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ABSTRACT: This review summarizes traditional and recent nonconventional, bioinspired, methods for the aqueous synthesis of colloidal semiconductor quantum dots
(QDs). The basic chemistry concepts are critically emphasized at the very beginning as
these are strongly correlated with the selection of ligands and the optimal formation of
aqueous QDs and their more sophisticated structures. The synergies of biomimetic and
biosynthetic methods that can combine biospeciﬁc reactivity with the robust and strong
optical responses of QDs have also resulted in new approaches to the synthesis of the
nanoparticles themselves. A related new avenue is the recent extension of QD synthesis to
form nanoparticles endowed with chiral optical properties. The optical characteristics of
QD materials and their advanced forms such as core/shell heterostructures, alloys, and
doped QDs are discussed: from the design considerations of optical band gap tuning, the
control and reduction of the impact of surface traps, the consideration of charge carrier
processes that aﬀect emission and energy and charge transfer, to the impact and inﬂuence
of lattice strain. We also describe the considerable progress in some selected QD applications such as in bioimaging and
theranostics. The review concludes with future strategies and identiﬁcation of key challenges that still need to be resolved in
reaching very attractive, scalable, yet versatile aqueous syntheses that may widen the scope of commercial applications for
semiconductor nanocrystals.
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enthusiasts from the QD community at large. Early success in
the preparation of aqueous CdS NCs not only provided an
excellent QD model for investigating the physics underlying the
unique electronic features of QDs characterized by strong
particle size-dependent optical properties, but also established
the basis of a set of aqueous synthetic routes which then
expanded to cover the synthesis of other cadmium, zinc,
mercury, silver, and copper chalcogenide NCs and ternary NCs
as well. Governed by the quantum conﬁnement eﬀect,
semiconductor NCs exhibit unique optical properties such as
narrow, relatively symmetric, and particle size-/compositiondependent ﬂuorescence ranging from the UV-blue to the midIR.19−21,35−45 This highly attractive ﬂexibility has triggered
extensive and detailed exploration of their applications in
various and diverse areas including the commercially and
societally important biomedical11,39,40,42,46−74 and optoelectronic ﬁelds.72,75−92
Nonaqueous synthetic approaches, initially represented by
the so-called TOP−TOPO (TOP for trioctylphosphine and
TOPO for TOP oxide), or “hot-injection” method developed
by Bawendi, Alivisatos, and Peng in the 1990s,35,37,93−96 have
been demonstrated to be very powerful for synthesizing highly
ﬂuorescent QDs with excellent morphological uniformity and
engineerable semiconductor/semiconductor core/shell heterostructures. The nonaqueous synthesis performed at high
temperatures in organic solvents, for some semiconductors,
yields better quality NCs and lower defect densities. The
growth temperature and choice of ligands may also allow
selectivity in the lattice morphology in some cases.96,97 A more
recent development, mentioned later in this review, is the socalled “heat-up method” which, although using organic solvent
and organically soluble precursors, does not rely on the rapid
temperature changes upon injection of one of the precursors to
transit through nucleation and into QD growth conditions.
Instead a thermal ramp (typically a few tens of degrees Celsius
per minute) is used and with suitably temperature sensitive
precursors a nucleation and subsequent growth phase can be
arranged. This approach is easier to use than hot injection when
synthesizing larger volumes of material. While the heat-up
method has not been applied to all organic solvent syntheses, it
has met with reasonable and in several cases good success for a
range of QD materials. The review article by van Embden et
al.98 gives a comprehensive discussion of the thermodynamics
and reaction kinetics of the method and a detailed survey and
assessment of the range of binary, ternary, and quarternary QDs
reported to have been synthesized using this technique.
Nevertheless, the aqueous synthesis of colloidal semiconductor
NCs remains attractive owing to the scope for the use of more
environmentally friendly materials, potentially better scalability,
and cost-eﬀectiveness. The chemistry of the aqueous synthetic
route is also very attractive owing to a much richer choice of
functionalities for the particle surface capping agents that allow
the QDs to be very speciﬁcally tailored to applications. For
example, the water solubility makes the as-prepared semiconductor NCs readily functionalizable for biolabeling and
bioimaging purposes. The excellent aqueous compatibility of
biomolecules such as amino acids, nucleotides, nucleic acids,
and proteins enables them to also serve as particle surface
capping agents during synthesis in order to produce biofunctional nanomaterials directly. In fact, the aqueous synthesis
approach can even be expanded as a biosynthesis of
semiconductor NCs within microorganisms through mineralization processes.71,99,100 By whichever of these means, the
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1. INTRODUCTION
Initiated in large part by the leading eﬀorts of Henglein1−3 and
Fendler4−7 in the 1980s, the aqueous synthesis of semiconductor nanocrystals (NCs), or colloidal quantum dots
(QDs), has remained an attractive subject of research for over
three decades owing to the ensuing eﬀorts by Henglein’s line of
successors including notably Weller,8−11 Rogach,12−22 Eychmüller,8,23−27 and Gao,28−34 and of course many more aqueous
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but can be formed in aqueous solutions, though with generally
lower quality to date. For the II−VI QDs in most cases there is
more ﬂexibility, particularly for the lower band gap materials,
leading to an overlap of the two synthetic approaches for many
materials. Because the ﬁnal device performance is dependent
upon many QD properties, not just those that aﬀect the
solution ﬂuorescence QY, the latter is not necessarily the
deﬁnitive measure of which synthetic approach will produce the
best solar cell, etc., in a given choice of QD material, though it
is undoubtedly a major factor.
In terms of the detailed formation mechanisms, aqueous
synthetic routes are generally more complicated than the
nonaqueous counterparts owing to the involvement of H+,
OH−, and H2O moieties that introduce a large number of
thermodynamic and kinetic parameters to be taken into
consideration. In general, the chemical reactions leading to
semiconductor NCs in aqueous systems are dominated by
double displacement reactions that produce nanometer sized
precipitates with particle growth immediately arrested by
stabilizing agents. Therefore, the hydrolysis of metal ions and
the protonation/deprotonation of small water-soluble organic
stabilizing agents strongly aﬀect the nucleation, growth, and
stabilization of the NCs formed in aqueous systems. In
addition, water is a strong polar solvent that heavily inﬂuences
the dynamics of precursors at the surface during reactions. This
may lead to the introduction of surface trap (defect) states that
may strongly aﬀect the ﬂuorescence properties. Additionally
this may bring some problems when constructing core/shell
semiconductor NCs to tailor their optical properties, as the
TOP−TOPO method, for example, does for CdSe NCs.127
However, taking advantage of the nature of properly selected
short water-soluble ligands, signiﬁcant results have been
achieved for the direct aqueous synthesis of heterostructures,
such as core/shell or core/shell/shell particles, by exerting
control over the shell growth kinetics. Being able to fabricate
such heterostructures constitutes a large step forward, vastly
improving the optical quality of the NCs and putting water
synthesized materials on an equal footing with those obtained
from organometallic synthetic routes.
The evolutions in the chemistry of NC synthesis and the
better understanding and control of the growth mechanisms
underpinning the improvements in the quality and sophistication of NC heterostructures have done much to bring NCbased devices closer to commercial performance speciﬁcations
from both the materials and the devices perspectives. However,
in many cases there remains much to be done to achieve a still
deeper understanding of the underlying theoretical aspects
behind the optical characteristics of QDs in order to be able to
practice the rational design of high performance light-emitting
nanomaterials and consequently fully meet the requirements of
these applications.
This review will ﬁrst focus on the basic chemistry of the
aqueous synthesis of both simple and sophisticated structures
(e.g., core/shell, alloyed, and doped QDs), together with an
introduction to the recent valuable achievements in the ﬁeld of
biocompatible NCs via the biosynthesis approach. Then
particularly special attention is given to the optical properties
of QDs and the corresponding current understanding of the
underlying theoretical aspects (e.g., electronic structure
modeling, the impact of strain eﬀects in heterostructures,
Auger recombination processes) to show how this knowledge is
starting to be used to rationally design advanced light-emitting
nanomaterials. In addition, the optical chirality of aqueous QDs

processing of the resulting water-soluble NCs for the
fabrication of solid ﬁlm devices can be more environmentally
benign than for the corresponding organic solvent soluble QDs,
simply due to the greater ease and lower cost of solvent waste
reclamation or disposal.
Apart from the basic biocompatibility beneﬁts, more recent
research progress on the aqueous synthesis of NCs has
capitalized on their versatile surface chemistry, bringing further
insight into their optical properties, and applications as
well.101,102 For example, by using chiral (bio-)molecule ligands
that are optically active as surface capping agents during
synthesis, size-dependent chiral optical properties of semiconductor NCs can readily be realized.101,102 This imprints
conventional circular dichroism with quantum conﬁnement
eﬀects in the visible-light region by combining the optical
activity of chiral molecules with the strong size-dependent
absorption of semiconductor NCs. A further example of a
topical area of research which beneﬁts from the mild conditions
in the aqueous phase is the nucleic acid directed one-pot
synthesis of biocompatible NCs conducted in the presence of
mononucleotides, DNA or RNA, metal ions, and a
chalcogenide source.103−107 The use of nucleic acids as a
programmable and versatile ligand community for NC
synthesis provides a powerful tool for the rational design of
colloidal QDs via nucleic acid sequence variation. NCs
synthesized using this approach possess useful spectral
characteristics as well as high speciﬁcity to DNA, protein, and
cancer cell targets, rendering such bioconjugated QDs close to
meeting the requirements for translational research in biological
sciences.105,106
In the optoelectronic application areas concerning photovoltaic devices (solar cells 81,84,88,90,108−111 photodetectors83,112−117) and photocatalysis,5,118−126 after the photogeneration of charges within QDs, the initially formed excitons
must be dissociated and the charges extracted from the QDs
and transported to other sites such as external electrodes.
Extraction and transport in solid QD ﬁlms are favored by using
short ligands to reduce the dielectric barrier and to make
interdot separation distances shorter. NCs grown in organic
solvents do not beneﬁt from ionic stabilization but must make
use of the steric repulsions at short distance arising from the
use of long chain ligands. Long alkyl chains have poor or no
solubility in water, so QD growth in the aqueous phase relies
upon short chain (water-soluble) and charged ligands to
prevent aggregation of the colloid by electrostatic repulsion at
short range. In order to either make thin dense ﬁlms of QDs or
closely couple QDs to other surfaces or nanoparticles such as
TiO2 or other oxide NCs, short chain linker molecules such as
mercapto acids or dithiols are commonly used. In order to
make good use of organic solvent grown NCs in optoelectronic
devices, the long chain growth ligand must be removed and
replaced (i.e., exchanged) by a short chain ligand that both
continues the job of surface passivation (ﬁlling or preventing
the formation of surface traps) and may also act as a crosslinking molecule to hold the QD assembly or ﬁlm together.
QDs grown in water come ready-equipped with such ligands, so
the challenge there is to produce water grown materials that
have optical properties and stabilities that are as good, or better,
for devices as for those grown in organic solvents.
The current status is that III−V QDs require high growth
temperatures and are exclusively grown in organic solvents.
High photoluminescence quantum yield (PL QY) lead
chalcogenides are likewise better grown in organic solvents,
10625

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

will also be brieﬂy discussed. Subsequently, we review the
progress in a few selected biological and biomedical
applications, while broader application areas for QDs, such as
solar cells, light emitters and displays, photodetectors, and
photocatalysis, are dealt with in detail by other authors in this
special issue. The applications are treated with a chemist’s
perspective; i.e., what are the materials used, how are they
integrated together, how do they perform, and can they be
improved by making better materials or more complex or better
tailored nanostructures? We conclude with an outlook on the
future perspectives with regard to NC aqueous synthesis,
optical properties, and promising future applications.

Table 1. Hard/Soft Classiﬁcation of Diﬀerent Species Used
for the Aqueous Synthesis of Semiconductor NCs

2. BASIC CHEMISTRY OF AQUEOUS SYNTHESIS

conducting materials can be guided and rationalized by
solubility product principles. In aqueous synthesis, water as a
strong polar coordinating solvent inevitably interferes with the
formation of the target semiconductor compounds, through
either the hydration of both cations and anions or the
formation of insoluble metal hydroxide precipitates. Therefore,
the solubility of the target compound and its balance with that
of the corresponding metal hydroxide becomes the ﬁrst
criterion in predicting the formation of a desired semiconductor
compound formed in aqueous media under speciﬁed
conditions.
Many thermodynamic factors inﬂuence solubility, including
ionic size and charge via the hardness or softness of the ions
(HSAB), the crystal structure of the solid, and the electronic
structure of each solvated ion. The dissolution of an ionic solid
includes the processes of splitting the crystal lattice and
solvating the cations and anions. Thus, the solubility product
constant strongly depends on the lattice and hydration
energies. The former (endothermic, positive sign) relates to
the energy required to break the solid apart into gaseous
cations and anions, and the latter (exothermic, negative sign)
relates to energy variation in consequence of the hydration of
gaseous ions. One of the important applications of the HSAB
principle is to understand the solubility of compounds of
various types. According to HSAB theory, compounds formed
by hard−hard interaction between two small ions or soft−soft
interaction between two large ions are generally expected to
have lower solubility than compounds containing one large ion
and one small ion. This is particularly so when the two ions
have the same charge magnitude. For inorganic compounds
comprised of small ions, the exceptionally large lattice energy
apparently cannot be compensated for by the relatively large
hydration enthalpies, rendering these compounds less soluble.
For salts of large ions, the lower solubility is rationalized by
relatively small hydration enthalpies that cannot compensate for
the lattice energy. Even though the lattice energy in the latter
case is relatively low in magnitude, the smaller hydration
enthalpies nonetheless mean that the lattice energy remains the
dominant factor.
Chalcogen ions (S2−, Se2−, Te2−) are typical soft bases, while
most transition metal ions, depending on the oxidation state,
can be classiﬁed as soft acids, e.g., Cd2+, or borderline acids, e.g.,
Pb2+ and Zn2+, as shown in Table 1. According to the HSAB
concepts, chalcogens readily form insoluble compounds with
the majority of transition metal ions in aqueous media due to
the low solubility products. In comparison with solids formed
via hard−hard interactions, the covalent character of the soft−
soft interactions is increased, which also leads to semiconducting properties for the transition metal chalcogenides.
These principles form the fundamental basis for the aqueous

