just like in methods to control stoichiometry,
aliovalent atoms or ions can be added and are effective dopants
of QDs. For example, elemental In or In3+ has been used to n-
dope CdSe QDs.410−412 Remote doping has also been
demonstrated by the close placement of a second QD phase.413

5.4. Optical Properties of Doped QDs

In general, there are three classes of optical transitions that can
occur in doped semiconductors: band-to-defect transitions,
defect-to-defect transitions (participating defects are referred to
as donor−acceptor pairs or coactivators), and intradefect
transitions within defect-localized states.414 The transitions are
illustrated in Figure 10, along with some of the excitation and
relaxation pathways that can contribute to defect-related
luminescence in doped QDs. The lifetimes of optical transitions
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can be estimated based on the degree to which they are spin- and
parity-allowed. This explains in part why, while both electronic
structures in Figure 9 arise from point defects in cubic crystals,
their different orbital characters, namely, sp orbitals in the case
of the diamond NV− center versus d orbitals in the case of
ZnS:Mn2+, give rise to very different optical characteristics.
Following from the nature of the electric dipole operator

which determines the oscillator strengths of transitions in
quantum systems, transitions between states with the same
parities are considered parity-forbidden, and transitions between
states with different spin multiplicities are considered spin-
forbidden. For example, since the superscripts in the molecular
symmetry notation used to label spin−orbit states in Figure 9
indicate total spin angular momentum, it is easy to see that the
4T1 →

6A1 transition of Figure 9b is spin-forbidden. In fact, this
will be the case for transitions between the ground sextet and any
excited d5 level of the Mn2+ ion, which will be a doublet or a
quartet.344 Because these sublevels are formed from the same d
orbital, they will also have the same parities and transitions are
therefore parity-forbidden. As a result, characteristic emission
from ZnS:Mn2+ occurs with relatively long, millisecond
lifetimes. Similar lifetimes are expected in the case of
phosphorescence arising from weakly allowed transitions within
the open d- and f-shells of TM and RE dopants, respectively. In
contrast, fully allowed transitions such as those between s and p
orbitals of a direct-band-gap semiconductor occur with
nanosecond lifetimes.344 The hybridized sp3 orbital makeup of
the optically active spin−orbit states in the diamond NV center
makes the characteristic optical transitions spin- and parity-
allowed with an emission lifetime of ∼10 ns.348
Nominally forbidden optical transitions within the open d- or

f-shell of a TM or RE dopant become weakly allowed inside
crystalline hosts thanks to spin−orbit coupling and the low
symmetry of the crystal field at the dopant site.415 In the case of
RE dopants compared to TM dopants, the open f-shell is
shielded from these effects by outer orbitals and does not mix
strongly with the s and p orbitals comprising the conduction and
valence bands of common semiconductors. Therefore, the
oscillator strengths of RE intrashell transitions are even weaker
than those of TM dopants. These protected f orbitals offer long
spin coherence times and narrow energy line widths.416 Long-
lived defect-localized excited states in systems with such weak
optical dipoles are also amenable to upconversion luminescence

(UCL), which arises from excited state absorption (ESA)
processes. The UCL energy transfer mechanism illustrated in
Figure 10c, whereby ESA generates blue-shifted emission
relative to the excitation source, is an example of a dopant-
mediated process that has been widely exploited in a class of
doped QDs known as upconverting nanophosphors
(UCNPs).417 In addition to being affected by crystal field
symmetry and spin−orbit coupling, spin selection rules
describing impurity intrashell transitions may be further relaxed
by exchange coupling between host and impurity spins, which
causes spin-flip interactions that explain reduced emission
lifetimes in ZnS:Mn2+ QDs.418,419 This exchange interaction is
particularly important to quantum optical paradigms that will be
discussed in the following sections.
In QD hosts, increased spatial overlap between confined

exciton electron−hole wave functions and defect-localized states
leads to a high rate of energy transfer, allowing defect-related
luminescence from quantum-confined hosts to occur with high
quantum efficiency under interband excitation (Figure 10a,b).
Historically, the observation of this high quantum efficiency
along with reduced emission lifetime (now a source of
debate418,420) in nanocrystalline ZnS:Mn2+, which is a well-
known phosphor in its bulk form, initially drew attention to
doped semiconductor QDs as a distinct class of optical
materials.421 Since then, a wide array of TM- and RE-doped
semiconductor QDs have been studied and are abundant in
display, sensing, and imaging applications, especially Cu2+,
Mn2+, and lanthanide ion dopants in II−VI semiconductor
QDs.422 Progress has been heavily motivated by bioimaging
applications, wherein colloidal QDs can be incorporated with
biological samples of interest, and the large Stokes shifts and
long emission lifetimes associated with dopant emission
facilitate the separation of signals from background fluores-
cence.423 Where QD doping results in dual emission associated
with a combination of host and dopant relaxation pathways, the
size-dependent band gap of a QD host can also be tuned to
control the temperature dependence of the rate of energy
transfer between host and dopant states, allowing for the design
of solution-processable, ratiometric optical nanothermome-
ters.424 With the availability of codoping and surface
modification techniques to introduce multiple emission path-
ways within a single QD, white light emission under
monochromatic excitation can be achieved for general
illumination applications.425−427 In the case of Cu-doped ZnS,
especially, recombination via processes illustrated in Figure
10a,b produces characteristic red, green, and blue emissions in
variable proportions within the same material, and confinement
effects can further increase the tunability of excitation and
emission.428

When luminescence results from transitions within TM- or
RE-localized dopant states, as in Figure 10b,c, emission energies
are relatively unchanged by confinement effects.33 However, the
energy landscapes of QD hosts may offer operational
advantages; for example, efficient energy transfer between QD
host and defect states resulting from exciton confinement
provides a convenient excitation mechanism with a large optical
cross section, whereas direct excitation of defect-localized
transitions would be weak. Strong association of electron−
hole pairs in QD hosts also results in dramatically reduced
thermal quenching of dopant emission.429 While UCL behavior
does not arise from confinement effects, colloidal QD hosts are
convenient for bioimaging applications, motivating UNCPs

Figure 10. Examples of optical excitation and relaxation pathways
mediated by defect-localized states in doped QDs. Following host
interband excitation (not shown for simplicity), radiative recombina-
tion can occur via (a) band-to-defect and defect-to-defect transitions or
(b) transitions within defect states. (c) Especially for transitions with
long radiative lifetimes, direct excitation followed by excited state
absorption can result in upconversion luminescence.
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based on RE-doped QDs (NaYF4:Yb
3+,Er3+, ZnO:Yb3+,Tm3+)

and codoped QDs like ZnS:Mn2+,Eu3+.417,423,430,431

5.5. Defects as Platforms for Quantum Information Science

In recent years, a new class of defects has emerged. Known as
quantum point defects (QPDs),13 these systems exhibit
localized quantum-mechanical degrees of freedomgenerally
electronic orbital and spin statesthat can be coherently
controlled using light or electronics.14−17,23 Well-known
examples include the phosphorus donor in silicon;11 the NV−

center in diamond;347 the group-IV-vacancy complexes in
diamond (e.g., SiV, GeV);432,433 the divacancy and silicon
vacancy in SiC;434−436 and RE ions such as Er3+, Ce3+, and Pr3+

in complex oxides.437 When introduced at low concentrations
such that they do not interact with each other, QPDs are
analogous to trapped atoms or individual molecules. They are
building blocks for quantum information technologies including
quantum memories, quantum repeaters, quantum simulators,
and quantum sensors.
5.5.1. Controlling Defect Qubits. To date, most QPD

research has concentrated on bulk, group-IV, primarily wide-
band-gap semiconductors, especially diamond, Si, and SiC.
These materials are attractive hosts for spin qubits due to their
dilute nuclear spin bath (which limits magnetic noise), low
spin−orbit coupling (which limits coupling to phonons and
electronic noise), their availability as high-purity single crystals,
andin the case of diamond and SiCa large band gap to
accommodate isolated electronic ground and optically excited
states. Moreover, most well-known QPDs consist of impurity−
vacancy complexes that exhibit “molecule-like” s- and p-
electronic states confined deep within the band gap. Their
ground- and excited-state wave functions are strongly localized
on a few atoms surrounding the defect.
In general, optically controllable defect spins arise from QPD

structures with widely separated ground and excited state wave
functions connected by optical transitions, typically in the visible
to near-infrared wavelength ranges. Optical QPDs are usually
excited directly through these intradefect transitions, in contrast
with phosphor dopants in QDs which rely on indirect excitation
via the host followed by exciton-mediated energy transfer
(Figure 10). Subsequently, these QPDs emit photons through
the same intradefect transitions, although the emission is often
Stokes shifted to longer wavelengths due to vibronic coupling.
For the QPDs such as those of Figure 11 with dipole-allowed
transitions between hybridized s and p orbitals, typical optical
decay lifetimes are primarily independent of temperature at∼10
ns, and the spectral line shape consists of a ZPL accompanied by
a phonon sideband.346 The ZPL narrows as the temperature is
reduced, exhibiting optical coherence below ∼10 K in pure
samples,438,439 whereas the shape of the phonon sideband is
mostly independent of temperature.440 QPDs further possess
fine structure in their ground and excited states, which can be
observed at low temperatures as a set of energy-resolved
transitions in the ZPL. As described in section 5.2, the QPD
electronic structure results from orbital splittings due to
symmetry breaking in the crystal field, spin−orbit coupling,
spin−spin coupling between unpaired electrons, and hyperfine
interactions with atomic nuclear spins. The spin and orbital
energy levels can be further shifted through the application of
magnetic, electric, and strain fields.441,442