hard

borderline

soft

H+, Na+, In3+, Mn2+, Ln3+

Acids
Cu2+, Zn2+, Pb2+
Bases

Cu+, Ag+, Cd2+, Hg2+

Cl−
H2O, OH−, O2−
ROH, RCOO−, RO−
NO3−, ClO4−
NH3, RNH2, N2H4

2.1. Thermodynamic Aspects

The aqueous synthesis of a given semiconductor NC is strongly
associated with at least the following four major parameters: the
solubility product of semiconductor compounds in water; the
binding aﬃnity of particle surface capping ligands, generally for
metal ions, forming the NCs; the binding aﬃnity of water and
hydroxyl ion for the metals; and the pH of the aqueous media.
The role of the above thermodynamic parameters can
qualitatively be understood through the hard and soft
(Lewis) acids and bases (HSAB) theory,128,129 as discussed
below.
The aqueous synthesis of semiconductor NCs is largely
based on Lewis acid/base reactions often inevitably involving
H+, OH−, and H2O. A Lewis base is a chemical species that has
a pair of electrons to donate, and a Lewis acid is a chemical
species that accepts the electron pair of bases. According to the
HSAB concept, Lewis acids/bases can further be classiﬁed as
hard or soft according to their polarizability. “Hard” acids or
bases are species which are relatively small and possess high
charge states, while being weakly polarizable, whereas “Soft”
species on the contrary are large, have low charge, and are
strongly polarizable. To a large degree most of the hard−soft
distinction hinges upon the polarizability, the extent to which
the charge distribution of a molecule or ion is perturbed by
interaction with neighboring chemical species. Moreover, larger
atoms or ions tend to be softer due to inner electron shielding
of the nuclear charge, lessening the inﬂuence of the latter on
the outer electrons that engage in bond formation. The
electronic charge distributions in easily polarizable molecules
can readily be distorted by attraction or repulsion by charges on
other molecules. In so doing, the distortion in turn forms a
slightly polar species that can then interact with the other
molecules. Although such a distinction is made in a qualitative
way, the essence of HSAB theory is that hard acids react faster
and form stronger bonds with hard bases, while soft acids react
faster and form stronger bonds with soft bases. The aqueous
synthesis of semiconductor NCs involves not only double
replacement reactions, often for forming metal chalcogenides,
but also coordination reactions of the NC surface capping
agents that are mostly small organic compounds. HSAB theory
in this context is relevant for understanding the inorganic and
organic reaction chemistry involved, as well as qualitatively
explaining the stability of compounds, the diﬀerent complexation behaviors, and reaction pathways. Table 1 shows the
hard/soft classiﬁcation of the species often used in the aqueous
synthesis of semiconductor NCs according to HSAB concepts.
2.1.1. Solubility Product. From the standpoint of
thermodynamics, the aqueous synthesis of colloidal semi10626
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The diﬀerence in hydroxyl binding aﬃnity to metal ions gives
rise to diﬀerent pH dependences with respect to the synthesis
of semiconductor compounds. For example, due to the
relatively high aﬃnity of hydroxide ions to Zn2+, careful pH
adjustment is needed to avoid the formation of Zn(OH)2 when
preparing zinc chalcogenides.138,139 In comparison with Zn2+,
Cd2+ is softer according to HSAB; therefore the solubility
product constants of CdE (E2− = S2−, Se2−, Te2−) are much
lower than that of Cd(OH)2 as E2− are soft bases. In
consequence, less competing coordination of OH− ions to
Cd2+ (Ksp = 7.2 × 10−15 for Cd(OH)2) permits the preparation
of cadmium chalcogenides tolerating high concentrations of
OH− ions. However, when the pH value goes beyond 12.5,
Cd(OH)2 precipitation and cadmium hydroxide complexes
(e.g., Cd(OH)3− and Cd(OH)42−) will appear and interfere
with the growth of CdTe NCs.24 Upon further lowering the
softness of the cations, the pH eﬀect on the preparation of
semiconductor NCs can generally be ignored. Silver ion
belongs to such a category, being even softer than Cd2+
according to HSAB. The remarkably lowered Ksp constants of
silver chalcogenides (i.e., Ag2S, Ag2Se, Ag2Te) enable the
formation of silver chalcogenides relatively independent of pH.
All of the above examples suggest that, with respect to the
synthesis of semiconductor compounds in aqueous systems, the
competition against the formation of metal hydroxides can
generally be predicted by HSAB theory. Nonetheless, the pH
eﬀects on the formation of semiconductor NCs are far more
complicated since hydroxyl ion may induce heavy surface
coordinating dynamics apart from forming metal hydroxide
byproducts. This may also alter the optical properties and
colloidal properties of the resulting NCs. On the other hand,
pH also shows a strong impact on the eﬀect of stabilizing agents
and their coordinating behavior as well, which will be discussed
in the following sections.

synthesis of metal chalcogenide semiconductor materials,
including group I−VI, II−VI, and I−III−VI semiconductors.
The solubility of inorganic solids may also be predicted,
especially for those showing extremely low, near-undetectable
levels of dissolved ions experimentally (e.g., metal tellurides).
From empirical rules, low electronegativity diﬀerences between
constituent atoms correspond to greater covalent bond
character and lower aqueous solubilities, which are well
exempliﬁed by cadmium chalcogenides. Based on thermochemical data, the Ksp values of metal selenides and tellurides were
also theoretically predicted, showing that the Ksp continuously
decreases against the atomic weight of the chalcogens as shown
in Figure 1.130 In principle and by analogy, the above
knowledge helps to assess the stability of semiconductor
compounds with little direct experimental information
available. However, in real reaction systems, the solubility
product value is not suﬃcient in isolation to predict the
reaction pathway as the concentration of free cation may largely
be altered upon the formation of nonsoluble metal hydroxides
or complexes. With respect to the formation of NCs, the
interaction between cations and the indispensable stabilizing
agent will also shift the reaction equilibria involved since
solubility product values in the literature are generally
determined in the absence of any ligands.
2.1.2. pH. With respect to the aqueous synthesis of
semiconductor NCs, the solution pH is apparently an
important factor.19,28,30,134−137 The hydroxyl ion as a typical
hard base can react with most transition metal ions forming
metal hydroxides that occur as precipitates or soluble
complexes. These reactions will compete against the reaction
for forming the target semiconductor compounds. According to
HSAB principles, “hard” OH− ion prefers to bind with “hard”
cations. Therefore, binding aﬃnity of OH− ions to cations, e.g.,
Zn2+ (log K1 = 4.4) > Cd2+ (log K1 = 4.17) > Ag+ (log K1 =
2.3), follows the sequence of the hardness of cations, i.e., Zn2+
> Cd2+ > Ag+, which is also reﬂected by the diﬀerence of the
solubility product constants (Ksp) of the corresponding
hydroxide compounds, i.e., Zn(OH)2 (Ksp = 3 × 10−17),
Cd(OH)2 (Ksp = 7.2 × 10−15), and AgOH (Ksp = 2.0 × 10−8).

2.2. Chemistry for Forming Semiconductors

The semiconductor NCs obtained so far through solution
synthesis are mainly chosen from I−VI, I−III−VI, II−V, II−VI,
III−V, and IV−VI semiconductors. The cations typically
include Cu+, Ag+, Cd2+, Zn2+, Hg2+, Pb2+, Ga3+, In3+, etc.,
while the anions are mainly selected from S2−, Se2−, Te2−, N3−,
P3−, As3−, etc. Chalcogens are soft bases, while most transition
metal ions are soft or borderline acids; therefore, the aqueous
approaches are generally more suitable for synthesizing II−VI,
I−III−VI, I−VI, and IV−VI semiconductor NCs, such as
Zn(S,Se,Te), Cd(S,Se,Te), Hg(S,Se,Te), Pb(S,Se), CuIn(S,Se)2, Ag2(S,Se,Te), and AgInS2 as well as some alloyed
particles such as CdHgTe, CdSeTe, ZnSeS, ZnCdSe, ZnHgSe,
and ZnSeTe, rather than III−V semiconductor NCs.
With respect to the synthesis of metal chalcogenides, the
anion is often supplied in the form of HE− or E2− (E = S, Se,
Te). However, these anion forms do not translate for group V
elements such as P, due to the strong nonpolar character of the
P−H bond in phosphine (PH3). In fact, phosphine dissolves
more readily in nonpolar solvents than in water. It is technically
amphoteric in water, but acid and base activity is very poor.
Proton exchange can proceed via a phosphonium (PH4+) ion in
acidic solutions or via PH2− at high pH. Further deprotonation
may occur but under extremely strong alkaline conditions for
forming group III−V NCs such as GaP and InP. In addition,
phosphine is readily oxidized as exempliﬁed by the fact that the
element phosphorus largely exists in the form of oxides or
phosphates. In comparison with group II cations such as Cd2+,

Figure 1. Comparison of pKsp values for metal sulﬁdes, selenides, and
tellurides calculated after Buketov et al.131 and from Licht132 and
Moon et al.133 Data are compared against Licht’s sulﬁde data for which
a S2− equilibrium is assumed. Reproduced with permission from ref
130. Copyright 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
10627

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

properties of the underlying NCs. Most importantly, they also
play a crucial role in the applications that are discussed later in
this review with respect to surface functionalization.
In nonaqueous synthesis, normally long alkyl chain
molecules bearing one anchoring group at one side are used
as surface ligands whereas, in contrast, those used in aqueous
synthesis typically possess a strongly polar group linked
through a short hydrocarbon chain with the capping group.
The polar group in most cases oﬀers the underlying NCs water
dispersibility/solubility, but in some cases may interact with the
cation on the surface of the NCs. Properly balancing the
binding strength of the ligand molecule with the metal cation
largely determines the validity of the aqueous synthesis
approach. Overstrong binding aﬃnity will prevent the metal
cations from eﬀectively reacting with the anions, while weak
binding aﬃnity will lead to insuﬃcient colloidal stability and
uncontrollable growth of the underlying NCs. An appropriate
binding strength of the surface ligand is therefore necessary for
tailoring the growth of semiconductor precipitates to form
nanometer-sized crystals.
HSAB theory provides a qualitative way to assess the
interactions between metal centers (Lewis acid) and coordinating ligands (Lewis base) through their hardness or softness. As
mentioned above, most transition metal ions belong to the
categories of borderline (e.g., Zn2+, Cu2+) or soft acids (e.g.,
Cu+, Ag+, Pb2+, Cd2+, Hg2+), and thus preferentially bind with
soft bases rather than hard ones. By such reasoning, watersoluble thiol molecules as soft bases eﬀectively meet the
requirements for eﬃciently capping the NCs formed by the
above-mentioned transition metal ions, and are much more
eﬀective than molecules bearing single carboxyl or amine
groups as the latter belong to the set of hard bases that can be
used in the nonaqueous synthesis of inorganic NCs. To this
day, water-soluble thiol ligands are widely used in established
aqueous synthetic routes for high quality metal chalcogenide
semiconductor NCs. Nonetheless, multiple metal-chelating
stabilizing agents oﬀer increased binding strength generally
following the sequence of monodentate < bidentate <
tridentate < multidentate ligand. Macromolecules and polymers
bearing multiple carboxyl groups or phosphate groups
(polyphosphates) may also oﬀer stabilization eﬀects to
semiconductor NCs containing the above cations.140,141
The binding aﬃnity of capping groups can also be modulated
by pH. Taking thiol molecules as an example, high pH pushes
the thiol−thiolate equilibrium to form the RS− species which
has stronger binding aﬃnity to metal ions than the
corresponding thiol.137 As mentioned above, the equilibrium
for forming metal hydroxides also needs to be taken into
consideration in designing the experimental conditions. In
addition, small thiol capping agents can also form diﬀerent
types of molecular complexes with metal ions. This is strongly
dependent on pH and determines the supply rate of free
cations.
The other polar groups of the surface ligands serve to render
the NC colloids stable via electrostatic repulsion, e.g., mercapto
acids; strong solvation, e.g., mercapto alcohols; and steric
hindrance, e.g., thiol-PEG (polyethylene glycol) or denatured
bovine serum albumin (BSA). These stabilizing eﬀects may
sometimes coexist depending on the chemical structure of the
surface capping agents. Since the polar groups are largely
chosen from −COOH and −NH2 functionalities, apart from
the pH eﬀect on the capping group, the protonation−
deprotonation of the polar group is also strongly pH-

group III cations are stronger acids and more readily react with
strong bases such hydroxyl ions. All these features in the
chemical nature of group III and V elements basically limit the
development of aqueous synthetic routes for III−V NCs.
Apart from the chemical aspects for forming semiconductor
solids in aqueous systems, the semiconducting properties
characterized by band gap energy also strongly depend on the
chemistry of the constituent cation and anion. The size and
electronegativity of the atoms are two key factors determining
the size of the band gap if it exists, and their chemical hardness
is generally proportional to the band gap. Taking well-studied
II−VI semiconductors (e.g., CdE, E = S, Se, Te) as an example,
the bulk band gap of metal chalcogenide semiconducting
materials decreases as the chalcogen electronegativity decreases
(size increases). This is because chalcogens with low electronegativity do not hold their valence electrons tightly, there is a
consequent tendency toward a more covalent bonding
character which gives rise to a decreased band gap energy.
The dependence of the band gap on the chemical properties of
anions and cations involved conversely helps to predict the
variation of band gap and consequently the optical properties
and is particularly useful when alloying the semiconductors
with diﬀerent cations or anions. It should be mentioned that
such comparisons and extrapolations of behavior are only
possible based on the fact that all the systems possess the same
crystalline structure. With respect to semiconductor NCs, the
particle growth conditions and surface capping agents may also
show a strong inﬂuence on the crystalline structures obtained.
2.3. Surface Chemistry of Semiconductor NCs

Apart from the fundamental aspects on the formation of
semiconductor solids in aqueous media, the synthesis of
semiconductor NCs further involves the surface chemistry of
both particle core and surface stabilizing agents. Due to
extremely high surface-to-volume ratios, the surface of NCs,
comprised of dangling bonds relating to both anionic and
cationic sites, strongly aﬀects the physical properties of NCs. In
solution synthesis, one of the most important strategies is to
saturate the anion-associated dangling bonds with an excess of
cations to suppress the formers’ impact, while the surface
cations are further terminated with stabilizing agents. In this
context, the chemistry of the metal−stabilizing agent
interaction is an important subject of research.
Except for a few examples, stabilizing agents are indispensable in the aqueous synthesis of semiconductor NCs.
Stabilizing agents are in a broad sense chemical species that can
eﬀectively bind via diﬀerent types of interactions with the
surface atoms of NCs, in most cases cations, to oﬀer shortrange repulsive forces for the resulting NCs to be colloidally
stable. Water-soluble small molecules, amphiphilic molecules,
macromolecules, and polymers with suitable structures can be
used as stabilizing agents, while those forming a quasimonolayer on the surface of NCs through covalent, dative, or
ionic bonds are referred to as surface capping agents.37 They
serve to mediate the growth of NCs, electrostatically or
sterically stabilize the NCs in solution, and passivate surface
electronic states in semiconductor NCs. The surface capping is
analogous to the binding of ligands in more traditional
coordination chemistry where ligands donate an electron pair
to form chemical bonds with the metal atom. Therefore, surface
capping agents are also called surface ligands in many cases in
the literature. In fact, surface ligands aﬀect not only the growth
and colloidal stability of the resulting NCs, but also the optical
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molecules were also used to conﬁne the growth of semiconductor NCs. In principle, any chemical reaction leading to
nonsoluble substances can be adopted to obtain nanoparticles
upon a suitable choice of stabilizing agent. This strategy was
valid for synthesizing not only CdS NCs, but also for
ZnS,149,150 PbS,151 Cd3P2,152 Zn3P2,152 Cd3As2,153,154 and
CdTe155 QDs. With respect to CdS NCs, the direct reaction
between Cd2+ and S2− was largely used in early studies. Later
on, diﬀerent types of anionic precursors that slowly release S2−
ions were also used for synthesizing CdS NCs rather than using
H2S as a gaseous sulfur precursor. Regarding the stabilizing
agents, maleic anhydride/styrene copolymer, phosphate, and
polyphosphates were adopted in early studies. Later stabilizing
technique advances included the use of chelating peptides, thiol
molecules, and even biomolecues such as denatured BSA,
DNA, and RNA more recently. Among these stabilizing agents,
thiol ligands are advantageous since they are not only eﬀective
for forming monodisperse CdS NCs with very small size but
also equally applicable for a wider variety of semiconductor
NCs containing cadmium, zinc, lead, silver, copper, and
mercury ions. With respect to cadmium sulﬁde, ultrasmall
even molecule-like clusters with clearly deﬁned structures and optical characteristics,10,156,157 e.g.,
[Cd17S4(SCH2CH2OH)26]10 and [Cd32S14(SCH2CH(OH)CH3)36](H2O)4,158 can be obtained, for which the degree of
control highlights the advantage of thiol molecules as capping
agents.
Beneﬁting from the early studies on CdS NCs, the aqueous
synthetic techniques were expanded to CdSe and CdTe NCs.
The resulting subsequent studies quickly made CdTe NCs a
key material of interest because the band gap energy of bulk
CdTe is much narrower, i.e., 1.43 eV for CdTe vs 2.45 eV for
CdS. Thus, it is possible to tune the optical properties of CdTe
NCs over a larger spectral window, especially from the visible
to the near-infrared region, through the quantum conﬁnement
eﬀect alone, which is beneﬁcial for realizing ﬂuorescence of
diﬀerent colors for many applications.
The earliest successful example of the aqueous synthesis of
CdTe NCs employed the direct reaction of Cd2+ with Na2Te in
the presence of a polyphosphate ((NaPO3)6) stabilizing
agent.155 This followed a previous well-established procedure
for the synthesis of ﬂuorescent CdS NCs in aqueous solution
diﬀering only in that Na2Te was used rather than Na2S or
H2S.155 But the CdTe nanoparticles obtained were not
ﬂuorescent under optical excitation. In another study, by
using polyphosphate and thioglycerol (TG) as costabilizing
agents, ﬂuorescent CdTe nanoparticles were synthesized in
aqueous solution.159 Although the optical characterizations of
ﬂuorescence and PL QY in these early studies were not entirely
reliable, these early attempts led to a surge of interest in the
aqueous synthesis of NCs.
A signiﬁcant advance in stable and ﬂuorescent CdTe NC
synthesis was achieved by Rogach et al. upon the use of TG or
mercaptoethanol (ME) as the ligand.12,13 Since thiol molecules
can ﬁrmly bind to the surface of CdTe NCs through a Cd−SR
bond, they can eﬀectively regulate growth of the nuclei, leading
to eﬀective size control. Under optimized conditions, exciton
emission was observed, but the ﬂuorescence eﬃciency of TGand ME-capped CdTe NCs remained lower than 3%.13
The following important milestone toward highly ﬂuorescent
CdTe NCs was achieved by Gao and co-workers with mercapto
acids as surface capping agents.28 Under optimized conditions,
the ﬂuorescence eﬃciency of CdTe NCs capped by thioglycolic

dependent. For example, 2-mercaptoethylamine requires
slightly acidic pH to colloidally stabilize chalcogenide NCs,
while mercapto acids need alkaline pH to obtain colloidally
stable NCs.134
Apart from oﬀering a stabilizing eﬀect, the polar group may
interact with the NC surface cation under appropriate pH
conditions, which is exempliﬁed by the formation of a
secondary coordination between the carbonyl group of
thioglycolic acid (TGA) or 3-mercaptopropionic acid (MPA)
and the primary thiol-coordinating cadmium sites in TGA- and
MPA-stabilized CdTe QDs.28,30,32,143 Such coordination can
dramatically boost the ﬂuorescence QY.28,30 Similarly, glutathione (GSH) tripeptide also shows pH-dependent interactions
with metal ions such as Zn2+ due to the presence of −SH,
−NH2, and −CONH− groups, as shown in Figure 2.142,144
In brief, most established aqueous synthetic routes are based
on water-soluble thiols used as surface ligands. The interaction
of the thiol capping group with metal ions of NCs under the
inﬂuence of pH and the pH-dependent properties of the polar
groups make the aqueous synthesis of semiconductor NCs
more complicated, but the latter brings the attraction of more
versatile surface functionalization/structures that oﬀer a much
richer choice than simple hydrocarbon chains with respect to
many applications.

3. AQUEOUS SYNTHESIS OF SEMICONDUCTOR NCS
3.1. Historical Overview of Aqueous Synthesis

Historically, the chemical synthesis of well-deﬁned semiconductor NCs was ﬁrst developed in aqueous media upon
direct chemical reactions between cation and anion precursors
in the presence of stabilizing agents. Owing to the early eﬀorts
of Henglein, Fendler, Grätzel, Brus, and Nozik, CdS NCs
became the ﬁrst well-established system for in-depth study on
the physical and physiochemical properties of three-dimensional conﬁnement materials that are signiﬁcantly diﬀerent from
one-dimensional conﬁnement materials previously developed in
the epitaxial semiconductor industry. Beneﬁting from the
knowledge derived from CdS NCs, a series of theoretical
studies were pioneered by Efros145 and Brus,146−148 to disclose
the electronic structures of the quantum-sized NCs for
predicting and understanding their size-dependent optical
properties.
From a chemistry point of view, the aqueous synthesis of
semiconductor NCs is as simple as carrying out a precipitation
reaction except that a stabilizing agent is essentially required to
control the precipitation process during the early stage so as to
limit growth to nanometer-sized particles. In early studies,
micelles and vesicles formed by self-organized amphiphilic

Figure 2. Evolution of the complex structure of Zn2+-GSH against the
increase of pH: (a) pH 6.5−8.3; (b) 8.3−10.3; (c) 10.3−11.5.
Reproduced from ref 142. Copyright 2010 American Chemical
Society.
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acid (TGA) reached 18% at room temperature.28 In a similar
way, the as-prepared CdTe NCs obtained with mercaptopropionic acid (MPA) as the capping agent was around 38%.30 In
addition, the TGA- and MPA-stabilized CdTe NCs presented
excellent colloidal stability in solutions over periods of years.
These initial studies paved the way for more detailed and
substantial explorations of the aqueous synthesis of CdTe NCs
due to their potential for applications in bioassays and
optoelectronic ﬁelds. The surface carboxyl moiety oﬀers charge
to the NCsgood for stabilization but also for forming solid
ﬁlms through ionic layer-by-layer self-assembly techniques.
Moreover, the carboxyl group is also a useful reactive site for
attaching bioligands. The following studies revealed that the PL
QY of the as-prepared TGA- and MPA-capped CdTe NCs can
further be increased to 40−60% by properly adjusting
parameters such as pH, Te/Cd/thiol ratios, and precursor
concentrations, etc.19,24,160−162 In addition, TGA and its
derivatives were used not only for manipulating the size but
also for shaping the CdTe NCs to obtain nanorods,163
nanowires,164 nanotubes,32 twisted ribbons,165 and nanosheets.166,167 MPA was eﬀective for increasing the size of
CdTe NCs up to 6 nm to further extend the PL emission from
the visible to the near-infrared (NIR) region (700−800 nm),
where the PL QY remains as high as 70−80%.19
To facilitate the growth of aqueous CdTe NCs, hydrothermal160,168 and microwave-assisted methods169−171 were
also adopted based on the conventional synthetic recipe. The
obvious beneﬁt of the latter approach is that the microwave
radiation as a heating source can rapidly and homogeneously
heat the entire reaction system. We will discuss the inﬂuence of
postsynthetic heating in later sections, but the reproducibility of
preparation, particle uniformity, and corresponding optical
properties were greatly improved.169,170,172 In addition, the
reaction time was shortened producing CdTe NCs showing
longer wavelength emission more rapidly.
The mercapto acid based aqueous routes for CdTe NCs have
been widely extended to the majority of metal chalcogenide
NCs, such as thiol-capped Zn(S,Se,Te),138,142,173−176 Cd(S,Se,Te), 1 4 , 1 9 , 2 4 , 2 8 , 1 3 4 , 1 5 6 , 1 7 7 Pb(S,Se), 1 7 8 − 1 8 0 Hg(S,Se,Te),14,22,181−183 Ag(S,Se,Te),184−190 CuInS2,191−194 and
AgInS2,195−197 and NCs with alloy and core/shell structures.
These advances not only enrich the aqueous synthesis of
versatile semiconductor NCs, but also make the mercapto acid
based aqueous synthesis a mainstream approach for achieving
aqueous semiconductor NCs with rich and advanced optical
properties, which have been reviewed previously by Weller,134
Rogach,19,21,79 Gao,33 and Gaponik and Eychmüller.25,26

emission color tunability and high PL QY are of particular
interest for biolabeling/bioimaging applications,201,202 light
emitting diodes,29 and lasing.203 In this context, understanding
the growth mechanism of semiconductor NCs in aqueous
media is important for achieving uniform NCs with attractive
optical properties.
In the classical LaMer model,204 there are three recognized
stages for forming colloidal particles, i.e., monomer accumulation, nucleation, and growth. According to this model, quick
monomer accumulation is favored to allow a burst of nucleation
that will depress the particle size dispersity. This in practice is
often achieved through quick injection of the precursors into
the reaction system. To eﬀectively narrow the nucleation
period, properly balancing the coordination of the surface
ligand and hydroxyl ion to cations forming the target NCs is
very important, which is related not only to the concentration
and ratio among ligand, cationic, and anionic precursors, but
also to the pH of the reaction system. The latter is largely
dependent on the chemical nature of all the species involved. In
the subsequent growth stage, a slow growth rate is also in favor
of a narrow size distribution (or preserving a narrow
distribution from the nucleation stage). The actual growth
process of colloidal nanoparticles is generally believed to be
strongly associated with the diﬀusion of monomers toward the
surface of the NCs and, following that, surface deposition onto
the growing NCs. Therefore, two diﬀerent growth models
associated with the above processes are proposed on the basis
of classic kinetics theory and widely used to interpret the
growth behavior of inorganic colloidal particles in solution, that
is, a diﬀusion-controlled growth model95,96 and a surface
reaction-controlled growth model.205−208 The former postulates that the particle growth rate depends on the ﬂux of the
monomers supplied to the particles, which leads to size
focusing eﬀects, whereas the latter postulates that the particle
growth rate depends on the precipitation and dissolution of
monomers which, depending on the chemistry for converting
the monomer to NCs, often leads to size broadening. However,
the detailed chemistry regarding particle growth still remains an
open question.
In aqueous systems, the chemical reactions involving ligand,
cationic, and anionic precursors often result in a rich variety of
molecular complexes in the form of small molecular clusters.
The ensuing growth stage ﬁrst converts the small molecular
complexes into crystal nuclei, which is characterized by a fast
growth process followed by a slow growth process resulting in
size distribution coarsening that is typically reﬂected by the
broadening of any emission and, if suﬃciently distinct,
broadening of the band edge excitonic absorption peak.
An important point of the dynamics of the ensemble
evolution is the intrinsic polydispersity of colloidal particles,
which can result in Ostwald ripening. The major advance for
describing this process was achieved by Lifshitz and Slyozov209
and Wagner,210 who developed a model for the evolution of the
size distribution of an ensemble of particles during Ostwald
ripening, known as LSW theory. This classical LSW theory
predicts the ripening kinetics and the particle size distribution
function in dilute systems and can be used to analyze the
competition of growing particles for the monomer in the
stationary regime. However, it fails to describe the earlier
transient stages of the particle growth that are extremely
important for achieving eﬀective control over the particle size
and optical properties as well, and the classic theory only

3.2. Growth Mechanism of Aqueous NCs

The energy level density of states of semiconductor QDs
becomes discrete rather than continuous, and for levels near the
band edge, the energies are blue-shifted when their radius is
smaller than or comparable to their bulk exciton Bohr radius.
This regime is known as quantum (or size) conﬁnement. In
consequence, the optical properties of semiconductor NCs start
to strongly depend on the crystal size, which is directly reﬂected
in band edge spectral features in NC absorption spectra.
Tunable absorption is very favorable for light harvesting in solar
cell applications,198 Förster resonance energy transfer (FRET)
in optical down-conversion devices,199,200 etc. Upon suitable
surface modiﬁcation, size-dependent exciton emission is
achieved and characterized by narrow, symmetric features,
apart from excellent robustness against photobleaching. The
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where r* is a dimensionless radius and τ is a dimensionless time
constant. The dimensionless ratio K can eﬀectively be said to
describe the type of the process involved, since it is set by the
ratio between the rates of a purely diﬀusion-controlled process
determined by D (the diﬀusion coeﬃcient of the monomer)
and a purely reaction controlled one, the latter given by kflat
g
(the ﬁrst-order reaction rate constant for addition of a
monomer at a ﬂat surface). S is a dimensionless parameter
for describing the oversaturation of the monomer in solution, α
is the transfer coeﬃcient of the activated complex (0 < α < 1).
According to the value of the parameter K, three types of case
can arise:211 K < 0.01 corresponding to a virtually pure
diﬀusion-controlled process; at the other extreme, K > 100
denoting a wholly reaction-controlled process; and in the
midrange, 0.01 < K < 100 corresponding to a regime of mixed
control with comparable inﬂuences from both types of process.
With this more ﬂexible applicability, this model shows
signiﬁcant improvement in comparison with LSW theory for
predicting the size distribution and evolution of particle
ensemble against the particle growth if compared with
experimental results. The above theory is also suitable for the
description of growth rates dynamics where the ensemble of
particles is less than 10 nm in diameter, that is, in a typical size
region for semiconductor NCs to exhibit quantum size eﬀects.
Moreover, the theory allows the prediction of conditions
leading to either “focusing” or “defocusing” of the particle size
distributions and reveals that the diﬀusion-controlled growth
can result in narrower particle size distributions contrasting to
reaction-controlled growth.
Under diﬀusion-controlled conditions, e.g., K = 0.01, a strong
narrowing eﬀect of the size distribution is observed, and this
becomes signiﬁcant with the increase of the initial oversaturation of monomer. Such a narrowing eﬀect was previously
observed in nonaqueous synthesized CdSe and InAs NCs but
not in aqueous synthesized CdTe NCs. This diﬀerence can be
explained as follows. In the aqueous synthesis of CdTe NCs,
soluble cadmium salt and NaHTe are widely used as reactants.
Under typical alkaline conditions, Te2− reacts with Cd2+ so
quickly that no inert atmosphere protection is required right
after the injection of the Te2− source solution. This means most
Te2− as one of the monomers is quickly depleted forming
molecular complexes with Cd2+, which during the subsequent
heating up process quickly coagulate to form QD nuclei. In the
typical synthesis of CdTe QDs, ﬂuorescence starts to appear
right after the reaction mixture is reﬂuxed, indicating that most
monomers have been consumed by the nucleation process
before the reaction solution is reﬂuxed and remaining
monomers supply the particle growth that is about to step
into the Ostwald regime. This hypothesis ﬁnds evidence from a
more recent study on ZnSe NCs prepared in aqueous phase in
the presence of a thiol capping agent. The concentration of Zn
in both QDs and solution remains constant after 30 min of
reﬂux.175 This study suggests that the cation and anion as major
monomers can react so quickly in the aqueous phase that the
particle growth will quickly transition into the Ostwald ripening
regime at elevated temperature. It should be mentioned that the
time for the emission of CdTe QDs to shift typically from
green to red takes from tens to hundreds of hours dependent
on the synthetic parameters. As a result, the ﬂuorescence of
QDs prepared through aqueous synthetic routes often becomes