In order to use QPDs as spin qubits, mechanisms must be
available to initialize and read out their spin and orbital degrees
of freedom. Spin initialization and readout is typically achieved

in one of two ways, as shown in Figure 11b,c. The first method,
resonant optical pumping of the individual spin-resolved
transitions, is shown in Figure 11b. This scheme is appropriate
for systems with relatively simple fine structure, like the spin-1/2
levels associated with a single unpaired electron in the diamond
SiV− center. The operating principle in this scheme is that
resonantly pumping the optical transition associated with one
spin state eventually depopulates that spin state in favor of the
other if there is any spin-flip relaxation process available. The
transition strengths associated with spin-conserving and spin-
flip transitions depend on the QPD’s symmetry, spin−orbit
coupling, and the relative orientation of an applied magnetic
field. In some cases, the transitions can be arranged such that
resonant pumping of one transition by a tunable laser efficiently
polarizes the ground-state spin, while resonance fluorescence
from a spin-preserving transition enables high-fidelity spin
readout. This is essentially the same mechanism that is used for
initialization and state-readout of trapped ion qubits.9,443−445 A
variety of related schemes exist, depending on the details of each
QPD’s fine structure. Examples include the SiV− and NV−

centers in diamond,432,433 the silicon vacancy (VSi) in SiC,446

and the Er3+ ion in Y2SiO5.
416 Resonant optical control facilitates

spin initialization and readout with high fidelity, which is crucial
for spin−photon interfaces used in quantum communica-
tion.15,16 However, these schemes require stable, narrow, optical
transitions that are presently available only for QPDs in high-
purity bulk substrates at cryogenic temperatures.
The second typical approach to addressing QPD spin states is

illustrated in Figure 11c and is most famously applied with the
diamond NV− center. For this defect, a fortuitous arrangement
of spin-triplet and spin-singlet states leads to optical dynamics
modulated by a spin-dependent intersystem crossing (ISC)
between the triplet and singlet manifolds (Manifolds 1 and 2 in
Figure 11c, respectively). ISC processes are incoherent, non-
radiative transitions that are facilitated by phonons and spin−
orbit coupling; they are a common feature of many molecules
and defects.447 In the NV− center, the ISC provides a relaxation
pathway (indicated by wavy gray lines in Figure 11c) that
preferentially populates the ms = 0 spin sublevel of the ground-

Figure 11. Simplified electronic structure of prototypical QPDs. (a)
Illustration of a QPD in a bulk semiconductor host and its
corresponding energy diagram. (b) The Zeeman-split ground and
optically excited states within an effective spin-1/2 manifold of a
diamond SiV− center, addressed using resonant optical excitation.
Optically addressed, spin-conserving transitions are indicated by solid
arrows, and spin-flip transitions are indicated by dashed arrows. (c)
Two distinct spin manifolds coupled by a spin-dependent intersystem
crossing (non-radiative process indicated by wavy lines) in a diamond
NV− center, which allows for non-resonant optical spin initialization
and readout. The arrows within Manifold 1 indicate transitions which
are optically addressed, with emission occurring at similar energies but
with different intensities (lower intensity is indicated by a dashed line)
due to the spin-dependent intersystem crossing. The transition shown
within Manifold 2 produces infrared emission and is not generally
addressed for spin control.
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state triplet (denoted |↓g⟩) when the center is non-resonantly
illuminated by a laser that equally pumps all spin states.448,449

Based on this spin-selective ISC, spin initialization usually
consists of an illumination period following which the center has
a certain probability of having relaxed into the |↓g⟩ state and a
significantly lower probability of having relaxed into the |↑g⟩
state, or ms = ±1 sublevel. Furthermore, the spin-selective ISC
creates a fluorescence contrast between the spin states given the
different emission energies and lifetimes associated with
relaxation through each manifold. In practice, the infrared
emission produced by relaxation through Manifold 2 is not
collected, and this singlet manifold is a shelving state that
partially quenches the red emission from Manifold 1. The
resulting fluorescence contrast allows for robust optical spin
readout.450 Although the initialization and readout fidelities
associated with theNV− center’s ISC dynamics are not as high as
those that can be achieved using resonance fluorescence, the
mechanism is compatible with room-temperature operating
conditions, since it does not rely on resolving fine structure in
the optical transitions, and the spin-dependent ISC rates are
relatively insensitive to noisy environments. These features have
enabled the wide range of applications for NV− centers as room-
temperature qubits and versatile quantum sensors. More
recently, similar ISC mechanisms for spin initialization and
readout have been used to address the divacancy and silicon-
vacancy QPDs in SiC,434,435 and they are believed to explain
room-temperature, magnetic-field-dependent fluorescence for
QPDs in hexagonal boron nitride.451,452

5.5.2. IdentifyingNewQuantumPoint Defects.There is
growing interest in identifying QPDs in new host materials and
different QPD classes that would enable new forms of optical or
electronic quantum control. The interest in exploring new
materials is driven by the realization that different applications in
quantum information science demand different QPD function-
ality, which in turn is related to different properties of the defect
and its host. For example, quantum photonics requires pure,
stable sources of single photons, whereas spin-based quantum
sensors require a robust mechanism for spin initialization and
readout that is compatible with the sensing modality. These
considerations have motivated researchers around the world to
investigate optically active defects in wide-band-gap II−VI and
III−V semiconductors such, as ZnO,453 ZnS,454 and GaN,455 as
well as in layered van der Waals materials, such as WSe2 and
hBN.456,457

Defect identification based on spectroscopic observations
aloneespecially of individual defectsremains a major
challenge. In bulk crystals, observing spatially resolved
fluorescence from individual defects using standard confocal
microscopy techniques requires a concentration below 1011/
cm3; this is many orders of magnitude smaller than the
background impurity concentrations in most crystals. Hence,
defects that exist as single-photon emitters in bulk crystals are
generally rare defects, coexisting with other defect species at
much higher concentrations. This complicates efforts to identify
fluorescent defects by controlling synthesis and treatment
conditions, and it is one reason why many of the defects
responsible for the emission observed in the materials listed
above remain unknown.
An alternate approach to QPD development has been to use

nanofabrication and spectroscopic techniques in order to isolate
individual qubits from well-understood families of optically
active impurities that exist at higher concentrations. This
approach has met particular success in the case of RE ions, which

are well-known for their coherent optical properties as
ensembles in laser crystals.437,458 Several RE species have been
isolated at the single-ion level, including Pr3+,459−461

Ce3+,462−464 Nd3+,465 and Er3+.416,466,467 The major challenge
in controlling individual RE ions is the small oscillator strength
associated with the dipole-forbidden f-shell transitions, which
leads to very long optical lifetimes and an inability to detect
individual fluorescence photons. In the works above, the
problem has been addressed either by utilizing dipole-allowed
4f−5d transitions from higher-lying electronic levels (in the case
of Pr3+ and Ce3+) or by enhancing the emission rate of the 4f
transitions by coupling the ions to a nanophotonic cavity (in the
case of Nd3+ and Er3+). In a complementary approach, Yin et al.
demonstrated electrical readout of photoionization for Er3+ in
silicon.466 In all of these cases, individual ions are isolated from a
dense ensemble using resonant excitation to select particular
transitions from the larger inhomogeneous distribution.
QPDs based on TM impurities in bulk semiconductors have

also emerged in recent years as an interesting class of spin qubits.
Examples include Fe3+ in ZnO468 and Cr3+ and V4+ in silicon
carbide.469−472 Similar to RE ions, TM impurities feature long-
lived spin states and stable optical transitions associated with d-
level orbitals that generally do not participate in bonding and
hence are decoupled from their environment. There are some
exceptions to this rule, however, and in some configurations, the
d-shell can become bright, either through strong symmetry
breaking or hybridization with s and p orbitals. This seems to be
the case, for instance, with recent reports of short lifetimes for
V4+ ions in SiC that emit in the telecom band.471,472

In all of these emerging material systems, there is a pressing
need for improved control over QPD synthesis and device
fabrication to realize atomically precise, multiqubit arrange-
ments of QPDs that would enable scalable quantum computing
or quantum simulation of more complex systems. Despite
decades of research and steady progress,473 our ability to control
the formation and localization of the best-known QPDs in
diamond and SiC remains limited.
From this perspective, colloidal QDs are especially attractive

platforms for engineering defect-based spin qubits. Many of the
most common QDmaterials, including ZnS, ZnO, and CdS, are
characterized by large band gaps, relatively low spin−orbit
coupling, and dilute nuclear spin environmentsall ideal
characteristics for a QPD host.13,474 These materials are well-
known hosts for phosphor dopants, including TM and RE ions.
Furthermore, colloidal QDs can be synthesized with near-
atomic precision, arranged into complex assemblies, and
incorporated in optoelectronic devices. The key missing
ingredient is a robust spin qubit that can be initialized,
controlled, measured, andideallycoupled coherently to
light. We discuss the opportunities and challenges associated
with this endeavor in the next subsection.