(1)

Here, C(r) represents the solubility of a particle with radius r
and C0flat is that of the bulk material. Vm is the molar volume and
γ is the surface tension of the solid. The magnitude of the factor
2γVm
is usually around 1 nm, and this term is referred to as the
RT
“capillary length”. For colloidal particles with radii greater than
∼20 nm, eq 1 is adequate. For radii in the range r = 1−5 nm,
the capillary length and the particle radius are of similar values,
and in practice the particle solubility becomes strongly
nonlinear in terms of the inverse particle radius, r−1. Moreover,
the chemical potential of nanoparticles and the rate of the
surface reactions also depend nonlinearly on r−1. Both eﬀects
were not taken into account in the classical description of
reaction-controlled Ostwald ripening.
Toward these problems, Talapin et al. developed a
theoretical model by taking into account size-dependent
activation energies of the growth and dissolution processes as
well as the mass transport of monomers toward the particle
surface to describe the complete particle ensemble presented in
the colloidal solution as a function of time.206 In their model,
the particle size dependent activation energies for growth and
dissolution of the NP are given byΔ‡μg and Δ‡μd:
Δ‡μg (r ) = Δμg∞ + α

2γVm
r

(2)

Δ‡μd (r ) = Δμd∞ + β
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(3)

where α and β are the transfer coeﬃcients (α + β = 1); Δμ∞ is
an activation energy in the case of ﬂat surface.
In the framework of their theory, the rate constant for
particle growth and dissolution is expressed through the height
of the activation barrier:

k = B exp( −Δμ/RT )

(4)

where B is a constant with the same dimension as k.
Then the rate of change of particle radius r in the solution of
monomer, assuming a constant concentration [M] for the
latter, is given as
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Figure 3. Growth curves of ZnSe QDs capped by the four ligands MPA, TGA, MTG, and TLA (a) using standard reaction conditions (24 mM
ligand, 9.6 mM Zn, and 5 mM Se concentrations at pH 11.9 for a reaction time of 1 h) and (b) using half of the standard concentrations of ligand,
Zn, and Se for a reaction time of 2 h. The lines are ﬁts to the data using the surface-reaction-controlled Ostwald ripening model. (c) QD growth rates
for each ligand obtained from the slopes of the best ﬁt lines shown in (a) and (b). Reproduced from ref 175. Copyright 2012 American Chemical
Society.

emission energy than the PL peak of the corresponding parent
solutions. In accordance with this experimental observation, the
numerical simulations reveal that the ZGR size corresponds
well to the particle fractions with the highest ﬂuorescence
eﬃciency within the ensemble. NCs are inclined to have
relatively complete internal lattices, making the variation of the
surface defects the main factor inﬂuencing the luminescent
properties. Thus, the equilibrium conditions promote an
optimal surface reconstruction for the NCs, leading to a
surface free of defects. In this context, the above theoretical
study provides an in-depth understanding of the PL quantum
eﬃciency distribution in QD ensembles.
Coming back to synthetic chemistry, it is thus important to
optimize the capping agents as their coordination with the
surface of NCs largely aﬀects the Ostwald ripening process and
consequently the PL QY as well. In addition, water as a
coordinating solvent makes the synthetic chemistry far more
complicated than the nonaqueous synthesis, because the pH of
the solution inevitably becomes an additional parameter for
tuning particle growth kinetics and PL QY by mediating the
binding strength of the capping ligands, which exactly highlights
the beauty of aqueous synthetic routes for semiconductor NCs.
3.2.1. Ligand Eﬀects on Growth Kinetics. 3.2.1.1. Ligand
Aﬃnity. The binding strength of a surface capping ligand
substantially aﬀects its reactivity with metal precursors and in
consequence inﬂuences both nucleation and growth kinetics of
NCs formed in solution.19,24,97,161,163,175 Taking the aqueous
synthesis of CdTe NCs as an example, the well-established
synthetic process generally consists of three major steps: (1)
preparation of a stock solution containing stabilizing agent and
metal ion typically from a soluble metal salt under a proper pH;
(2) introduction of the anion typically in the form of Na2E,
NaHE, or H2E as chalcogens to initiate the reaction; (3) the
growth of the NCs by aging the reaction mixture at a desired
temperature, normally through reﬂux. All these steps are
generally applicable for preparing most aqueous NCs, but
depending on the material system, in some cases NCs are
quickly formed after step 2. Nevertheless, throughout the whole
preparative procedure the capping ligand will interact with
metal ions either from molecular complexes before the
precipitation reaction or on the surface of NCs after the
formation of the NCs. To achieve eﬀective size control,
properly balancing the ligand−cation−anion interaction is
important. The former part is characterized by a formation

progressively broader for most aqueous synthesized QDs as the
particle growth is dominantly governed by Ostwald ripening.
In contrast, for inorganic NCs prepared by nonaqueous
synthetic methods such as organometallic routes for QDs and
thermal decomposition method for iron oxide NCs (e.g., Fe2O3
and Fe3O4), the slow decomposition of metal−organic
precursors limits the particle growth kinetics, which places
the particle growth mainly in the diﬀusion-controlled regime. In
consequence, the particle size distribution of NCs formed in a
nonaqueous phase, irrespective of whether the exact method is
“hot-injection” or “heat-up”, is typically narrower than that of
NCs prepared in aqueous systems. If comparing CdSe QDs
synthesized in organic solvents with CdTe QDs prepared in an
aqueous phase, it generally also takes a much shorter time for
the former NCs to extend the ﬂuorescence into the red,
because the particle growth is upon the consumption of
monomer released by the precursor, while the latter growth is
upon the dissolution and reinclusion of smaller particles.
Another important contribution of the theoretical study of
Talapin et al. is that the correlation between growth rate and
particle ﬂuorescence QY can be established.211 Theoretically, in
a polydisperse particle ensemble, the large particles have
positive growth rates and the small ones have negative growth
rates as a consequence of Ostwald ripening. Between these two
cases, there are particles at the equilibrium established with the
monomers in the solution showing nearly zero growth rate
(ZGR). The critical radius (rZGR), which is identiﬁed as that at
which there is net zero growth rate (dr*/dτ = 0), was derived
from the above dr*/dτ expression (eq 5):
rZGR =

2γVm
RT ln S

(10)

Monte Carlo modeling is thus used to simulate the temporal
evolution of the size distribution of an ensemble of NCs during
diﬀusion-controlled Ostwald ripening. The intrinsic growth rate
vs particle size distribution of the ensemble can be calculated
with a given monomer oversaturation and suggests that the
particle size corresponding to ZGR lies to the lower size side of
the entire ensemble during all growth stages.
It has been experimentally observed that there is strong
nonmonotonic variation in the PL quantum yield of sizeselected fractions separated from the parent reaction solution
size distribution.211 Moreover, the QD fraction showing a
maximum PL quantum yield is always located to higher
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In contrast to cadmium chalcogenide QDs, silver chalcogenide NCs such as Ag2S, Ag2Se, and Ag2Te show longer
wavelength near-infrared (NIR) emissions in NIR-I and NIR-II
regions due to their much smaller band gap energies.43,187,189,215−220 Regarding chemical properties, silver
chalcogenides exhibit greatly decreased solubility products
because Ag+ is softer than Cd2+ according to HSAB principles.
Therefore, capping ligands with stronger binding aﬃnity are
generally preferable for obtaining the corresponding colloidal
NCs with small sizes.218,221 Multidentate ligands such as
glutathione, 188,222,223 meso-2,3-dimercaptosuccinic acid
(DMSA),224 ribonuclease A,225 BSA,226,227 and synthetic
thiol-containing polymers185,228 have been used to obtain
Ag2S and Ag2Se QDs. Due to the low solubility feature of these
QDs, the preparations were normally carried out at relatively
low or even room temperature. To avoid quick uncontrollable
growth, GSH was also used solely or in combination with
thiourea as a sulfur source to provide a low supply rate for S2−
ions, apart from also acting as a capping agent, for preparing
aqueous Ag2S QDs. Another interesting example on the
preparation of Ag2Se QDs was inspired by biomineralization
processes.218 Ultrasmall Ag2Se QDs with tunable near-infrared
ﬂuorescence were prepared in a quasi-biosystem based on
biomimetic reduction of Na2SeO3 to supply Se2− to react with
Ag+ in the presence of alanine. By adjusting the Ag:Se precursor
ratio, the emission of ultrasmall aqueous Ag2Se QDs (<3 nm)
could be tuned from 700 to 820 nm.218 The fast supply of Se2−
and high reaction temperatures are generally favorable for
further tuning the emission above 1000 nm for Ag2Se QDs. By
using thiol-containing multidentate polymer, PL QYs around
15% can be obtained for Ag 2 S, Ag 2 Se, and Ag 2 Te
QDs.185,188,228
The impact of ligand aﬃnity becomes more complicated
especially for ternary and quaternary cation-alloyed QDs
exhibiting more interesting optical properties that are dependent on size and also composition.229,230 Taking I−III−VI
CuIn(S,Se)2 and AgIn(S,Se)2 as examples,43,229−243 as the
cations involved show diﬀerent degrees of hardness according
to HSAB principles, their aqueous phase syntheses require
multiple capping groups of diﬀerent binding aﬃnities. GSH is
suitable to meet such requirements because its functional
groups including −SH, −COOH, and −NH2 can selectively
bind with both hard cation (In3+) and soft cations (Cu+, Ag+),
which enabled the aqueous synthesis of Cu−In−S, Ag−In−S,
and Zn−Ag−In−S QDs.191,195,244,245 By a similar strategy,
TGA was used in combination with sodium citrate, poly(acrylic
acid) (PAA), or gelatin to produce water-soluble Cu−In−S and
Ag−In−S QDs as TGA is suitable to combine with Cu+ and
Ag+ while the carboxylic acids are suitable for In3+.192,246
3.2.1.2. Ligand Chemical and Spatial Structure. The watersoluble ligands used for aqueous synthesis of NCs are very rich
in structure compared with those used for nonaqueous
synthesis. Typically, the water-soluble ligands bear at least
one additional strong polar group to render the NCs watersoluble apart from the capping group typically chosen from
−SH as aforementioned. The eﬀects of the ligand structure on
the particle growth kinetics are therefore very complicated, but
with the extra functional groups this leads to a greater diversity
of optoelectronic phenomena, structures, and properties as
well.
First, the polar group has an impact on the NC growth
kinetics. It was observed that CdTe NCs stabilized by TG grew
much slower than those stabilized by mercapto acids such as

constant, and the latter part can be described by a solution
product. In addition, the hydroxyl ion as a typical ligand in
water will interfere with the cation/anion reaction and may play
an important role if the hardness of the cation is strong enough
to lead to formation of a stable metal hydroxide. However, if
NCs can in principle be formed in an aqueous system, the
dynamic attachment/detachment of ligands will come into play
in the nucleation and growth of the NCs.211,212 In the growth
stage, strong ligands will limit the reactivity of the monomer
and suppress the ligand desorption equilibrium. As a result, the
particle surface sites are kinetically inert for the particles to
grow.212 In contrast, a weak ligand will lead to uncontrollable
growth due to its easy detachment.
Recently, the ligand binding aﬃnity eﬀect on the growth of
ZnSe NCs prepared through thiol-mediated growth in an
aqueous system was carefully investigated.175 Shortly after
reﬂux, the ZnSe NCs entered a linear growth period, as shown
in Figure 3, irrespective of the molecular structure of thiol
capping agents, i.e., TGA, MPA, thiolactic acid (TLA), and
methyl thioglycolate (MTG). As the mass of Zn in solution and
in the NCs remained constant, the linear growth period is
dominated by Ostwald ripening. The authors analyzed the
binding aﬃnity sequence of TGA, MPA, TLA, and MTG to
Zn2+, and then ﬁtted the linear regime marked by Ostwald
ripening with a continuum approach. They found that the
growth rate was proportional to the equilibrium constant for
ligand detachment from the surface of the particle. Another
example of the ligand binding aﬃnity eﬀect can be found from
the comparison of two widely used surface ligands for CdTe
QDs, i.e., TGA and MPA. Through theoretical simulation using
the MP2/Lanl2DZ Gaussian 03 program, Yang and co-workers
calculated the activation energy for forming the transition states
represented by Te···Cd···SR (SR: TGA, MPA) by Te2− and
Cd−SR complexes,213 and showed that the activation energy of
Cd−TGA complex is higher than that for Cd−MPA. In
consequence, the CdTe NCs stabilized by MPA grow faster
under comparable conditions than CdTe NCs capped by TGA.
The important role of the capping ligands thus oﬀers an
excellent opportunity to largely manipulate the particle growth
kinetics through the binding aﬃnity. For example, owing to the
much lower stability constant of the Cd−DTC complex,
compared with that for Cd−thiol, L-proline dithiocarbamic acid
disodium salt (ProDTC) was used as a novel ligand for
achieving fast growth of CdTe QDs at greatly reduced reaction
temperature, i.e., 30−50 °C.214 Although, in consequence of the
fast growth, a relatively low PL QY of 4−16% was initially
obtained, this can eﬀectively be enhanced up to 50% via
subsequent surface passivation with mercapto acids.214 But if
the binding aﬃnity is too strong, the growth of NCs is greatly
slowed down. For example, dihydrolipoic acid (DHLA) as a
bidentate thiol ligand can form more thermodynamically stable
complexes with Cd ions than monothiol ligands. It is therefore
diﬃcult to obtain CdTe QDs at 100 °C. High temperatures
(e.g., 160 °C) were used to promote the growth of CdTe QDs
through hydrothermal synthesis.141 These studies provided a
general guideline for choosing surface capping ligands and
reaction conditions to achieve colloidally stable NCs of desired
size through the manipulation of particle growth kinetics. The
PL QY of QDs as aforementioned is correlated with the growth
kinetics, but it is impossible to extract a simple relationship
between the binding aﬃnity and the PL QY as the latter is also
strongly associated with the molecular structure of the ligand.
10633

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

the side chain may show positive eﬀects owing to varied surface
coordination situations. For example, as-prepared 3-mercaptobutyric acid capped CdTe QDs showed PL QY up to 71% that
was signiﬁcantly higher than that (51%) for MPA-capped CdTe
QDs prepared under comparable conditions, indicating that the
side methyl chain could conﬁne secondary coordination of the
carboxyl group for better passivation.252
The current subsection attempted to summarize the general
principles for choosing ligands to enable the aqueous synthesis
of versatile semiconductor NCs. However, it is rather diﬃcult
to clearly diﬀerentiate the role of a single functional group of
the capping ligands according to their molecular structures,
because the chemical properties of the capping groups and
polar groups, and their interactions with cations, mostly
resulting in collective binding eﬀects, are not only molecularstructure-dependent, but also concentration- and pH-dependent.
3.2.1.3. Ligand Concentration. Ligand concentration,
particularly in terms of the ligand-to-metal ratio, allows
continuous tuning of the reactivity of monomers.207,253−255
The forms and chemical potential of the ligand−metal
complexes strongly depend on the molar ratio between the
ligand and the cation. For example, TGA can form stable
complexes with cadmium at ratios of 2:1 (dithiol complex) and
1:1 (monothiol complex). But lowering the TGA:Cd ratio is
apparently in favor of higher chemical potential for Cd ions,
which explains why CdTe QDs grow faster at 1.3:1 (optimized
latterly19,24) than 2.4:1 (commonly used during early
studies134).
However, lower TGA:Cd ratios tend to lead to the formation
of the Cd−TGA monothiol complex that is uncharged and less
soluble and often appears as a white precipitate during reactions
(e.g., reﬂuxing stages). Numerical simulation studies on the
distributions of Cd(L)n (L = TGA, n = 1, 2, 3) complexes,
Cd(OH)2, and Cd(OH)3− complexes revealed that Cd(L)n
dominated the cadmium complex structures against the
TGA:Cd ratio from 1:1 to 1:4 in aqueous solutions.24 A
careful comparison as shown in Figure 4 suggested the
uncharged Cd−TGA monothiol complex is positively correlated with the PL QY of resulting CdTe QDs. It can thus be
assumed that the insoluble Cd−TGA complexes act as a
reservoir of Cd ions for the following growth of CdTe QDs
upon a gradually shifted dissolution equilibrium under reﬂux. In

TGA and MPA, under comparable preparative conditions.134,163 According to a previous study on the crystalline
structure formed by cadmium and ethyl thioglycolate at 1:2
ratio, i.e., [CdII(μ-SCH2COOCH2CH3)2]∞, each cadmium
atom has a primary coordination of Cd(μ-SR)4, while four
carboxylic oxygen atoms coordinate with cadmium forming
dodecahedrons alternated by tetrahedrons of Cd(μ-SR)4.143
Having an analogy to ethyl thioglycolate, TGA and MPA
should also form a secondary coordination with cadmium ion in
the forms of ﬁve-atom rings and six-atom rings, respectively,
apart from the primary coordination between S and Cd. In
consequence of the secondary coordination, the electrostatic
repulsion between Cd−TGA or Cd−MPA coordinating
molecules is greatly reduced, which is in favor of the nucleation
and growth of CdTe QDs upon reaction with Te2−.163 But the
coordination may become more complicated if an additional
coordinating unit such as an amine group is introduced. For
example, L-cysteine as a derivative of TGA leads to extremely
small CdSe QDs (<2 nm).247 Increasing the carbon chain
length and introducing a hindering group can further decrease
the lower size limit of CdSe QDs down to 1.2 nm.247 It was
also found that a Cd:TGA molecular complex can form
upon secondary coordination as one-dimensional aggregates
owing to its linear structure analogous to [Cd II (μSCH2COOCH2CH3)2]∞.32 The aggregates exhibit a onedimensional helical structure whose helix disappears upon
further growth in width mediated by poly(acrylic acid). By
reaction with NaHTe, the one-dimensional aggregates can be
converted to CdTe nanotubes of diﬀerent diameters.32 In
addition, Zhang et al. found that TGA and its derivatives with a
TGA-like molecular structure allowed the formation of CdTe
nanorods at reduced precursor concentration below 80 °C,
which was also rationalized by the secondary coordination.163
Second, the polar group aﬀects the colloidal stability of the
resulting NCs. It was found that CdTe NCs stabilized with
mercaptoethylamine (MA) grew faster and became colloidally
unstable upon prolonged reaction time at pH 9.163 The
decreased colloidal stability can be attributed to weak repulsion
between the MA-capped CdTe QDs in the alkaline range.
Therefore, low pH is required to protonate the amine group so
as to achieve colloidally stable MA-capped NCs.
Third, the polar group may interact with the NC surface
cation under proper pH, which is demonstrated by the
formation of secondary coordination between the carbonyl
group of TGA or MPA and the primary thiol-coordinating
cadmium on the surface of the CdTe QDs, as mentioned
above.28,30 Such coordination also leads to a signiﬁcant PL
enhancement eﬀect with decreasing pH in consequence of
better surface passivation, apart from accelerating the particle
nucleation and growth. Attributed to the collective chelating
eﬀect of −SH, −NH2, and −COO−, the formation of CdTe and
CdHgTe nanorods were observed by using TGA and L-cysteine
acting as costabilizers.248,249
Apart from the polar group, the molecular structure of the
ligand with respect to the inert backbone also aﬀects the growth
kinetics of NCs. The eﬀects of molecular structure with respect
to side chain and main chain length on the particle growth
kinetics were previously investigated.250−252 In fact, while TGA
and MPA have widely been used for cadmium chalcogenide
QDs, it is found that further prolonging the chain length of
mercapto acid ligands is unfavorable for the growth of CdTe
QDs due to increased hydrophobicity of the ligands, e.g., 4mercaptobutyric acid and 5-mercaptovaleric acid.252 However,

Figure 4. Distribution of cadmium complexes in solution and PL QY
of CdTe NCs after 20 h of synthesis (black dots) depending on the
TGA/Cd ratio in initial reaction mixture. Reproduced from ref 24.
Copyright 2006 American Chemical Society.
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consequence, the diﬀusion-controlled growth as theoretically
predicted is enabled,206,211 which is desirable for a narrower size
distribution and brings improved ﬂuorescence quantum yield
through the enhancement of the surface quality under the
dynamic equilibrium conditions. The PL narrowing behaviors
were previously observed by decreasing the TGA:Cd ratio from
2.43 to 1.25 by Murase and co-workers.256 The PL enhancement behaviors upon the decrease of the TGA:Cd ratio were
also demonstrated by studies of Gaponik, Eychmüller, Rogach,
etc.19,24 Apart from TGA, the above-mentioned ligand
concentration eﬀects on the ﬂuorescence QY and growth
kinetics were also observed from MPA mediated growth of
CdTe QDs.161
3.2.2. pH Eﬀects on Growth Kinetics. As the aqueous
synthesis of semiconductor NCs can be classiﬁed in a broad
sense as an acid/base reaction, the pH of the reaction system
thus plays an important role in the particle growth kinetics. The
pH eﬀects on the formation of semiconductors have been
introduced in general in section 2. This section of the review
mainly discusses the pH eﬀects on the growth kinetics of
semiconductor NCs.
With respect to the classic Cd−TGA system, increasing the
initial pH of the stock solution containing TGA and Cd2+ ions
from 10.5 to 12.5 considerably accelerated the growth rate of
CdTe QDs at a TGA:Cd ratio of 1.3.19,24 As shown in Figure 5,
the QDs synthesized at pH 12.0 exhibit the smallest Stokes shift
along with the narrowest PL emission and the highest PL QY in
comparison with those obtained at 12.5 and 11.5, respectively.
These experimental ﬁndings were explained by the existence of
an optimum growth rate for CdTe QDs at a given thiol:Cd
ratio. A relatively fast particle growth (pH 12.5) results in poor
quality material with low crystallinity, large numbers of defects,
and a high density of surface states. Conversely, a lower growth
rate results in a high uptake of sulfur (arising from the TGA
decomposition) in the particles which also brings a higher
probability of NC oxidation.19,24
The pH eﬀects on the particle growth kinetics were further
investigated in a large pH range of 9.0−12.2 for the Cd−MPA
system by Zhong and co-workers.161 They found that the
growth rate of CdTe QDs monotonically increased against the
initial pH of the stock solution consisting of MPA and Cd2+ at a
molar ratio of 1.7:1, as shown in Figure 6. But this eﬀect was
remarkably enhanced when the pH was increased above 11.5. It
took less than 0.5 h for the PL emission peak position to shift
to ∼700 nm when the initial pH value was set at between 11.9
and 12.2, while more than 24 h was needed to achieve a similar
net growth when the initial pH was set to 10. Although the
fastest growth rate was obtained with the initial pH of 12.2, the
PL QY was decreased. The above pH-dependent growth of
MPA-capped CdTe QDs was interpreted in terms of the pH
dependent solubility of Cd−MPA complexes. Typically at low
pH, Cd2+ tends to form an insoluble white precipitate with
MPA. But at high pH, the less soluble complexes become
soluble again, which was believed to facilitate the release of
Cd2+ for CdTe QDs to grow.
Apart from shifting the equilibrium toward the decomposition of Cd−thiol complexes, increasing pH is also in favor
of the decomposition of small CdTe clusters and particles
through an etching eﬀect to supply Cd2+. In the meantime, the
etching eﬀect also increases the chemical potentials of the
surface of particles larger than a critical size owing to increased
surface dynamic eﬀects. In consequence, the growth of particles
is accelerated at high pH.

Figure 5. (a) Evolution of the positions of the 1s−1s transition
deduced from the absorption spectra (left) and the Stokes shift (right)
during the synthesis at pH 11.5 (□), 12.0 (△), and 12.5 (●). (b)
Evolution of the PL QY of CdTe NCs during the synthesis at diﬀerent
pHs (left) and PL spectra of CdTe NCs with the same position of the
PL (right). The PL spectra were taken after 285 (pH 11.5), 171 (pH
12.0), and 42 min (pH 12.5) of synthesis. Reproduced from ref 24.
Copyright 2006 American Chemical Society.

Figure 6. Inﬂuence of pH value on the growth of CdTe NCs at a
Te:Cd ratio of 1:10. Reproduced with permission from ref 161.
Copyright 2008 The Royal Society of Chemistry.

Another interesting example is the pH-mediated growth of
ZnSe QDs prepared in the presence of GSH.142 As already
mentioned above, GSH is a versatile stabilizing agent oﬀering
multiple capping groups such as −SH, −NH2, −CONH−, and
−COOH. These capping groups can selectively bind with
cationic ions, with pH dependence due to each group’s diﬀerent
protonation/deprotonation constants.144 Therefore, it allows
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and particle−particle interactions. Apart from being favorable
for the agglomeration of small clusters during the early growth
stage, the shrunken electric double layer may also facilitate the
diﬀusion of Cd−MPA complexes for achieving fast nanoparticle
growth. It was also shown that the sodium salt eﬀects were
signiﬁcant during the early stage of the particle formation and
growth where the consumption of monomers was dominant.
After the particle growth stepped into the Ostwald ripening
dominant stage, these eﬀects almost disappeared.
Following the above eﬀects, they successfully realized room
temperature synthesis of luminescent CdTe QDs by introducing high concentrations of hydrazine to eﬀectively alter the
electrostatic environment of the growing particles.259 In their
synthesis, CdCl2 was used as the cation precursor and was
mixed with thiol capping agents (MPA, TGA, TG, MA, GSH,
etc.) in water, into which Na2TeO3/NaBH4 was introduced
followed by N2H4·H2O. The typical Cd:MPA:TeO32−:NaBH4/
N2H4·H2O ratio was of 1:2.0:0.2:3.2:120 000, while the Cd2+
concentration was 0.125 mmol/L. After 2 h storage at room
temperature, QDs with red emission were formed. By varying
the above ratio, QDs with diﬀerent emission colors could be
obtained. In this synthesis, N2H4 aﬀorded a protective
surrounding to avoid the oxidation of Te2−, which makes the
above protocol signiﬁcantly diﬀerent from previous ones that
need inert atmospheres to protect the reaction between
cationic ions and telluride ions. In addition, it was believed
that hydrazine weakened the electrostatic repulsion between Cd
monomers and NCs, which greatly facilitates the agglomeration
growth of NCs in the initial stage. Despite the low
concentration of QDs obtained, the above synthesis remains
a big improvement with respect to the aqueous synthesis of
QDs.

the study of the correlation between the surface coordinating
structure and the particle growth kinetics.142 With Fourier
transform infrared (FTIR) spectroscopy, it was found that the
thiol group of the cysteine attached preferentially at the Zn2+
surface sites at low pH (6.5−8.3) as shown in Figure 2; in the
pH 8.3−10.3 range the amino functional group on the glutamyl
moiety deprotonated also, allowing the amine group to also act
as a coordination site. At still higher pH (above pH 10.3), the
N atom of the amide bond also deprotonated, bringing yet
another charged group in the ligand into play as a coordination
site for the cations on the QD surface. These variations in the
binding situations of GSH were believed to inﬂuence the
activity of Zn2+ precursors, which explained the fast growth of
ZnSe QDs with the increase of pH, as shown in Figure 7.142
Apart from the pH-dependent growth rate, the PL QY also
showed a strong pH dependence, e.g., ∼2% (pH 6.5−9.5) and
23% (pH 11.5), which was attributed to the formation of a
ZnSe/ZnS core/shell structure as GSH tended to release S2− at
high pH upon decomposition.
3.2.3. Ionic Strength Eﬀect on Growth Kinetics. The
nucleation and growth of NCs are strongly associated with the
existing state of the cations that are mostly, in aqueous
synthesis, combined with capping ligands forming diﬀerent
types of complexes. The aggregation of the molecular
complexes, largely mediated by electrostatic interactions, thus
aﬀects nucleation and particle growth. Zhang, Yang, and coworkers studied growth kinetics of CdTe QDs mediated by the
ionic strength of the reaction system.163,257−261 It was found
that increasing the NaCl concentration could accelerate the
growth of CdTe NCs, which was explained by the decreased
thickness of the electric double layer leading to reduced
electrostatic repulsion of complex−complex, complex−particle,

3.3. Core/Shell Structured NCs

Small sized NCs have large surface-to-volume ratios, and as a
result a large proportion of unsaturated, so-called dangling,
bonds may be present on the particle surface. These unsatisﬁed
bonding sites may detrimentally form nonradiative channels for
the recombination of photogenerated charge carriers. Eﬃcient
surface passivation is therefore particularly important for
achieving QDs with high PL QY and better stability against
photobleaching. It has been demonstrated that coating a QD
with an epitaxially grown wide band gap semiconductor shell
such as CdS (Eg,bulk ∼ 2.45 eV) or ZnS (Eg,bulk ∼ 3.61 eV) shell
for a CdSe (Eg,bulk ∼ 1.74 eV) core is a very eﬃcient means to
electronically passivate the NC surface. Furthermore, diﬀerent
choices of speciﬁc band oﬀsets between core and shell provide
the possibility for carefully engineering the band gap and
energy levels, and consequently the optical and electronic
properties as well. Successful construction of such a core/shell
structure relies on two parameters: a lattice mismatch small
enough not to generate more defects than existed before the
shell addition and low enough solid solubility between the core
and shell to minimize interdiﬀusion. There are a great number
of studies reported in the literature especially on CdSe/CdS
and CdSe/ZnS core/shell QDs synthesized through organometallic synthetic routes.93,94,262,263 The general preparative
procedure is that the cores are ﬁrst synthesized and then used
as seeds after puriﬁcation for the following deposition of the
second material (shell). Through the optimization of the shell
thicknesses, PL QYs of at least 50% and 30−50% were achieved
from CdSe/CdS94 and CdSe/ZnS QDs,93 respectively. PL QY
up to 97% was recently demonstrated by restricting the growth