5.6. Identifying and Engineering Spin Qubits in Colloidal
QDs

A comparison of the optical excitation and detection
mechanisms for common phosphor dopants in QDs versus the
QPDs discussed in the previous subsections highlights several
similarities and differences. Generally, defects inQDs are excited
indirectly through the QD absorption transitions, which
subsequently relax through the defect levels via a combination
of non-radiative and radiative transitions. In contrast, QPDs are
typically excited directly through resonant optical driving or
non-resonant, vibronic excitation of the intradefect transitions.
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Moreover, most of the well-known QPDs involve light elements
such as N and Si in complexes with vacancies, whereas
phosphors are often substitutional dopants of TM or RE ions.
Nonetheless, many phosphor dopants in QDs exhibit nonzero
spin states isolated within the band gap, and they could be
utilized as spin qubits given appropriate mechanisms for
initialization and readout. Several potential mechanisms exist,
as we will discuss in this section. In fact, optically detected
magnetic resonance (ODMR) has been associated with several
phosphor transitions in bulk II−VI crystals.475 Observations of
ODMR are often a first step toward developing protocols for
optical spin control. In particular, we propose that TM and RE
dopants in colloidal QDs are prime candidates for development
as spin qubits.
5.6.1. Unique Characteristics of Defects in Colloidal

QDs. Colloidal QDs provide many advantages for qubit design.
One is size; a 5 nm-diameter QD contains only ∼6000 atoms,
and the particles can be dispersed and arranged for individual
study. This relaxes the doping concentration requirements to
spatially isolate individual impurity atoms with optical
microscopy from an essentially unattainable 1011/cm3 in bulk
crystals (part per trillion levels) to a much more reasonable level
of ∼100 ppm. Furthermore, for semiconductor QDs, it is
possible to consider unique spin−photon interfaces that harness
both the large oscillator strength of the QD host and the long-
lived coherence of the impurity-localized electronic spin.
Quantum confinement in these structures strongly increases
the spatial overlap, and accordingly the exchange interaction,
between impurity-localized spins and resonantly generated
electron−hole pairs, allowing for optical orientation of the
defect spins via host excitation.419 The optical cross-section of
this light−matter interface is much larger than that of traditional
QPDs, which are optically addressed inside bulk semiconductor
hosts by direct excitation of defect states. Other advantages
related to defect spin control and readout that are associated
with the low dimensionality of QD hosts include reduced
decoherence caused by host nuclear spins,476 inherent proximity
of the QPD to surfaces that facilitate external couplings for
quantum sensors, and the ability to precisely control the QD
surface chemistry.
5.6.2. QPD Synthesis: Challenges and Opportunities.

The synthesis methods described in section 5.3 represent recent
advances in overcoming challenges to dope colloidal QDs, by
inserting impurities in the core or by adding atoms, ions, or
ligands at the surface. However, doping the core and remote
doping through the surface may provide different utilities to
engineer quantum defects and dopants. As we described above,
the crystal field of the core is important in creating the defect
electronic structure and thus in establishing the manifold(s) of
charge and spin states that govern the energy and dynamics of
their luminescence.33,357−360 Meanwhile, defects and dopants
introduced at the QD surface have proven to be very effective as
electronic dopants. Unlike other QPD nanoparticles (e.g.,
nanodiamonds), the surface chemistry of colloidal QDs is well-
established and well-controlled, with known libraries of and
processes to introduce surface species, such as metal and
chalcogen atoms; metal, chalcogen, and halide anions; and
organic (e.g., short, long, and polymeric; redox active; etc.) and
inorganic ligands.41 These surface chemical species can shift the
absolute energies of the QD conduction and valence band
states.46 They can be used to tailor electron and hole
concentrations from low to high, shifting the Fermi level
through the band gap.389 Surface modification provides an

opportunity to control the charge state and thus luminescence of
core defects and dopants.
The methods used to dope the core through direct

introduction of precursors in synthesis often yield a high level
of doping in QDs. In contrast, ion exchange has been shown to
yield light doping, even to realize single defects or dopants in the
QD core.477 There is also an opportunity to deterministically
position defects within the QD. Deterministic doping could be
achieved by exploiting the facet selective adsorption energy for
different ions.366,369 Radial control of doping can be achieved
using small doped seeds and overcoating them with additional
material to grow larger particles.372 True digital doping may be
possible by employing magic-sized clusters, which yield
molecularly precise seeds.478−480 In addition, a nucleation
doping route has gained in popularity, in which dopants are
introduced at the nucleation stage and retained in the growing
QD.

5.6.3. Quantum Control Strategies for QPDs in
Colloidal QDs. As discussed in section 5.5, there exist several
different ways to address and control QPD spin states in bulk
semiconductors. In addition to these established schemes, the
colloidal QD architecture presents exciting alternative strategies
for quantum control that leverage the QD’s unique physical and
optical properties. Some of these are discussed below.

Direct QPD Excitation through Spin-Selective Transitions.
Especially for wide-band-gap QDs such as ZnO and ZnS, it may
be possible to identify QPDs similar to the nitrogen-vacancy or
silicon-vacancy center in diamond, for which optical ground and
excited states are both accessible and protected deep within the
band gap. In fact, the quantum confinement effects that enlarge
the effective band gap can make this condition easier to achieve
in QDs compared to bulk crystals. In such cases, QPD spin states
can be controlled via resonant or non-resonant excitation
through spin-selective transitions, as shown in Figure 11. The
key advantage of non-resonant techniques is their potential to
work at elevated temperatures; however, they require a
particular arrangement of energy levels and spin-dependent
relaxation processes. On the other hand, resonant control
schemes can be developed for essentially any arrangement of
levels, assuming spin−orbit or hyperfine interactions produce
variations in the fine structure of the optically excited state
compared to the ground state. These schemes require low
temperatures and stable optical transitions protected from
spectral diffusion, but they directly enable a wide range of
approaches to coherently couple spins with light,23 including the
generation of spin−photon entanglement,481,482 all-optical
coherent spin control using coherent population trapping and
ultrafast pulses,483−488 and nanophotonic quantum-electro-
dynamics platforms to interface individual spin qubits in optical
cavities with coherent photon states.489,490

The identification of suitable QPD candidates and corre-
sponding colloidal QD materials is a challenging problem, but
rapid progress in ab initio theory and new experimental
characterization techniques is making a targeted search seem
tractable.13 Several potential QPD candidates are already known
from the literature, including defect-bound excitons in
ZnSe491−493 and ZnO494 and defect-related single-photon
emitters in ZnO453,495,496 and ZnS.454 Furthermore, ODMR
signals associated with defects have been detected in many II−
VI bulk crystals,475 raising the clear possibility that non-resonant
optical spin initialization and control schemes can be realized in
these materials.
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Utilizing QD Resonances for Spin Control. For defects in
bulk crystals, there is a clear difference between QPDs whose
electronic wave functions are composed of hybridized s and p
orbitals and those like the substitutional TM and RE ion
impurities whose spin states reside in d or f orbitals. The former
exhibit efficient optical excitation and high brightness due to
their electric dipole transitions, whereas the latter generally
exhibit weak optical transitions that are dipole- or spin-
forbidden. For defects in colloidal QDs, however, the electronic
and optical structure of the quantum-confined host provides an
alternative means to address the spin levels of QPDs with weak
optical transitions.335

In particular, a localized magnetic moment associated with a
TM-ion impurity confined in a QD alters the energy diagram of
the host via sp−d exchange coupling, as illustrated in Figure
12a−c. The exciton transition is split into sublevels that are
selective for the projection of the TM impurity’s spin. Several
authors have exploited the excitonic fine structure resulting from
sp−d exchange coupling to demonstrate initialization and
readout of individual Mn2+ spins in doped, MBE-grown, II−VI
semiconductor QDs.497−500 In these experiments, the Mn-
exciton spin-state population depends upon both the energy and
helicity of the optical excitation. Following an excitation
sequence, the resulting Mn spin-polarization can be read out
based on the absorption selectivity (Figure 12d) of a subsequent
excitation or the emission energy of the system.501 Furthermore,
excitation or emission can occur within a single QD or upon
energy transfer via a neighboring, undoped QD. In the latter
case, spin-polarized carriers retain their polarizations during the
transfer between hosts with a sufficient rate to enable
initialization mechanisms based on the helicity of the optical
excitation.502

These experiments highlight the ability to harness the large
optical cross sections associated with QD exciton transitions in
order to control spin states associated with highly localized TM
impurities that are otherwise challenging to access. In the future,
it will be interesting to consider alternative TM and RE species,
especially those with a simpler spin structure than Mn2+, which

has S 5
2= and therefore six potential spin states. It is also

interesting to consider variations on the initialization and
readout protocols, where excitation or emission occurs either
through the exciton transitions or the intralevel defect
transitions.