Figure 7. (a) Temporal evolution of absorption peaks of ZnSe NCs
prepared under pH 6.5, 8.5, 10.5, and 11.5. (b) Variation of PL QY of
ZnSe NCs prepared under diﬀerent pHs. Inset shows the photos of
the samples (from left to right, pH 6.5, 8.5, 10.5, and 11.5) taken
under a 365 nm UV lamp. Reproduced from ref 142. Copyright 2010
American Chemical Society.
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rate of CdS shells on CdSe/CdS heterostructured QDs thereby
more precisely controlling the shell thickness and quality.44
The aqueous synthesis of core/shell QDs fell behind in
comparison with the organic phase based approach, simply
because the above procedures are generally not applicable for
creating core/shell QDs. As mentioned in section 2, water is a
strongly coordinating solvent and readily modiﬁes the surface
reaction dynamics. For example, puriﬁed thiol-capped CdS and
CdTe QDs tend to aggregate to form larger particles via an
oriented attachment growth mechanism after being redispersed
in aqueous solution.264−266 The puriﬁcation process (precipitation, centrifugation, drying, and redissolution) may detach
the surface ligands by certain degrees, depending on the
puriﬁcation method, while the redispersion of puriﬁed thiolcapped QDs may also induce redistribution of the surface thiol
ligands driven by unestablished equilibria involving both
cations, hydroxyl ions, and capping ligands. All these factors
are unfavorable for the colloidal stability of QDs as a core for
subsequent shell growth. Regarding the chemistry of shell
formation, another signiﬁcant distinction between the aqueous
synthetic route based on thiol ligands and the organometallic
synthetic route is that the cations form complicated molecular
complexes with thiol capping ligands, especially polynuclear
complexes that compete with the core for anions, which tends
to lead to homogeneous nucleation of the shell materials in
aqueous solution. In contrast, the organometallic synthetic
route relies on the reaction between simple small molecular
precursors, which is favorable for shell deposition rather than
independent nucleation as long as the feed rate of the shell
precursors is slow enough. In spite of these diﬃculties in shell
growth using aqueous synthetic routes, imposed by the
complexity of the existing states of cations coordinated with
capping agents and hydroxyl ions prior to the reaction, there
are a few early successful examples of direct shell growth to
form core/shell particles in aqueous systems. However, owing
to investigations by Gao and co-workers,31 a synthetic route
based on slow decomposition of thiol ligand has become a
mainstream method for synthesizing core/shell structured QDs
in aqueous systems over the past decade.
3.3.1. Thiol Ligand Decomposition Route. According to
the classic nucleation theory, the activation energy for
heterogeneous nucleation is considerably lower than that of
homogeneous nucleation. However, the interfacial strain may
increase the energy barrier for heterogeneous nucleation at the
particle surface, which encourages homogeneous nucleation.
Thus, eﬀectively surpressing homogeneous nucleation is an
important factor in the formation of core/shell NCs, and this is
strongly associated with the feeding rate of the shell precursors.
Aqueous synthesis of QDs with ﬂuorescence eﬃciency up to
85%, as shown in Figure 8, was ﬁrst reported by Gao and coworkers through coating a CdTe core with a CdS shell.31 The
shelling key procedure was the illumination-assisted photodecomposition of the surface capping agent TGA to achieve a
slow release of S2− ions in the aqueous solution of as-prepared
TGA-capped CdTe QDs. It was previously reported that the
ﬂuorescence QY of TGA-capped CdTe QDs was gradually
increased under UV irradiation in oxygen-saturated solution by
Gaponik and Rogach.134 They attributed the enhancement
eﬀect to the etching of tellurium trap states followed by
substitutions of the oxidized Te sites with sulfur from the
capping ligand. In other words, the UV irradiation helps to
remove the Te dangling bonds for better surface passiviation

Figure 8. Photograph of an aqueous solution of CdTe/CdS core/shell
NCs with ﬂuorescence QY up to 85%. It was taken under normal
room light without using additional excitation light source. The
yellow-green color is from the ﬂuorescence of CdTe NCs. Reproduced
from ref 31. Copyright 2004 American Chemical Society.

with thiol ligands. This process increased the PL QY of the
TGA-capped CdTe QDs up to 30% by a factor of 3.
More systematic studies by Gao and co-workers revealed that
UV irradiation readily induces TGA degradation in the alkaline
range even in an oxygen-free environment.31 Under UV
exposure, TGA ﬁrst degraded forming dithiodiglycolic acid.
In the alkaline range, dithiodiglycolate underwent further
degradation via a very complex sequence of chemical steps
forming thioglyoxylate which led to the release of sulﬁde ions
after further stages of decomposition, as illustrated in Scheme
1.31 Owing to the UV component of ambient light, these
processes can also be enabled under prolonged daylight
exposure. The following investigations, based on conventional
absorption spectroscopy, ﬂuorescence spectroscopy, X-ray
diﬀraction (XRD), and X-ray photoelectron spectroscopy
(XPS) analysis, revealed details of the passivation mechanism
showing that slow sulﬁde release was followed by deposition of
the ions on the surface of CdTe NCs. Further supply of
cadmium ions from the precursor stock led to formation of a
CdS shell which signiﬁcantly increased the ﬂuorescence
quantum yield of the resulting hetero-NCs.31 These studies
Scheme 1. Chemical Reactions Initiated by Illumination of
TGA in Alkaline Solutiona

a

Reproduced from ref 31. Copyright 2004 American Chemical
Society.
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for the ﬁrst time clearly uncovered the illumination-assisted
ﬂuorescence enhancement eﬀects for TGA-stabilized CdTe
QDs; however, the whole process was rather a slow method for
preparing highly emissive CdTe/CdS core/shells. But the
underlying mechanism can be adapted by replacing the
undeﬁned irradiation of ambient light with a well-deﬁned UV
light source. Following the above discovery, the UV-assisted
improvement of PL QY was widely adopted for producing
highly luminescent CdTe QDs; i.e., PL QY up to 98% was
achieved by illuminating as-prepared CdTe QDs capped by
TGA with ambient light at room temperature.170 Moreover, the
CdS shell coating did not broaden the original emission of
CdTe QDs prepared using the microwave assisted route with a
full width at half-maximum down to 27−35 nm.170 The above
illumination-assisted shell growth techniques were further
extended to construct TGA-capped ZnSe/ZnS, ZnSeTe/ZnS,
and CdTe/CdS/ZnS core/shell/shell structures.173,174,267−269
Very recently, a similar method was also applied to dissociate
S2O32− to release S2− with greatly decreased UV irradiation
intensity to grow CdS shells around CdTe cores and the time
for shell growth was decreased down to 3 h.270
All the above aqueous syntheses of the core/shell QDs have
at least two common features: (i) no puriﬁcation of the asprepared QD cores was applied before the shell growth, which
is signiﬁcantly diﬀerent from shell formation methods based on
organometallic synthetic routes; (ii) the core/shell structure
was established with QDs formed during the early stage of the
growth (before the growth enters the Ostwald ripening
dominated regime). For example, almost all the CdTe QDs
used as cores showed green emission below or around 550 nm.
In other words, the illumination-assisted growth can only be
enabled before the Cd−thiol complexes are completely
consumed by the growing particles, which indicates on the
one hand the source of the Cd2+ for growing the CdS shell, and
on the other hand the undiminshed colloidal stability of the
CdTe/CdS QDs obtained.31 An improved enhancement
observed upon the introduction of Zn/thiol solution into the
solution of ZnSe QDs in the growth of ZnSe/ZnS through
illumination further supports this hypothesis.173
In fact, the photoinduced deposition is very special for TGA
rather than its close homologue MPA. Nevertheless, the
underlying mechanism is also relevant for shell growth through
the thermally induced decomposition of thiol ligands to release
S2−. Of particular interest, via the decomposition of Cd−MPA
complexes in aqueous systems, CdS shells with tunable
thickness up to 5 nm can successfully be obtained around
magic-sized CdTe cores of 1.6 nm.271 It was found that the
initial emission of the core gradually shifted from 480 to 820
nm upon the growth of CdS shells in aqueous solution
containing Cd2+−MPA complexes rather than simply being
enhanced, a feature which will be discussed in more detail in
section 4.3.1. Using a similar strategy, the decomposition of
Cd2+−TG complexes272,273 and the decomposition of Cd2+−
MSA complexes274 were also adapted to coat CdS shells around
CdSe and CdTe cores, respectively, in aqueous systems and the
CdS shell thickness was modulated by shell growth temperature,273 thiol concentration,272,273 reﬂux time,274 etc. In
addition to these shell deposition methods, growing the CdS
shell in the presence of phosphorothiolated phosphorodiester
DNA (ps-po-DNA) was also demonstrated to be a novel
approach to biofunctionalize the resulting core/shell QDs with
DNA.107

To date, the above thiol-thermal-decomposition routes have
been widely used for synthesizing diﬀerent core/shell QDs such
as CdTe/CdS,275−282 CdSe/CdS,283,284 CdSe/ZnS,285 CdTe/
ZnS, 286,287 CdSeTe/CdS, 288 CdHgTe/CdS, 289 ZnSe/
ZnS,290−292 and core/shell/shell QDs including CdTe/CdS/
ZnS293−297 and CdSeTe/CdS/ZnS,298 owing to the rich choice
of thermally decomposable capping ligands such as MPA,271,299
TG,272,273 MSA,274,281 N-acetyl-L-cysteine (NAC),300 and
glutathione.34,278,301 By using similar principles, thioacetamide282,283,289,297,301−305 and thiourea197,246,277,279,280,290,306
were also used as thermally decomposable sulfur precursors.
Depending on the molecular structure, the thermal decomposition of the thiol ligand as the sulfur precursor largely
inﬂuences the shell growth kinetics, and consequently the
optical properties of the resulting core/shell QDs as well. Very
recently, it was found that coating CdTe cores of 2.8 nm with a
CdS shell formed upon the thermal decomposition of GSH
signiﬁcantly red-shifted the PL peak position up to 100 nm.34
The following studies revealed that the CdS shell growth rate
gives rise to very adverse eﬀects on the optical properties of the
resulting core/shell QDs, which will also be discussed in more
detail in section 4.
Apart from the classic aqueous synthetic routes, hydrothermal methods were also recently used to directly synthesize
core/shell structured QDs in the aqueous phase, by Choi and
co-workers, to achieve CdTe/CdS QDs with near-infrared
ﬂuorescence.300 In their synthesis, CdCl2, NaHTe, and NAC
were the precursors and ligand, with the latter also serving as a
source of S2− ions for the shell growth at 200 °C. CdTe/CdS
QDs with PL QY up to 62% were obtained while the PL
emission peak was tuned from 650 to 800 nm.300
3.3.2. Surface Cation Exchange Route. Cations which
together with anions form solid QDs with lower solubility
products can in principle induce the formation of a shell
structure upon surface cation exchange. In contrast to the thiol
ligand decomposition route, the latter method is only suitable
for obtaining core/shell QDs with a single common anionic
species. In addition, it may lead to graded or gradient core/shell
heterostructures.8,9,307,308
In the early 1990s, Weller’s group published a number of
papers based on the above concept for coating aqueous QDs
with a semiconductor shell.8,9,307 For example, CdS/HgS/CdS
particles, termed quantum dot quantum wells (QDQWs), were
prepared by sequentially introducing Hg2+ ions followed by
H2S into an aqueous solution of CdS particles stabilized by
polyphosphate.9 Since the solubility product of HgS is at least
22 orders of magnitude lower than that of CdS, Cd2+ ions in
CdS can easily be substituted, but starting from the particle
surface. The preparation was carried out in a very delicate way
so that the amount of Hg2+ ions was just enough to replace the
surface Cd2+ to form a HgS monolayer, while the amount of
subsequently introduced H2S was slightly excessive to react
with the released Cd2+ ions in solution. In this way, CdS/HgS/
CdS core/shell/shell particles with a single HgS monolayer
were obtained. By repeating the above substitution and
reprecipitation steps, the thickness of the HgS shell was
tuned. The thickness of the CdS shell was tuned, independently
of the thickness of the HgS shell, by introducing extra Cd2+ into
the system followed by H2S.9,307 On the basis of the above
studies, core/shell QDs with two-well HgS shells interspersed
by CdS regions were obtained by using the above core/shell
particles with a thicker outer CdS shell.309
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was attempted by introducing both cation and anion precursors
into solutions of QD cores. These were dispersed either in bulk
aqueous solutions or in water microdroplets conﬁned by
surfactants, with conditions chosen to induce surface reactions
for shell growth. With these approaches success was rather
limited. However, with the development of thiol ligand based
aqueous synthesis of NCs, more and more deﬁnitive improvements are being published.
A convincing example is HgTe/CdS core/shell QDs that
were prepared by directly growing CdS upon the reaction
between auxiliary Cd2+ and H2S in the presence of TG around
TG-stabilized HgTe QDs.310 The red shift of the excitonic PL
emission of the HgTe cores strongly supported the formation
of the CdS shell. Moreover, the thick CdS shell made the HgTe
QDs much more robust and able to withstand considerably
higher temperatures (at least 100 °C) without signiﬁcantly
altering the optical properties. The TG-capped HgTe cores are
thermally unstable and tend to grow over time and heating,
leading to a gradual red shift and decreased QY of the PL
emission.181 However, the separate formation of CdS particles
independent of the core/shell QDs cannot be simply excluded,
but can be addressed by using size selective precipitation if the
freshly nucleated particles are much smaller than the core/shell
particles.
Following a similar protocol, MPA-capped CdTe/ZnTe
core/shell QDs were prepared upon surface deposition of
ZnTe in the presence of MPA at pH 10.315 In detail, MPAcapped CdTe cores were puriﬁed and then redispersed into
aqueous solution with controlled pH, into which a mixture of
Zn2+ and MPA was introduced followed by NaHTe. The
thickness of the ZnTe shell was tuned through the adjustment
of precursor concentrations which were maintained at a low
level during injection to avoid independent nucleation. It was
observed that both absorption peak and PL peak positions
shifted to the red with increasing thickness as shown in Figure
9. In the meantime, the average emission lifetime of the core/
shell QDs was extended. All these variations indicate the
formation of a type II core/shell nanostructure that will be
discussed in section 4.3. Regarding the chemistry, in contrast to
the thiol ligand decomposition route or the cation exchange
route, successful shell growth upon the reaction between
auxiliary cationic/anionic precursors suggests that it remains
possible to directly grow shell materials, but probably largely
depends upon the molecular structures of cation/thiol
complexes formed in the reaction mixture. The much lower
binding aﬃnity of the thiol group to Zn2+ in comparison with
that to Cd2+ may allow the Zn2+ to form smaller and less stable
species that are readily deposited at the surface of the core
particles rather than forming independent particles that will
then act as nuclei in the alkaline range.
To avoid homogeneous nucleation of the shell materials
during the direct shell growth route, two measures are often
adopted. One is to decrease the supply rate of monomers,
which is largely used for constructing core/shell structured NCs
irrespectively of the synthetic routes; the other is to lower the
reaction temperature. For example, SeO32− has been used as a
Se2− ion precursor upon reduction by NaBH4 and the release of
Se2− can easily be manipulated through reaction parameters.316
By the above strategies, CdTe/CdSe QDs were prepared in
aqueous solution by using MPA-capped CdTe QDs with
emission above 600 nm as the core. According to the emission
position, the growth of the core particles falls in the Ostwald
ripening growth regime. The surface deposition of CdSe upon

The cation exchange route was also adopted to synthesize
CdTe/HgTe core/shell QDs.310 The substitution of Cd2+ by
Hg2+ readily induced red-shifted emission with respect to that
of the core. But when the ratio of Hg:Cd was above a certain
level, the Hg2+ concentration in the resulting particles kept
increasing against the Hg:Cd ratio and the reaction time,
suggesting that the cation exchange tends to induce the
formation of alloyed Cd xHg 1−xTe QDs with a radial
concentration-gradient structure rather than a core/shell
structure.310 This very likely arises from the fact that Cd2+
and Hg2+ have almost identical ionic radii and consequently
very close lattice constants in the respective zincblende lattices
with the latter only diﬀering by 0.3%.130 Further studies by
Rogach and co-workers further supported the compositional
gradient structure for both Cd2+ and Hg2+ by comparing the
band gap versus extinction coeﬃcient of the resulting QDs with
theoretical values for the corresponding alloys.311 The cation
exchange is generally a two-step process, i.e., surface exchange
driven by solubility constants and diﬀusion of the incoming
cation into the interior driven by the concentration gradient
and activation energies for defect creation and site hopping.
The latter process is accompanied by the expulsion of the
incumbent cation in the opposite direction through activated
defect pairs (e.g., vacancy + interstitial), which is slower but
largely used to interpret the variations of optical properties
following those that occur during the faster initial surface layer
cation exchange.312
As aforementioned, cation exchange leads to either graded or
gradient core/shell interface structures, which limits its
application for forming clearly deﬁned core/shell structured
QDs but makes it an interesting approach for engineering the
optical properties of QDs through gradient or even pure
alloyed structures. Nevertheless, it remains technically diﬃcult
to directly map the spatial distribution of constituent cations in
QDs of a few nanometers in diameter. Most studies carried out
so far are based on routine spectroscopy, but the resulting
composite structures are speculative. For example, CdZnSe
core/shell-like QDs were prepared by exchanging Zn2+ of ZnSe
QDs with Cd2+ in aqueous solution containing GSH.313 The
red-shifted absorption peak and greatly depressed trap emission
of ZnSe QDs, observed during the early stage of cation
exchange, supports the formation of a ZnSe/CdSe core/shell
structure. But the attribution of the further red shift of the
absorption, in consequence of a period of prolonged reﬂux, to
indiﬀusion of Cd2+ is controversial, because reﬂuxing Cd2+/
GSH also generates CdS. This could also explain the red shift
of the absorption as CdS has a smaller band gap than ZnSe.
Recently, Nie and co-workers reported an in-depth study on
CdxHg1−xTe QDs prepared through cation exchange routes.314
By comparing the relative oscillator strengths, derived from
theoretical models with various charge carrier locations, with
experimental absorption transition strengths, they established a
model for showing the cation distribution in core/shell
structured and alloyed CdxHg1−xTe QDs. Apart from the
steady state spectroscopy, transient spectroscopy studies in
combination with theoretical analysis are currently carried out
by Rogach and co-workers to probe the ion exchange kinetics
and establish the correlation between the spatial distribution of
the mixed cations and optical properties of CdxHg1−xTe QDs.
3.3.3. Direct Growth Route with Auxiliary Cationic/
Anionic Precursors. Before the organometallic synthetic
route represented by the TOP/TOPO method was invented
in 1993, direct synthesis of core/shell QDs in aqueous systems
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thermally release S2− ions for shell growth of metal
sulﬁde.197,275,279,294,306 In this respect, it is also similar to
thiol ligands such as GSH, TGA, etc. as mentioned above,
except that it cannot serve as the particle surface ligand.
Beside the above strategies, intermittent introduction of
limited amounts of auxiliary cationic/anionic precursors is also
possible to suppress homogeneous nucleation during shell
growth. For example, aqueous solutions of Cd2+−cysteine and
HSe− ions were sequentially injected into a reaction system at
100 °C to grow CdSe around cysteine-capped CdTe QDs
showing orange emission around 613 nm as shown in Figure
11.319 During the ﬁrst round of injection, the amount of
incoming Cd2+ ions was controlled at 30% of those in CdTe
cores in order to achieve single layer growth of CdSe after
reacting with the injected HSe−. Rest intervals of 10 min after
cation injection and 20 min after anion injection were
introduced to facilitate the deposition of CdSe while the reﬂux
was continued. By repeating the above procedures, CdTe/CdSe
QDs with increased shell thickness were obtained. Along with
the shell growth, the exciton absorption appearing as a shoulder
at 572 nm shifted to 750 nm after six rounds of the shell growth
process for CdSe, accompanied by a red shift of PL peak
position from 613 to 813 nm. All these observations strongly
support the epitaxial growth of CdSe around the CdTe core.
The PL QY presented a nonmonotonic behavior showing a
maximum value of 12% at 724 nm. Although the above
procedures are complicated and the PL QY of the core/shell
QDs remains low, it shows the possibility of direct formation of
the shell structure with auxiliary precursors upon careful
growth.
Apart from synthesis under conventional experimental
conditions, microwave-assisted growth of core/shell QDs was
also reported. Microwaves as high frequency electric ﬁelds can

Figure 9. (a) Normalized steady-state absorption spectra of a, CdTe;
b, CdTe/ZnTe1; c, CdTe/ZnTe2; and d, CdTe/ZnTe3 QDs. (b)
Emission spectrum of a, CdTe; b, CdTe/ZnTe1; c, CdTe/ZnTe2; and
d, CdTe/ZnTe3 QDs. (c) Time-resolved emission decay traces of a,
CdTe; b, CdTe/ZnTe1; c, CdTe/ZnTe2; and d, CdTe/ZnTe3 QDs.
“L” indicates the laser excitation pulse proﬁle. Reproduced from ref
315. Copyright 2011 American Chemical Society.

reactions among Cd2+, SeO32−, and NaBH4 around 75−78 °C
however largely shifted the ﬂuorescence peak position of the
resulting QDs to the near-infrared region, indicating the
formation of type II CdTe/CdSe core/shell QDs that
presented prolonged PL lifetimes (see Figure 10 for details).317
By using SeO32− as the anion precursor, the CdSe shell around
the CdTe core was grown under hydrothermal conditions by a
layer-by-layer fashion through sequential deposition of
quantitatively matched amounts of anionic/cationic precursors
in each cycle (i.e., amounts suﬃcient only for a single layer
coating at each cycle). A signiﬁcant improvement in photostability of the QDs was observed against the shell thickness.318
Similarly to SeO32−, thiourea is an alternate choice as it can

Figure 10. Fluorescence decay curves of CdTe core-only (black line)
and CdTe/CdSe core/shell QDs, which were recorded at the maxima
of the emission with the excitation wavelength of 400 nm. Decay
lifetime increases gradually with the growth of CdSe shell (from left to
right, shell growth time: 0, 15.3, 28.5, 45.5, and 66.4 h). Reproduced
with permission from ref 317. Copyright 2008 IOP Publishing.

Figure 11. (a) Layer-by-layer epitaxy of CdTe/CdSe core/shell QDs
with NIR ﬂuorescence. (b) UV/vis absorption spectra and (c)
corresponding ﬂuorescence spectra of CdTe and CdTe/CdSe (with
1−6 layers of CdSe shell) QDs. Reproduced with permission from ref
319. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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the heterostructures described already by conventional transmission electron microscopy. For such reasons, more
supporting experimental evidence is often needed to underwrite
the hypotheses of core/shell structures aforementioned as well
as those reported in the literature, because gradient and alloyed
structures may also be likely to form preferentially in many
systems. One such example is the one-pot synthesis of CdTe/
ZnTe core/shell QDs obtained through direct reactions among
Cd2+, Zn2+, and NaHTe in aqueous solution in the presence of
322
L-cysteine.
Although the composite structure of QDs
obtained and structural formation mechanism remain to be
clariﬁed, this novel synthetic route may deserve further
investigation for the facile synthesis of aqueous core/shell QDs.

generally heat polar molecules rapidly by forcing them to rotate
with the irradiation ﬁeld. Thus, the chemical reaction kinetics
especially for NC growth are greatly altered. For example,
CdTe/CdS core/shell QDs were synthesized by heating
puriﬁed MPA-stabilized CdTe QDs in an aqueous solution
containing CdCl2, Na2S, and MPA, with microwave irradiation.320 The CdS shell growth resulted in gradual red shifts in
both absorption and ﬂuorescence, and the PL QY reached the
maximum value of 75% (∼560 nm) within 5 min and then
gradually decreased upon further thickening of the CdS shell.
Within 15 min of reaction under microwave irradiation, the
emission peak was tuned from 520 nm for the initial cores to
623 nm for CdTe/CdS core/shell QDs.320 The obvious
advantage of this approach is that the synthesis process is
fast. In addition, it allows further growth of the second shell.
For example, following the above investigations, Huang and coworkers further reported MPA-capped CdTe/CdS/ZnS core/
shell/shell QDs synthesized through microwave-assisted
growth as shown in Figure 12.321 The general procedures for
ZnS shell growth were very similar to that for the CdS shell, i.e.,
heating the puriﬁed CdTe/CdS stabilized by MPA in a solution
containing ZnCl2, Na2S, and MPA at an appropriate pH. As a
consequence of the ZnS coating, the PL QYs of diﬀerently sized
CdTe/CdS QDs were apparently enhanced, up to 40−80% in
the emission range 530−615 nm. Due to the large mismatch in
the lattice constants, directly coating ZnS on CdTe QDs is
diﬃcult. To overcome this problem, an intermediate CdS shell
with a lattice constant between CdTe and ZnS was used as a
buﬀer layer to reduce lattice strain at the core surface but still
permit ZnS external coating for the suppression of the
cytotoxicity of cadmium chalcogenides for bioapplications.
Despite the above-mentioned progress on diﬀerent shell
growth techniques, constructing core/shell NCs by aqueous
synthesis remains challenging. In addition, since the electron
density among II−VI semiconductors diﬀers only slightly, it is
also diﬃcult to discretely identify the core/shell interfaces in

3.4. Alloyed NCs

Synthesis-wise the growth of alloy composition QDs shares
some common aspects with the formation of core/shell
heterostructured QDs, the synthesis of which was covered in
section 3.3. The latter may be the starting point upon thermally
driven redistribution of one or more of the diﬀerent cation or
(less commonly) anion species between their original layers.
The redistribution may lead to a homogeneously alloyed
particle, or it may only be partial, leading to gradient core/shell
particles with diﬀerent spatially varying proﬁles.
Another potential route to alloyed QDs (including gradient
core/shells) is the use of ion exchange130 where one
constituent ion in the QD is replaced by another from a
surrounding solution. Here again cation exchange is the most
commonly encountered process in semiconductor QDs. Such
exchange processes may be very fast and complete, perhaps
occurring typically in a few seconds or less, or the reaction may
lead to partial substitution and be far more gradual, possibly still
proceeding slowly after several days or even a few weeks. The
latter slower exchange processes and the above-mentioned
thermally driven redistribution in core/shell QDs are governed
by ion indiﬀusion that may be activated or accelerated by
raising the temperature of the QD solutions if the interdiﬀusion
of ions within the QD lattice is not suﬃciently fast enough to
meet requirements. Prolonging the reaction time at high
temperature is also an option. But limitations in this respect
may arise from either the boiling point of water or the
thermochemical stability of the surface capping agents
especially thiol ligands with respect to aqueous synthesis.
A third option for alloyed QD synthesis is to grow ternary
and quaternary stoichiometry particles directly from mixed
multiple cation or anion precursors. Here the challenge is to
balance the often substantially diﬀerent reactivities of
competing cations (or anions) so that NCs with a target
composition can be obtained. The severity of the mismatch of
reactivities can be strongly dependent upon the choice of the
reaction temperature, type and concentration of the precursors,
pH of the reaction system, ligand structure, etc.
In the following sections we will describe each of these
approaches: direct alloy formation (section 3.4.1), ion exchange
alloying (section 3.4.2), and transformation of core/shell
heterostructures into alloys or composition gradient structures
(section 3.4.3). Under each heading we further break down the
survey according to the type of QD formedmixed cation,
mixed anion, etc.
3.4.1. Direct Synthesis. As mentioned in section 2.1.1, the
solubility constants of binary semiconductors have a major
correlation with their relative stabilities and reaction rates for
formation. In the direct synthesis of ternary and quaternary QD

Figure 12. (a) Schematic illustration of microwave-assisted synthesis
of water-dispersed CdTe/CdS/ZnS core/shell/shell (CSS) quantum
dots (QDs). (b) Interrelationship between band gap energy, lattice
constant, and lattice mismatch of bulk CdTe, CdS, and ZnS. Herein,
lattice mismatch refers to the mismatch compared to CdTe. (c)
Representative absorption and PL spectra of CdTe core QDs (PL QY
∼ 30%), CdTe/CdS core−shell QDs (PL QY ∼ 65%), and
corresponding CdTe/CdS/ZnS core−shell−shell QDs (PL QY ∼
80%) prepared at 100 °C and 1 min microwave irradiation, 100 °C/5
min, and 60 °C/5 min, respectively. Reproduced with permission from
ref 321. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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cytotoxic Cd content and to “harden” the lattice (reduce defect
counts and nonradiative recombination centers) by introducing
Zn at the other end of the composition range. The direct
growth of such alloys may also be a far more rapid synthetic
method in some cases than using room temperature ion
exchange, particularly where high resulting QY is of primary
importance.
The metal series reactivity Hg > Cd > Zn gives a strong
disparity in the uptake of Hg in comparison to both Cd and Zn,
while the mismatch between Cd and Zn is less marked but is
still nonetheless heavily in favor of Cd in the ﬁnal QD
composition. The simplest method to assert control more in
favor of the less reactive cation is to heavily overweight the
precursor feed ratio toward that higher pKsp cation.324,325 The
extent of the overweighting used in the literature however does
not reﬂect just the diﬀerences in solubility product, but also the
overall duration of the synthesis as this may include not just the
initial reaction phase but also sometimes an extended reﬂux or
hydrothermal period afterward. These approaches, with a
follow-up heating phase, may reduce the net overweighting
required. In such cases it becomes hard to draw a line between
direct alloy formation and subsequent high temperature ion
exchange, with cation indiﬀusion also possibly being substantially activated at high temperature. During the secondary phase
of the reaction, any of the less reactive cation (possibly by now
in large excess in the surrounding solution) not absorbed in the
initial phase may then subsequently be absorbed in the alloys
by exchange, Ostwald ripening, or simply continued growth
from remaining precursors. This absorption will then redress
the earlier stoichiometric imbalance in favor of the faster
reacting cation toward the less reactive one as can be
determined by elemental analysis of aliquots removed at
intervals during the heating stage.323 For competition between
Cd and Zn the pH and choice of stabilizer in aqueous syntheses
may also have a stronger inﬂuence on the necessary degree of
overweighting than for the comparable Cd vs Hg case, for
example. In organics-based synthesis of course the relative
solubility products for the two cations in the solvent−ligand
system rather than the more usually known aqueous parameters
are relevant and the disparities in these may diﬀer signiﬁcantly
from those in water based solutions, leading to diﬀerent
precursor ratios.
A comparison of the investigations of Liu et al.324 and
Lesnyak et al.325 on the growth of ZnxCd1−xSe alloys illustrates
how the cation weighting can be inﬂuenced by the use of
diﬀerent heat treatments after the initial synthesis. In both cases
the Zn:Cd feed ratio was heavily weighted in favor of Zn, yet in
the former case the Zn content in the QDs only ranged from x
= 0.1 to x = 0.01. In the latter case x covered almost the whole
composition range (up to x = 0.97) and the PL emission ranges
diﬀered in each case due to both the diﬀering compostition and
QD size ranges. Liu et al. restricted their postsynthetic heat
treatment to 80 °C for a few hours, while Lesnyak et al. reﬂuxed
their reaction mixtures allowing a further more signiﬁcant
uptake of Zn during the heating phase. In both cases the PL QY
of the initial product was in the few percent to just over 10%
range but beneﬁted from the addition of a sulﬁde rich shell
supplied by partial thermal or UV decomposition of thiol
ligands which increased the PL QY by a factor of around 2.5−3fold.
In a similar manner Du et al.326 produced ZnxCd1−xTe
alloyed QDs using mixed metal chlorides in aqueous solution
with Na2TeO3 as the tellurium source and GSH as the