Cavity Enhancement. An alternative approach to enhancing
weakly allowed d- or f-shell transitions is to use optical cavities to
enhance the local density of optical states at the relevant photon
energy. This approach has been used successfully to detect
photons from RE ions in bulk complex oxide crystals coupled to
nanophotonic cavities.465,467 Aside from the Purcell effect that
enhances the emission rate, the emitted photons are efficiently
coupled into the cavity’s well-defined spatial mode, which
increases the collection efficiency and enables routing of
photons between devices. Furthermore, the cavity coupling
has been shown to improve the cyclicity of nominally spin-
preserving transitions used for spin readout (see Figure 11b, for
example) but which suffer from non-radiative spin-flip relaxation
in the absence of a cavity. This improves the fidelity of spin
initialization and readout, and it has enabled quantum
nondemolition measurements of individual Er3+ ions.416

Building on these recent advances, the small size of colloidal
QDs coupled with advanced protocols for top-down and
bottom-up assembly (see section 6) present opportunities for
realizing efficient, compact, nanophotonic quantum devices
based on individual spin qubits hosted in QDs.

Addressing and Controlling Nuclear Spins. In addition to a
QPD’s electronic spins, individual nuclear spins associated with
the host impurity or proximal atoms offer quantum-mechanical
degrees of freedom that can be used for memories,503−506 local
quantum processing,507−510 and enhanced quantum sens-
ing.511,512 Many II−VI colloidal QD materials have naturally
low concentrations of nuclear spins, and the concentration could
be further reduced through isotopic purification during
synthesis. Especially considering the potential to synthesize
core−shell QDs or other structures deterministically incorpo-
rating QPDs with near atomic-resolution precision, it becomes
feasible to imagine an architecture consisting of an electron-spin

Figure 12. (a) Energy diagram of a QD containing a deep defect with spin sublevels and a strongly confined exciton. (b) Illustration of the QD in part a
with a red arrow to indicate that the defect has a localized magnetic moment. Sz is the defect’s spin projection along a measurement axis. Spatially
overlapping probability amplitudes of the confined exciton electron and hole wave functions (red) and the defect electronic wave function (black)
results in strong exchange coupling. (c) Excitonic fine structure in the exchange field of the dopant-localized magnetic moment. Corresponding to the
case of aMn2+ impurity ion with S = 5/2, six composite exciton−dopant (X− Sz) states are shown. (d) Photoluminescence excitation spectrum showing
the excitonic fine structure resulting from exchange coupling in a CdTe:Mn2+ QD. Excitation occurs in the QD with a single Mn2+ ion, and emission
occurs in a neighboring, undoped QD. The red curve indicates the spectrum of a pulsed laser used for state-selective excitation.500 Panel d is reprinted
from Figure 1b,c of ref 500 with permission. Copyright 2014 American Physical Society.
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QPD qubit connected to a small register of nuclear spins within
theQD core, while the outer shell is purified of nuclear spins that
would otherwise cause decoherence. Such an architecture,
especially if coupled to light in an optical cavity, could serve as a
multifunctional quantum memory node as part of a quantum
repeater.513

Alternatively, the nuclear spins could be utilized to enhance
the QPD’s quantum sensitivity to external stimuli, including the
coherent dynamics of nuclear spins associated with molecules
outside the QD. Molecular-scale NMR is one of the most
important future applications of quantum sensors.514 The
leading nano-NMR platforms are based on shallow NV− centers
beneath the surface of bulk diamond, but their performance is
limited by a lack of control over the diamond surface
chemistry.515 A nanoparticle sensing platform would be
preferable for many applications, especially for chemical sensing
in solution or in vivo; however, the coherence properties of NV−

centers in nanodiamonds remain far worse than their bulk
counterparts due to increased impurity levels and surface
contamination.516 Colloidal QDswith far superior control
over purity, shape, and surface chemistrypresent clear
advantages over nanodiamond platforms. For example, electron
paramagnetic resonance studies of colloidal, ZnO:Mn2+ QDs335

showed hyperfine coupling between the impurity manganese
spins and protons outside the QD (likely those of the capping
ligands, which could feasibly be replaced by a functionalized
surface for sensing) and reduced dipole−dipole interactions
between individual impurity spins that increase coherence times
from ∼0.07 to ∼0.9 μs compared to bulk ZnO:Mn2+ with the
same Zn:Mn ratio. Likewise, the coherent dynamics of donor-
bound excitons in ZnSe provide a mechanism to induce and
control nuclear spin ensembles.517 These results foreshadow the
suitability of custom-engineered colloidal QDs for quantum
sensing applications.

6. ASSEMBLY AND INTEGRATION

Colloidal QDs can be dispersed in solvents and readily
integrated on surfaces and in devices using solution-based
assembly techniques, such as spin- or dip-coating, drop-casting,
doctor-blading, ink- and transfer-printing, and imprinting.518

Spin-coating in combination with lithography also allows
patterning of QD assemblies.411,519 These solution-based
deposition methods have been exploited to integrate colloidal
QDs in conventional electronic, optoelectronic, and optical
device architectures.390 Spin-coating dilute QD dispersions has
been the most common approach used to separate QDs on the
surface for single-particle spectroscopy245 and to integrate QDs
in photonic and plasmonic cavities.520,521 In this review, we
focus on assembly techniques that allow the deterministic
positioning of single QDs and the assembly of ordered QD
arrays, targets for their integration in optical cavities and in
architectures for quantum information processing. The
assembly and integration of colloidal QDs is a key advantage
of this materials class and stands in contrast to the challenges
faced by SLE-QDs that nucleate and grow randomly, giving rise
to a dispersion in QD size and therefore properties and to a lack
of positional control. SLE-QDs are also limited in their
scalability by the nature of their vacuum-based growth.

6.1. Deterministic Assembly of Single QDs

Single-photon sources require the deterministic positioning of
single QDs in photonic cavities that serve to enhance, direct, and
control the polarization of their emission. Nanomanipulation,

patterning, and assembly techniques providing <100 nm
positional accuracy have been explored, developed, and, in
some cases, commercialized by the scientific community. These
techniques commonly use external forces, i.e., mechanical,
chemical, optical, electrical, or thermal forces, to control or
direct the placement of QDs, and more broadly nanomaterials,
on surfaces. Here, we survey these techniques and give examples
where they have been applied to position emitters in optical
cavities.

6.1.1. Nanomanipulation. Nanomanipulation in the
scanning probe microscope takes advantage of the weak
interactions between the QDs, and again nanomaterials broadly,
and the surface to allow the scan probe tip to mechanically
“push” the QD to a desired location.522 The lateral QD
displacement is achieved by controlling the z-feedback; i.e.,
turning off the feedback removes the constant tip-to-QD
distance and allows the QD to be pushed, and turning back on
the feedback lifts the tip from the QD to stop the movement
when it reaches the targeted location. Scanning probe
manipulation has been implemented to position QDs in
fabricated photonic structures523−525 or to push a plasmonic
NC in proximity to a QD.526 For example, Figure 13a depicts an

atomic force microscope (AFM) cantilever being used to
position a Au NC near a CdSe−ZnS core−shell QD. The
proximal Au NC significantly reduces the QD PL lifetime and
intermittency (Figure 13b). The scanning probe microscope is a
serial technique providing control over one QD at a time.
Scanning probe arrays are being developed to parallelize the
manipulation process.527

Dip-pen nanolithography (DPN) builds on the nanometer
positional control of the scanning probe microscope to pick up
QDs, by inking the tip upon dipping it into a QD dispersion, and
placing the QDs, by bringing the “inked” tip down to the surface
in the target location.529 The mechanism for material transport
from the tip to the surface depends on the chemical and physical
properties of the ink (i.e., (non)-aqueous, (non)-volatile, and

Figure 13. (a) Schematic of the tip from an AFM cantilever pushing a
Au NC near a CdSe−ZnS QD and (b) the PL decay from an isolated
QD and when the AuNC is proximal.526 Adapted with permission from
ref 526. Copyright 2011 American Chemical Society. (c) Schematic of
DPN placement of a colloidal QD liquid ink at the center of a metal-
dielectric antenna and (d) a spatially resolved map and (e) back focal
plane image of the QD-nanoantenna PL.528
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the volume and viscosity if the liquid is nonvolatile), the
substrate (i.e., the wetting of and chemical affinity for the ink
material), and the environmental conditions (i.e., temperature
and humidity). Materials systems are broadly classified as either
diffusive inks or liquid inks.530 Upon inking, the solvent of
diffusive inks evaporates, leaving the material dried on the tip. In
humid environments, a water meniscus condenses sponta-
neously at the narrow gap between the tip and substrate and
allows for material dissolution, diffusion, and capillary assembly
on the surface. Liquid inks are nonvolatile, and material
transport occurs by fluid flow from the tip to the surface. The
amount of material, in this case QDs that are transferred,
depends on the amount of ink on the tip (i.e., the concentration
of and immersion time in the QD dispersion) and the tip dwell
time at the target location. Figure 13c shows a recent
demonstration of DPN using a liquid ink to position CdSe−
CdSe core−thick-shell QDs at the center of a bullseye metal−
dielectric nanoantenna. The integration of the QD in the
nanoantenna architecture allows room-temperature, directional
emission of single photons (Figure 13d,e) that is advantageous
to use lens-free, in free space or to couple to optical fiber.528

Efforts to parallelize scanning probe manipulation are similarly
explored for DPN.527 Variants such as polymer-pen lithography,
in which Si cantilevers are replaced by polymers molded in the
shape of tips and in which the transfer of material to the surface
occurs via a mechanism akin to microcontact printing, allow
scalable, array-based printing.531

6.1.2. Template-Directed Assembly. Template-directed
assembly marries lithography to define size- and shape-
engineered topographical “traps” with assembly, in which
capillary forces drive particle deposition at a liquid meniscus
into the trap site.532,533 Optical, e-beam, nanoimprint, or
scanning probe lithographies can be used to pattern the traps.
The template traps can be concave (e.g., cavities) or convex
(e.g., posts) and can be composed of photoresist (which can
subsequently be removed), polymers, or an inorganic material
(e.g., glass, metal). Template-assisted assembly has been most
frequently carried out for aqueous dispersions of spherical and
rod-shaped Au and Ag NCs to create large-area and complex
assemblies and to study the optical properties of these
structures.533−537 A NC dispersion is placed between a
patterned substrate and a glass slide, establishing a water
meniscus (Figure 14a). As the slide and the meniscus are
translated with respect to the substrate, a long-range
evaporation-induced, convective flow field transports the NCs
to the meniscus, dominating diffusion and recirculation flows,
creating an accumulation of NCs. Capillary forces and local
confinement effects of the cavities drive the NCs at the air−
water interface into and retain theNCs in the traps. The intricate
balance of forces requires control over the temperature and
humidity of the environment, the temperature and wettability of
the substrate, and the translation speed and distance to the
substrate of the glass slide to successfully assemble the NCs.538

As many emissive NCs, including QDs, are often dispersed in
non-aqueous solvents, a squeegee process has been used to
similarly position particles in template sites.540−542 An
elastomer, such as polydimethylsiloxane (PDMS), is cut to
form a “wiper”, and the wiper is dragged at a shallow angle (e.g.,
35°) across the surface, in a method akin to screen printing. As
the meniscus is moved across the substrate, the NCs at the
interfaces are pushed into the trap sites. While the detailed
mechanistics of the squeegee process are not well studied,
empirically conditions allow reliable, high-yield assembly. In a

conceptually similar and clever approach, 8 nm Au NCs were
assembled with high yield in lithographically defined tem-
plates.543 Instead of using a wiper, a hexane dispersion was
allowed to spread by climbing against gravity into patterned
templates, creating a meniscus and drying front to direct
assembly.
Template-assisted capillary and squeegee assembly can be

mixed and matched to enable the formation of complex
multiparticle structures. Figure 14b shows an example of
heterodimers constructed in templates by sequential squeegee
assembly of NaYF4:Er

3+,Yb3+ hexagonal prismatic UCNPs from
hexane dispersions followed by capillary assembly of Au
nanorods dispersed in water.539 The size and shape of the trap
sites are designed so the center could only accept a single
nanophosphor and the extended arms would only be filled with
the nanorods. The dimensions of the nanorods are selected to
spectrally match their localized surface plasmon resonance
(LSPR) to the sensitization of the nanophosphor, yielding
heterodimers that show enhanced luminescence when the LSPR
is excited by light polarized along the rod axis (Figure 14c,d).
Template-assisted assembly is a scalable process, enabling the
parallel yet deterministic positioning of NCs in traps, with yields
of >90% for a single particle in each trap site. For example, Figure
14e shows a Au nanohole array designed to have holes (i.e., trap

Figure 14. (a) Schematic of template-assisted, capillary assembly of
NCs. (b) SEM image of a NaYF4:Er

3+,Yb3+, hexagonal prismatic,
UCNP−Au nanorod assembled heterodimer. Spatially resolved PL
maps and (inset) simulated field intensity enhancement maps for
single-heterodimers with 977 nm excitation light polarized (c) along
and (d) perpendicular to the rod axis.539 Panels b−d adapted with
permission from ref 539. Copyright 2014 American Chemical Society.
(e) SEM image of NaYF4:Er

3+,Yb3+ UCNPs assembled in a Au
nanohole array and (inset) simulated field intensity enhancement map
in one aperture of the nanohole array. (f) The spectrum of the emission
enhancement factor for NaYF4:Er

3+,Yb3+ UCNPs assembled in an Au
nanohole array.540 Panels e and f adapted with permission from ref 540.
Copyright 2013 American Chemical Society.
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sites) that are slightly larger in size than that of the UCNPs.540

The metal nanohole array thickness and the periodicity are
selected to create a strong electric field at the trap site when each
site is filled with a UCNP and illuminated with light matched to
the excitation wavelength of the UCNP. The optical cavity
created by the nanohole array substantially enhances the
luminescence efficiency of the colloidal UCNPs (Figure 14f).
To date, template-assisted assembly has been demonstrated

to deterministically position single NCs that are typically >50
nm in size, but these techniques do allow the extension to <10
nm. Many QDs are <20 nm in size and thus will require
patterning of smaller trap sites, which is possible using high-
resolution lithographies, but not as routine; studies to
understand the effectiveness of capillary and confinement forces,
that reduce Brownian motion,538 to successfully trap these
smaller NCs; and efforts to exploit surface chemical methods to
add organic ligand and inorganic shells and increase the physical
“QD-in-particle” size.
6.1.3. Optical Nanoprinting. Instead of chemical or

mechanical forces, optical nanoprinting uses light to direct NC
assembly.544 Optical printing is akin to optical tweezing in that a
laser field is used to create optical forces that localize the NCs
(Figure 15a). The distinction is in the selection of whether the
illumination is spectrally matched to a resonance in the NC.
Optical tweezing uses non-resonant illumination to trap
particles in the laser field but is too weak to overcome the
electrostatic repulsion between a charged NC and the surface.
Optical printing uses resonant illumination to strengthen the
optical forces to both trap the NCs and exceed NC-surface
repulsive interactions and allow van der Waals assembly of NCs

on surfaces. Again, most examples of optical printing involve
various size and shape plasmonic NCs, which are typically
charged to enable their electrostatic stabilization in water.544,545

Early examples of optical printing reported a limitation in the
distances between NCs to ∼300 nm. This is now understood to
arise from thermal gradients created by heat dissipation upon
resonant excitation. Adding a thermal sink to the substrate, such
as a layer of reduced graphene oxide, removes the thermal
gradient and allows the printing of closely spacedNCs. The need
for resonant excitation also provides spectrally selective printing
and, with multicolor illumination, the sequential printing of
different NCs based on their optical resonances. Beyond optical
printing of plasmonic metal NCs, resonances such as magnetic
dipolar resonances in semiconductor NCs also allow their
printing. Figure 15b,c shows examples of optical printing of Si
NCs varying in size.546 Adding a spatial light modulator in the
excitation path has been used to create multiple beams for
parallel printing of NCs, as shown in Figure 15d,e.547 As optical
forces scale with the size of the NC, optical printing has been
limited to NCs >25 nm in size.
By selecting the properties of the underlying substrate, optical

illumination can create additional local electrical, thermal, and
chemical forces to indirectly control the printing of colloidal
particles. Other processes have also been demonstrated which
allow the assembly of single colloidal QDs. For example,
electrostatic assembly takes advantage of the different isoelectric
points of metal oxides and SiO2.

548 By patterning positively
charged metal oxide pads on a negatively charged SiO2 surface,
the polarity of the substrate charge is spatially differentiated to
allow the selective assembly of negatively charged QDs on the

Figure 15. (a)Optical printing using radiation pressure from a laser field to trap and assemble aNC on a surface. (b) The spectrally selective printing of
small and large Si NCs with (top) 405 nm and (bottom) 640 nm excitation, following (c) the size-dependent magnetic dipole resonance, in
comparison to the (gray) size-dependent maximum radiation pressure for the magnetic resonance.546 Parts a−c adapted with permission from ref 546.
Copyright 2019 American Chemical Society. (d) Schematic of optical force stamping and (e) SEM image of assembled Au NC arrays.547 Parts d and e
adapted with permission from ref 547. Copyright 2011 American Chemical Society.
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metal-oxide pads. In another example, a microfluidic device was
designed to allow electroosmotic pressure to guide the flow of
QDs dispersed in photoresist.549 The photoresist was UV-
polymerized to immobilize the QD at its target location.
6.2. Quantum Dot Arrays

Essential to large-scale quantum information processing plat-
forms are the integration and coupling of large numbers of
qubits in arrays. Colloidal QDs can be assembled into extended
arrays or superlattices, allowing their novel excitonic, charge, and
spin-based properties to be captured and engineered for
complex, solid-state assemblies. The interactions between
QDs can be finely tuned by the length of ligands or thickness
of shells (in core−shell QDs) that define the distance between
QDs. The spacing is precisely tailorable from ∼25 nm to
touching. As interparticle separation decreases, the coupling
between QDs increases from weaker dipolar to stronger
exchange interactions, and new properties emerge as excitations
and carriers become delocalized over multiple QDs.389 For QDs
that host spin qubits, direct dipole−dipole interactions between
spins with dipole moments μ1 and μ2 scale as A ∼ μ1μ2/d

3. Such
dipolar interactions can be used to generate entanglement
between spin qubits as long as A > 1/T2, where T2 is the spin
coherence time.26 For electron spins with μ1∼ μ1∼ μB, where μB
is the Bohr magneton, and T2∼ 1 ms, the maximum distance for
coherent coupling is∼30 nm. The single-nanometer dimensions
of host QDs permit assembly of qubits at or below this length
scale, where interactions could generate entanglement and
permit the realization of complex quantum systems such as
spin−lattices.
6.2.1. QD Self-Assembly. Colloidal self-assembly is the

phenomenon in which individual (discrete) colloidal particles
organize themselves into structures, most commonly with
elements of both translational and rotational symmetry,
although only rotational symmetry is found in recently identified
quasiperiodic NC assemblies.550 Colloidal crystallization
encompasses both natural (e.g., geologic opal formation550)
and artificial self-assembly processes such as the assembly of
amorphous latex and silica particles.551 To emphasize the
presence and importance of both the QDs’ internal crystalline

lattices and the lattice constituted by the QD centers, the term
QD or NC superlattice is often used.1,389,552,553 QD super-
lattices can form by simple solvent evaporation to form thin films
or by destabilization in a bulk dispersion to create three-
dimensional polyhedral assemblies, sometimes distinguished as
supercrystals554−556 or superparticles556 or mesocrystals when
the QD subunits have precise crystallographic registry.557

QD self-assembly is a multiscale process requiring uniformity
in QD core (or core−shell) size of±10%, and preferably <7%, in
which cores are typically only 1−20 nm in diameter. Surface
coordinating ligands add a “softer”, more compliant shell of 0.5−
5.0 nm to the overall particle dimension. When the cores of the
QDs are small compared to the physical extent of the ligand
shell, these soft spheres can take on a range of less close-packed
symmetries.558−560

In superlattices, these QDs are organized on regular lattice
sites to form ∼1 μm to >1 mm domains and packed together to
create “polycrystalline films” extending >1 cm laterally in the
best-developed systems. The interactions that drive QD
assembly are typically noncovalent (e.g., van der Waals,
hydrogen bonding, or hydrophobic forces) or specific ligand
attractions (e.g., DNA) or entropic forces1,561−565 that
contribute to the overall interparticle potential.566 Self-assembly
can be triggered by concentration changes, temperature
changes, evaporative flows, or magnetic, electric, centrifugal,
or gravitational fields.558 Rapid destabilization often results in
uncontrolled aggregation and disordered low-density struc-
tures.558,567 Best practices generally involve some degree of
reversibility in the particle attachment to the growing super-
lattice. However, irreversible linking may follow the self-
assembly stage.
The most straightforward route to form QD superlattices

exploits the spontaneous formation of regular arrays (super-
lattices) during the evaporation of dispersions, as first shown for
nearly monodisperse II−VI QDs.552 Evaporation-based assem-
bly can be implemented by allowing a dispersion to dry over a
period from minutes to hours in an open vessel containing a
semisubmerged substrate.568 Alternately, the more rapid,
seconds to minutes evaporation processes of drop-casting, in

Figure 16. (a) TEM image of the (100) of a ternary superlattice, isostructural with AlMgB4, composed of large PbSe QDs (blue spheres), medium-
sized PbSeQDs (green spheres), and small CdSeQDs (red spheres) in epitaxial contact with a binary superlattice, isostructural with AlB2, composed of
PbSeQDs andCdSeQDs.581 Adapted with permission from ref 581. Copyright 2009 JohnWiley and Sons. CdSe/CdS dot-in-rodQDs assembled into
smectic B superlattices with parts b and c vertically aligned and parts e−g horizontally aligned lamellae of dot-in-rod QDs.589 Adapted with permission
from ref 589. Copyright 2015 American Chemical Society.
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which a few microliters of dispersion is deposited onto a solid
substrate1,394,552 or an air−liquid interface,569 yield superlattice
thin films or membranes, respectively. QDs have also been
deposited on a variety of substrates using Langmuir−Blodgett
techniques.570,571

Destabilization-based assembly reduces the repulsive inter-
actions between particles by addition of a non-solvent or
controlled evaporation of a good solvent from a suitable solvent/
non-solvent mix. A variant exploits the slow interdiffusion of
largely miscible liquids over several days to induce the controlled
formation of faceted QD superlattices,572,573 analogous to
macromolecular or protein crystallization.574 The ligand’s
favorable interaction with the solvent provides steric repul-
sion.575−579

Moderate heating during evaporation can facilitate assembly
because thermal energy enhances QD mobility and allows
annealing of the growing structures;580 however, temperatures
high enough to decompose or desorb ligands must be
avoided.568

Controlled evaporation of bidisperse colloids with different
size but precisely controlled size ratios and relative concen-
trations has yielded a wide range of structural types,314 including
binary and ternary superlattices (Figure 16a),581 allowing great
flexibility in the design of the physical properties of the resulting
artificial solids.582,583 Binary and ternary superlattices can pack
with a density that outcompetes that of superlattices from each
of the separated components.314,584−588 Rod- and platelet-
shaped QDs can self-assemble into superlattices with their lower
symmetry imparting a degree of liquid crystal ordering (Figure
16b−g).589 In addition to the regularity of the QD spacing, there
is a preferred texture of crystal alignment from particle to particle
with smectic, for rod,590−592 and discotic, for plate, assem-
blies.593 Semiconductor nanoplates of regular size and shape,
including discs, hexagons, and triangular plates, have been
shown to undergo self-assembly upon deposition.594−596

6.2.2. Ligand Engineering of QD Assemblies. The
chemical nature, dimensions, and density of the surface
coordinating ligands play an important role in controlling
many aspects of QDs, and more broadly NC superlatti-
ces.597−599 The ligands are often described by the softness
ligand shell S L

R= , where L is the ligand length and R is the
inorganic QD core (or core−shell) radius. Although early
studies explored varying ligand chain length (and thereby shell
softness) in QD superlattice assembly,1,552 the influence of
softness was investigated in detail recently.559,560,597,600

Solvothermal QD synthesis typically employs long-chain,
organic alkyl amines, phosphines, or thiols as stabilizing ligands.
These molecules enforce an ∼1−2 nm separation with a
precision of ∼0.1 nm between neighboring QDs, depending on
the chain length and steric bulk. However, often it is desirable to
adjust the interparticle spacing that would be established by the
ligands in aQD superlattice. There are some examples of directly
synthesizing the QDs in the presence of other ligands, such as
the polycatenar ligands;601 however, it is more common to
replace the ligands used in synthesis by exchange with ligands
that are shorter or longer or that add or alter functionality.602

The QD community has established a large ligand library and
processes to exchange the ligands used in synthesis for ligand
compositions that allow tuning of QD structure and function.597

The ligand exchange process can be carried out while the QDs
are dispersed in solvent and is known as “solution-exchange”, or
after the QDs are assembled into superlattices, referred to as
“solid-state” exchange. In either case, the QD dispersion or the

QD superlattice is exposed to a solution of the new ligand. For
solution-exchange, the QDs are typically washed via dispersion
in solvent and centrifugation, akin to the process used in
purification (see section 3.2.4), whereas, for solid-state
exchange, the QD superlattice is washed by cycles of rinsing in
fresh solvent to remove unbound ligand. There are pros and
cons to each approach, as solution-exchange is more challenging
as QDs bearing the new ligand must be able to sterically or
electrostatically stabilize the QD in solvents for assembly but
advantageously allows the formation of dense QD assemblies.389

Solid-exchange allows for the use of a wide library of ligand
chemistries, but changes in ligand volume can create strain and
voids in the QD superlattice.
Longer spacings up to ∼15 nm interparticle spacings have

been realized by use of DNA,603 dendrimeric,604 or polycatenar
ligands.601 These long ligands, and their increased softness,
provide flexibility to assemble QD superlattices with complex
structures. For electronic and optoelectronic devices, shorter
organic (e.g., alkyl amines and thiols) and compact inorganic
(e.g., hydrazine, chalcogenodimetallates, halometallates, chalco-
genides, hydroxides, halides, and pseudohalides) ligands have
been introduced to reduce interparticle spacing to ≲0.5 nm in
order to strengthen electronic coupling, and therefore charge
transport between QDs,362,389 and to create surface dipoles, and
thus tune the absolute QD energy levels and band align-
ment.46,605

7. SUMMARY AND OUTLOOK
Colloidal QDs pack versatile functionality prerequisite to
constructing photon and spin qubits at the scale of individual
semiconductor crystals, <100 nm, and typically 1−20 nm in
diameter. Quantum states can be encoded as excitons
delocalized across their volume or in charge and spin states
localized at defects or dopants within their core. Synthetic
methods now allow near-atomic-scale precision in tailoring the
size and shape of QDs from all major semiconductor
compositions, precise engineering of semiconductor hetero-
structures, and controlled introduction of defects and dopants.
Extensive spectroscopic measurements and theoretical and
computational methods have uncovered the quantum mechan-
ics that govern QDs’ photonic properties, i.e., the energy and
time scale of optical absorption and emission, which lay the
foundations for understanding their quantum photonic proper-
ties, important to controlling superposition, entanglement, and
quantum measurement. The coordinated exploration of QD
synthesis, structure, spectroscopic, and theoretical investigation
in the community has and continues to support the development
of QDs as bright, stable optical emitters. These QDs can be
synthesized at scales that have allowed their commercial
adoption as optical materials in display technologies. As colloids,
directed- and self-assembly techniques enable deterministic
positioning of single QDs on surfaces and integration in optical
cavities with evidence of≲10 nmprecision and organization into
ordered QD arrays with subnanometer precision in spacing
defined by the selection of surface ligands that mediate inter-QD
interactions.
The time is right to harness the exquisite design of colloidal

QDs as platforms for quantum information science.With precise
control over composition and structure and the advantages of
quantum confinement to engineer the spatial distribution,
energy, and interactions between charge and spin states, a variety
of photon and spin qubits can be realized. Their small size
presents opportunities for device integration and complex
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assembly, while the availability of large-scale production
indicates their viability for commercial applications. Looking
toward this aspiration, we highlight a few areas where the
community is already exploring QDs as quantum optical
materials and key directions for future research that can facilitate
the realization of robust, optically addressable qubits.

• Single-photon emission: A QD’s discrete, core electron and
hole states constitute the prerequisite two-level electronic
structure for single-photon emission. Single-QD spectros-
copies have reported single-photon excitonic emission for
various colloidal QD sizes, shapes, and compositions,
including observations of spherical II−VI and cubic
metal-halide perovskite QDs with near-perfect single-
photon purity. An important difference in these two
materials systems is the role of the QD surface. In
archetypical II−VI QDs, surface electronic states create
non-radiative pathways for recombination via traps and
Auger autoionization; however, the problem can be
solved using well-established growth methods for core−
shell QD heterostructures. By engineering the composi-
tion and thickness of the shell, guided by wave function
engineering to reduce the overlap of carriers, this
approach has nearly eliminated the Auger process and
the associated PL intermittency, for low excitation
intensities. For metal-halide perovskite QDs, in contrast,
surface states are electronically shallow and ineffective
recombination pathways in core-only QDs.
Studies of these example QDs are uncovering the

design rules for bright single-photon emitters, i.e., the role
of the core and surface on the electronic structure that
governs the brightness and optical coherence of single-
photon emission, described in more detail next. These
design rules are guiding the development of color-tunable,
single-photon emitters in the ultraviolet, visible, and
infrared spectrum from the broader colloidal QD library
for the wide range of quantum information science
applications. The most studied examples are Cd-based
II−VI QDs and Pb-based metal-halide perovskite QDs.
Demonstrations of single-photon emission from Cd- and
Pb-free compositions, such as InP−ZnSe core−shell
QDs,606 are important in particular for life-science
applications. Unlike the water solubility of metal-halide
perovskites, protocols for ligand engineering of core−
shell II−VI, III−V, IV−VI, and I−III−VI2 QDs are well
established and have allowed their use as compatible,
fluorescent probes for biological imaging, labeling, and
tracking.607,608

• Optical coherence: For the purpose of generating
indistinguishable single photons, the two examples of
II−VI core−shell QDs and metal-halide perovskite QDs
provide an interesting comparison. The shorter exciton
lifetime, even at room temperature, of metal-halide
perovskite QDs advantageously makes for brighter
emission than that for spherical II−VI QDs. At cryogenic
temperatures, these systems show similar ZPL line widths
and comparable optical coherence times, T2 ∼ 100 ps.
However, the fine structure in the lowest-energy state
creates a 100-fold disparity in their radiative lifetimes, T1.
Spherical II−VI QDs have an optically forbidden, low-
energy, dark excitonic state and thus a relatively long T1 >
10 ns. In contrast, CsPbBr3 QDs have low-energy
optically bright states and much faster radiative lifetimes

ofT1∼ 210 ps, closer toT2.
249 In II−VIQDs, dephasing is

dominated by phonon-assisted, spin-flip transitions
between bright and dark states within the fine structure
manifold. For applications that require longerT2, and thus
longer T1, engineering the electronic fine structure by
tailoring the size, crystal structure, shape, composition,
and internal structure can alter the energy separation and
order of bright and dark states in the fine structure,
promising a route to exploit the sophistication of QD
design and to explore the manipulation of optical
coherence times. In metal-halide perovskite QDs, ligands
at the QD surface have been suggested as a possible
source of phonon dephasing.249 To create indistinguish-
able photons and to limit coupling to phonons and
prevent electronic fluctuations that cause noise, the
architecture of core−shell QD heterostructures may
provide a route to remove the interactions with
vibrational modes of the ligands and to electrostatically
shield states delocalized across or in defect states within
the QD core.

• Oscillator strength: Excitonic QD states have large optical
dipole moments of ∼50 D,609 as the oscillator strength of
bulk semiconductors is concentrated in the QD core. The
large optical dipole moment naturally leads to a large
coupling strength with photonic structures, e.g., making it
easier to achieve strong coupling with an optical cavity.
For QDs hosting defects and dopants, the oscillator
strength of the defect transitions depends on their
electronic structure. Defects with ground and excited
states composed of sp orbitals with dipole-allowed
transitions generally have dipole moments comparable
to single molecules at ∼1−10 D, whereas transitions
arising from d or f orbitals from TM and RM dopants,
respectively, generally have much smaller optical dipole
moments of 0.001−0.1 D, consistent with their longer
optical lifetimes. These considerations raise the possibility
of intentionally coupling the strong optical absorption or
emission properties of the host QD to the spin or optical
properties of a defect in the core, whichmay have a weaker
intrinsic oscillator strength. Charge or energy transfer
between the QD and defect states could be used, for
example, to improve the optical excitation or readout
efficiency of defects utilized as spin qubits or sensors.

• Spin coherence: The spin coherence times of excitonic
states in QDs are generally short,∼100 ps. However, QDs
can serve as wide-band-gap hosts for QPDs, with low
spin−orbit coupling and dilute nuclear spin concen-
trations that protect the defects’ spin coherence. The
exploration of defects and dopants as spin qubits in
colloidal QDs is still in early stages. However, a great deal
is known about defect complexes and TM andRE dopants
in the bulk analogues of many classic colloidal QD
materials. QDs may provide a convenient platform to
probe and identify defects and dopants at the individual
level, since they can be spatially isolated in individual QDs
even at relatively high (i.e., ∼100 ppm) impurity levels.
Several pioneering studies have already shown the ability
to use exchange coupling between spin levels of TM
dopants such as Mn2+ with QD excitonic states for spin
initialization and readout. This effect is especially
promising for interfacing with QPDs that have internal
transitions which are weak or energetically removed from
bands that are useful for telecommunications or biological
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sensing. Adaptation of these approaches, through
collaborations between experts in theory, synthesis, and
quantum measurements, can likely provide a versatile set
of new spin qubit architectures.

• Spin−photon interfaces: Ultimately, many of the most
exciting future applications in quantum information
scienceincluding long-distance quantum communica-
tion and scalable, distributed quantum computingwill
be enabled by robust, efficient quantum interfaces
between long-lived, controllable quantum registers (e.g.,
spin states) and coherent photonic channels. A spin−
photon interface is the essence of a quantum repeater,
which facilitates the distribution and control of
entanglement over arbitrary distances. The realization of
spin−photon interfaces demands control over optical
coherence, spin coherence, and efficient conditional
interactions between the spin and photonic degrees of
freedom. Practical applications will likely require
integration with optical cavities and integrated photonic
devices to control the flow of photons between spatially
separated nodes. For all of the reasons listed earlier,
colloidal QDs are promising platforms for building
quantum repeaters and other systems based on spin−
photon interfaces. In particular, they feature strong,
tunable optical properties, are ideal hosts for spin qubits,
and can be reproducibly synthesized and integrated with
photonic structures. Research in pursuit of this goal can
focus on the identification of stable spin qubits with long
coherence times (this will likely include individual nuclear
spins coupled to an optically addressable electron-spin
qubit) along with optimization of optical coherence and
spin-dependent transitions that can be used to transfer
quantum information from spins to photons and vice
versa.

• Scalable fabrication: One of the clear advantages of
colloidal QDs is their scalable synthesis and assembly. QD
inks are being commercially produced at the tens of tons
scale per year for display technologies. In research,
nanomanipulation, colloidal assembly, and optical print-
ing techniques are enabling the deterministic assembly of
individual particles with tens of nanometers precision,
setting the stage for the integration of QD emitters in
optical cavities and device architectures, created by
metallic, dielectric, and magnetic materials via fabrication
and multiparticle assembly, to control the behavior of
exciton, charge, and spin states at will. Akin to colloidal
crystallization, self-assembly of QD superlattices enables
single-nanometer precision in interparticle spacing and
the organization of single-particle and multiparticle
assemblies, a platform commensurate with the definition
of arrays that entangle quantum coherent spin states.
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(157) Lee, H.; Segets, D.; Süß, S.; Peukert, W.; Chen, S.-C.; Pui, D. Y.
H. Retention Mechanisms of 1.7 nm ZnS Quantum Dots and Sub-20
nmAuNanoparticles in UltrafiltrationMembranes. J. Membr. Sci. 2018,
567, 58−67.
(158) Kim, D.; Park, H. K.; Choi, H.; Noh, J.; Kim, K.; Jeong, S.
Continuous Flow Purification of Nanocrystal Quantum Dots. Nano-
scale 2014, 6, 14467−14472.
(159) Sperling, R. A.; Pellegrino, T.; Li, J. K.; Chang, W. H.; Parak, W.
J. Electrophoretic Separation of Nanoparticles with a Discrete Number
of Functional Groups. Adv. Funct. Mater. 2006, 16, 943−948.
(160) Howarth, M.; Liu, W.; Puthenveetil, S.; Zheng, Y.; Marshall, L.
F.; Schmidt, M. M.; Wittrup, K. D.; Bawendi, M. G.; Ting, A. Y.
Monovalent, Reduced-Size Quantum Dots for Imaging Receptors on
Living Cells. Nat. Methods 2008, 5, 397−399.
(161) Liu, W.; Greytak, A. B.; Lee, J.; Wong, C. R.; Park, J.; Marshall,
L. F.; Jiang,W.; Curtin, P. N.; Ting, A. Y.; Nocera, D. G.; Fukumura, D.;
Jain, R. K.; Bawendi, M. G. Compact Biocompatible Quantum Dots via
RAFT-Mediated Synthesis of Imidazole-Based Random Copolymer
Ligand. J. Am. Chem. Soc. 2010, 132, 472−483.
(162) Lim, H.; Woo, J. Y.; Lee, D. C.; Lee, J.; Jeong, S.; Kim, D.
Continuous Purification of Colloidal Quantum Dots in Large-Scale
Using Porous Electrodes in Flow Channel. Sci. Rep. 2017, 7, 43581.
(163) Ho, S.; Critchley, K.; Lilly, G. D.; Shim, B.; Kotov, N. A. Free
Flow Electrophoresis for the Separation of CdTe Nanoparticles. J.
Mater. Chem. 2009, 19, 1390.

Chemical Reviews pubs.acs.org/CR Review

https://dx.doi.org/10.1021/acs.chemrev.0c00831
Chem. Rev. 2021, 121, 3186−3233

3221

https://dx.doi.org/10.1021/ja104673y
https://dx.doi.org/10.1021/ja104673y
https://dx.doi.org/10.1021/la700325z
https://dx.doi.org/10.1021/la700325z
https://dx.doi.org/10.1021/la700325z
https://dx.doi.org/10.1021/ie070981p
https://dx.doi.org/10.1021/ie070981p
https://dx.doi.org/10.1021/ie070981p
https://dx.doi.org/10.1021/jp013931l
https://dx.doi.org/10.1021/jp013931l
https://dx.doi.org/10.1021/jp013931l
https://dx.doi.org/10.1038/nnano.2008.360
https://dx.doi.org/10.1038/nnano.2008.360
https://dx.doi.org/10.1021/cm034081k
https://dx.doi.org/10.1021/cm034081k
https://dx.doi.org/10.1021/cm034081k
https://dx.doi.org/10.1021/ja204538f
https://dx.doi.org/10.1021/ja204538f
https://dx.doi.org/10.1021/ja204538f
https://dx.doi.org/10.1021/ja306651x
https://dx.doi.org/10.1021/ja306651x
https://dx.doi.org/10.1021/ja306651x
https://dx.doi.org/10.1007/s12274-015-0835-6
https://dx.doi.org/10.1007/s12274-015-0835-6
https://dx.doi.org/10.1007/s12274-015-0835-6
https://dx.doi.org/10.1021/ja804306c
https://dx.doi.org/10.1021/ja804306c
https://dx.doi.org/10.1007/s12274-013-0341-7
https://dx.doi.org/10.1007/s12274-013-0341-7
https://dx.doi.org/10.1007/s12274-013-0341-7
https://dx.doi.org/10.1021/ja908971d
https://dx.doi.org/10.1021/ja908971d
https://dx.doi.org/10.1021/ja908971d
https://dx.doi.org/10.1021/ac200853a
https://dx.doi.org/10.1021/ac200853a
https://dx.doi.org/10.1021/cm302582z
https://dx.doi.org/10.1021/cm302582z
https://dx.doi.org/10.1021/cm302582z
https://dx.doi.org/10.1038/nprot.2007.351
https://dx.doi.org/10.1038/nprot.2007.351
https://dx.doi.org/10.1038/nprot.2007.351
https://dx.doi.org/10.1021/acs.analchem.6b01092
https://dx.doi.org/10.1021/acs.analchem.6b01092
https://dx.doi.org/10.1021/acs.analchem.6b01092
https://dx.doi.org/10.1021/nl301452x
https://dx.doi.org/10.1021/nl301452x
https://dx.doi.org/10.1039/C4NR04301D
https://dx.doi.org/10.1039/C4NR04301D
https://dx.doi.org/10.1016/j.chroma.2011.04.038
https://dx.doi.org/10.1073/pnas.0800599106
https://dx.doi.org/10.1073/pnas.0800599106
https://dx.doi.org/10.1038/nnano.2010.274
https://dx.doi.org/10.1038/nnano.2010.274
https://dx.doi.org/10.1038/nprot.2007.107
https://dx.doi.org/10.1038/nprot.2007.107
https://dx.doi.org/10.1002/smll.201501886
https://dx.doi.org/10.1021/jp060279r
https://dx.doi.org/10.1021/jp060279r
https://dx.doi.org/10.1021/jp060279r
https://dx.doi.org/10.1021/la504000v
https://dx.doi.org/10.1021/la504000v
https://dx.doi.org/10.1021/la504000v
https://dx.doi.org/10.1021/la504000v
https://dx.doi.org/10.1039/c001654c
https://dx.doi.org/10.1039/c001654c
https://dx.doi.org/10.1021/ma501955t
https://dx.doi.org/10.1021/ma501955t
https://dx.doi.org/10.1021/ja073790m
https://dx.doi.org/10.1021/ja073790m
https://dx.doi.org/10.1021/acs.bioconjchem.6b00309
https://dx.doi.org/10.1021/acs.bioconjchem.6b00309
https://dx.doi.org/10.1021/nn102064c
https://dx.doi.org/10.1021/nn102064c
https://dx.doi.org/10.1021/nn102064c
https://dx.doi.org/10.1016/j.memsci.2018.09.033
https://dx.doi.org/10.1016/j.memsci.2018.09.033
https://dx.doi.org/10.1039/C4NR04351K
https://dx.doi.org/10.1002/adfm.200500589
https://dx.doi.org/10.1002/adfm.200500589
https://dx.doi.org/10.1038/nmeth.1206
https://dx.doi.org/10.1038/nmeth.1206
https://dx.doi.org/10.1021/ja908137d
https://dx.doi.org/10.1021/ja908137d
https://dx.doi.org/10.1021/ja908137d
https://dx.doi.org/10.1038/srep43581
https://dx.doi.org/10.1038/srep43581
https://dx.doi.org/10.1039/b820703h
https://dx.doi.org/10.1039/b820703h
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00831?ref=pdf


(164) Bass, J. D.; Ai, X.; Bagabas, A.; Rice, P. M.; Topuria, T.; Scott, J.
C.; Alharbi, F. H.; Kim, H.-C.; Song, Q.; Miller, R. D. An Efficient and
Low-Cost Method for the Purification of Colloidal Nanoparticles.
Angew. Chem., Int. Ed. 2011, 50, 6538−6542.
(165) Lhuillier, E.; Hease, P.; Ithurria, S.; Dubertret, B. Selective
Electrophoretic Deposition of CdSe Nanoplatelets. Chem. Mater. 2014,
26, 4514−4520.
(166) Shen, Y.;Weeranoppanant, N.; Xie, L.; Chen, Y.; Lusardi, M. R.;
Imbrogno, J.; Bawendi, M. G.; Jensen, K. F. Multistage Extraction
Platform for Highly Efficient and Fully Continuous Purification of
Nanoparticles. Nanoscale 2017, 9, 7703−7707.
(167) Lev́y, R.; Wang, Z.; Duchesne, L.; Doty, R. C.; Cooper, A. I.;
Brust, M.; Fernig, D. G. A Generic Approach to Monofunctionalized
Protein-Like Gold Nanoparticles Based on Immobilized Metal Ion
Affinity Chromatography. ChemBioChem 2006, 7, 592−594.
(168) Goldman, E. R.; Anderson, G. P.; Tran, P. T.; Mattoussi, H.;
Charles, P. T.; Mauro, J. M. Conjugation of Luminescent Quantum
Dots with Antibodies Using an Engineered Adaptor Protein To Provide
New Reagents for Fluoroimmunoassays. Anal. Chem. 2002, 74, 841−
847.
(169) Claridge, S. A.; Goh, S. L.; Frećhet, J. M. J.; Williams, S. C.;
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