materials, the relative solubilities of diﬀerent metal chalcogenides with a common chalcogen anion will be a primary factor
in determining their relative uptake in the target alloy. Often
the component solubilities diﬀer by many orders of magnitude,
making controlled stoichiometry diﬃcult to achieve. However,
there are a number of ways in which this problem can be
mitigated. In aqueous QD syntheses, the simplest way is to use
a disproportionately high concentration of the less reactive
precursor, which was adopted in the direct growth of
CdxHg1−xTe by Lesnyak et al.;323 however, the control of the
stoichiometry was also found to be governed by the reaction
duration. With very large diﬀerences in Ksp values, even
overweighting the precursor ratio may not be a successful
approach.
In addition, the reaction temperature is also an important
measure for balancing the contents in alloyed QDs as it may
largely alter the reaction kinetics during the formation and
enhance the cation migration especially during the aging
process upon prolonged reaction duration, which will be
discussed later in section 3.4.3.
Apart from the eﬀects of solubility constants and reaction
temperature, pH is another important parameter to balance the
reactivities of diﬀerent cations with respect to the aqueous
synthesis of alloyed QDs. Transition metal ions are readily
hydrolyzed to form metal hydroxyl compounds of diﬀerent
forms, and their dissociation is the prerequisite for forming the
target semiconductors. According to HSAB, hard acid/hard
base and soft acid/soft base pairs form more stable compounds.
Hydroxyl ion and water belong to the strong base category,
while Cd2+ and Hg+ are soft acids and the typical thiol ligands
as well as chalcogen ions are also soft bases. Therefore, in
aqueous media, Cd/Hg chalcogenide alloys are relatively easy
to form since the interference of hydroyl ion and water is
relatively small. However, if the softness (or hardness) of
cations mismatches too much, pH starts to play a determining
role in the formation of alloyed QDs, and if the cations are too
hard, it is even diﬃcult to form semiconductors with soft bases
such as chalcogen ions, let alone alloyed QDs in the aqueous
system. HSAB theory is a very useful concept for aqueous
synthesis of alloyed QDs (direct or via ion exchange), but it is
most especially useful and frequently cited for quaternary alloy
synthesis, where balanced reactivities and precise stoichiometric
control are a must. Further speciﬁc examples are given in
sections 3.4.1.1 and 3.4.1.2.
Wherever possible, direct growth of homogeneously
distributed alloyed QDs by one-pot mixed precursor synthesis
is preferable to ion exchange or heterostructure redistribution
methods, because it should be faster (fewer steps), synthetically
more eﬃcient in the use of materials, and easier to scale-up in
many cases. The challenges include balancing precursor
reactivities as mentioned above, controlling stoichiometry,
product morphology, and particle size distributions compared
with the indirect approaches. Sections 3.4.1.1 and 3.4.1.2
highlight some of the work on direct QD alloy growth, focusing
mainly on aqueous methods (or methods that ultimately lead to
QDs dispersed in water).
3.4.1.1. Ternaries. 3.4.1.1.1. Mixed Cation II−II−VI NCs.
This group of alloys includes a number of examples such as
ZnxCd1−xSe,324,325 ZnxCd1−xTe,326,327 ZnxHg1−xSe,328 and
CdxHg1−xTe.329,323 The motivations for producing QDs of
these alloys include tuning Zn or Cd chalcogenide QDs down
to lower band gap energies by introducing Cd or Hg
respectively or conversely, for some applications, reducing the
10642

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

becomes more Cd rich in the later stages of reﬂuxing. For
example, with a feedstock ratio of 0.95:0.05 (Cd:Hg), the initial
composition value x had fallen from 0.89 to 0.77 over 4 h reﬂux,
accompanied by a red shift of the PL into the NIR.
As an aside in this account of the direct synthesis of this
group of II−VI based ternary QDs, it should be noted that,
where thiol stabilizers combined with prolonged reﬂux times
are used, there is some possibility of a gradual decomposition of
the ligands which may result in some sulfur uptake at the QD
surface. The consequently formed sulﬁde-rich surface often
beneﬁts the ﬁnal PL QY by removing surface chalcogen defect
sites (i.e., Te or Se vacancies). It may also be possible that the
sulfur could migrate further into the QD creating a quaternary
rather than ternary alloy, but anion indiﬀusion is probably less
likely in the temperature range normally covered during
aqueous syntheses (usually ≤100 °C). In the works mentioned
above, Li et al.327 (ZnxCd1−xTe) and Liu et al.328 (ZnxHg1−xSe)
also tracked increases in sulfur content by elemental analysis
during the heat treatment phases of their syntheses. Both
groups used GSH as their ligand and that is also a slow release
sulfur precursor in contrast to thioacetamide and thiourea that
are rapid release sulfur precursors as mentioned in the early
part of this section.
The overall lesson in these syntheses is that, where the cation
reactivities diﬀer radically, overweighting of the precursor ratios
relative to the desired stoichiometries is a prerequisite but the
degree of this overweighting may be mitigated if a prolonged
reﬂux stage after the initial mixing of precursors is employed.
The slower uptake of the less reactive cation later in the heating
stage may lead to an internal radial cation distribution
depending on the reﬂux time, temperature, and cation lattice
hardness.
3.4.1.1.2. Mixed Cation I−III−VI NCs. Ternary alloyed QDs
based on AgInS2, ZnInS2, and CuInS2 have become increasingly
popular in recent years owing to their potential applications in
solar cells, and as Cd-free substitutes in bioassay and in vivo
applications where low heavy metal toxicity is required. In some
cases, although particle sizes may be in the low tens of
nanometer size range, band gap tuning may still be obtained by
compositional variation (i.e., CuxInyS0.5x+1.5y), by doping, or in
some cases by forming nanoparticles that are solid solutions
with other semiconductors. For smaller particles quantum
conﬁnement eﬀects also play a role, so there may be many
degrees of freedom for band gap engineering. Both organic
solvent and water based synthetic routes are used to make these
materials, with the former being the dominant reaction type in
the literature at the moment. Kolny-Olesiak and Weller242
recently published a comprehensive review of the CuInS2 ﬁeld
though only a few water based syntheses were featured at that
time. Likewise the review by Liu and Su330 covering the whole
range of I−III−VI materials was still dominated by organic
methods. There are however some useful beneﬁts to be derived
from adopting an aqueous synthetic approach: for bioapplications the water-based solvent is the same as required for the
end use; for solar cells short ionic capping agents rather than
long chain steric stabilizers may beneﬁt carrier mobilities in QD
solar cell structures; water-based synthesis may allow diﬀerent
NC morphologies to be grown which oﬀer better performance
in certain applications; for industrial scale preparation waterbased synthesis oﬀers a green alternative to the use of organic
solvents.
The most frequently encountered AgInS2, CuInS2, and
ZnInS2 have again the problem of controlling the two cation

stabilizer. Again the tendency for low Zn uptake even with high
Zn:Cd feed ratios was countered by following the initial
precursor mixing stage with a rapid microwave heating stage
which was continued for various extended periods to obtain a
range of stoichiometries up to x = 0.42. The use of the tellurite
precursor avoided the need to use an inert atmosphere to
protect the tellurium source so the heating stage could be
applied straight away without waiting for oxygen to be purged
from the reaction mixture. The feed and ﬁnal QD Zn:Cd ratios
were very similar indicating that, although the relative cation
reactivities might strongly favor Cd initially, the Zn precursor
could be consumed during the later phase and the heating
period would also serve to allow internal redistribution of the
two cations homogeneously within the alloy. Li et al.327 used a
similar single step synthesis, also with GSH as the stabilizer.
Slightly lower PL QYs (up to 75%) were recorded, but longer
reﬂuxing times allowed them to tune the composition (up to
0.43) and emission (470−610 nm) over a wider range than the
former case, probably due to a further increase in QD size due
to ripening.
For ternary alloys involving Hg the disparities between the
reactivities of the latter and Zn or Cd are even greater than
between Zn and Cd themselves. Liu et al.328 used direct growth
of ZnxHg1−xSe with high Zn content (x = 0.96−0.7) as an
aqueous growth route alternate to the more generally used
organic solvent based growth of pure ZnSe QDs. By employing
only very small amounts of Hg2+ salt in order to maintain a high
Zn:Hg feed ratio, and using reﬂux times of just 1 h, they were
able to obtain QDs emitting in the 548−621 nm range but with
PL QY as high as 78%, which compares favorably with those
obtained by high temperature organic hot injection methods.
Diﬀerences in the degree of overweighting of Cd:Hg in the
synthesis of CdxHg1−xTe QDs used by various groups can be
seen by comparing the ﬁndings of Sun et al.329 and Lesnyak et
al.323 The former used a mixed solution of the metal chlorides
with an overweighting in favor of Cd:Hg in the feed ratio of
between 3 and 5 times relative to the composition ratios in the
alloyed QDs obtained. The reaction time after bringing the
precursors together was only 30 min at 40 °C, the emission
shift into the IR relative to the corresponding CdTe QD
emission was relatively modest with the peak ranging up to just
under 1300 nm with PL QYs up to 45%, though water
vibrational overtone and combination bands eﬃciently quench
luminescence from around 1200 nm onward. Evidence for a
radial cation concentration gradient (Cd rich near the surface)
was observed by partially etching the alloyed QDs for a series of
time periods prior to ICP analysis of the etchant solutions.
Lesnyak et al.323 also strongly overweighted the Cd:Hg ratio
of the feedstock (98:2 or 95:5), and the reaction mixture was
reﬂuxed just after the injection of the Te precursor. However, in
this case the heating was prolonged for several hours, over the
course of which the PL peak position could be shifted from 640
nm out to nearly 1600 nm. The highest PL QY in this range
was around 60%, though initial long-term (22 h) reﬂux only
resulted in PL QYs around the 25% level. As in their previously
mentioned work, they reported a decrease in the Cd:Hg ratio
during prolonged reﬂuxing, indicating not only the QD growth
but also that compositional restructuring was occurring. This is
not surprising given that a high proportion of the available Hg
precursor will be included in the cores of the QDs during the
initial growth phase, leaving the remaining cation stock more
Cd rich. As the available Hg is progressively depleted during
reﬂux, the material successively added to the QD surface
10643

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

For bioimaging applications, AgInS2 NCs have been explored
as an alternative to CuInS2. In exact analogy, early work on
organic solvent grown materials has now been extended to
aqueous synthesis and again the low PL QY of as-grown core
material can be improved to values of around 40% by the
addition of a ZnS shell. Xiong et al.195 used a mixed metal salt/
Na2S/GSH reaction carried out at pH 8.5 with the low pH
being possible by switching to the Ag+ rather than the Cu+
based system. After mixing the reagents for the core reaction,
the solution was rapidly heated to 100 °C in a microwave
system for just 5 min. After puriﬁcation, the ZnS shell was
added by injecting further Zn acetate and Na2S into the NC
solution and microwave heating at 100 °C once more for 5 min.
The resulting 570 nm emitting QDs were screened for
cytotoxicity and found to reduce cell viabilities by only around
10% at representative ﬂuorophore concentrations.
Kang et al.197 demonstrated exactly the same scale-up, 5 L
pressure cooker synthesis, as already mentioned for CuInS2
QDs earlier. Four liter solutions of AgInS2/ZnS core/shell NCs
were produced in one batch. Although TGA was present in this
case, gelatin was also addedpartly for its later use as a
biocompatible surface coating on the ﬁnal core/shell product,
but also, due to its multiple functional groups with diﬀering
base hardness, it could function as a binder to balance the
reactivities of both Ag+ and In3+. A fast release sulfur source,
(NH3)2S, was used for the core growth. In the following shell
growth, thiourea which released the chalcogen more slowly was
used instead to avoid competing ZnS nanoparticle nucleation.
Again, PL QY after shell growth rose to 39% and emission
covered the range 535−607 nm according to the Ag:In
stoichiometric ratio from 1:1 to 1:8.
As in section 3.4.1.1.1 on II−II−VI ternary alloys, the key to
achieving stoichiometric control lies in controlling the relative
reactivities of the two cations. But for the I−III−VI alloys the
control is most readily obtained through the use of one or more
ligands, often one hard and one soft base, to coordinate with
the respective hard and soft acid cations in order to moderate
their respective reactivities.
3.4.1.1.3. Mixed Anion II−VI−VI NCs. Wider band gap II−VI
based QDs covering the green and blue regions of the emission
spectrum were originally often grown using high temperature
organic solvent based methods, while aqueous syntheses
originally tended to yield low PL QY material. Only toward
the red and NIR did aqueous grown QDs such as CdTe show
strong (>50%) PL QYs. However, the extension of aqueous
routes to cover shorter wavelength ranges has been enabled by
forming anion alloys which include Te as one of the two
chalcogens. CdSxTe1−x, CdSexTe1−x, and ZnSexTe1−x are some
examples of such alloys where the inclusion of S or Se increases
the band gap of the QDs while retaining the relative ease of the
aqueous synthesis of the base telluride. The PL QY of the latter
two materials may also be be improved by the addition of a
sulfur shell since the mixed chalcogenides have lattice constants
close to that of the sulﬁdes resulting in ready high quality
epitaxial shell growth. Fortunately it is relatively easy to balance
the relative reactivities of the two anions in order to obtain
stoichiometric control.
In their syntheses of CdSxTe1−x QDs both Mao et al.335 and
Xue et al.336 used hydrothermal methods, with NaHTe as the
tellurium precursor, and in both cases the thiol ligands were
chosen as a source of sulfur to form the mixed anion alloyed
CdSxTe1−x QDs. In the former case, MPA was used as capping
agent, and in the latter N-acetyl-L-cysteine was adopted instead.

reactivities. Here the concepts of HSAB theory are very useful
with the careful selection of ligands and auxiliary complexing
agents used to balance the reactivities of the Ag+, Cu+, and Zn+
soft acids relative to the harder In3+ ion. The rate of release of
sulfur from the precursor can also be an important factor,
though slow release of the chalcogen is often made use of in the
application of a further shell post synthesis (often ZnS) to
improve the surface quality and PL QY. Again a prolonged
heating stage may be used to bring the cation ratios closer into
balance, whereas initially the smaller monovalent cations may
be incorporated far more readily than the In ion, even when the
latter is overweighted in the feed ratio. For example, in their
hydrothermal synthesis of CuInS2 QDs Liu et al.193 used a
mixed feedstock of Cu and In chlorides with MPA as the
stabilizer and a reaction pH 11.3. The sulfur source was
CS(NH2)2. After mixing the reagents the mixture was
autoclaved at 150 °C for 21 h. This high temperature, long
heat treatment ensured that the In had suﬃcient time to be
incorporated within the structure despite the initial more rapid
Cu ion uptake. The reaction product had a chalcopyrite
structure with relatively weak PL (QY 3%) at 660 nm.
Similarly, Xie et al.331 also prepared wurtzite CuInS2 NCs but
with heat treatment at only 80 °C for 48 h after bringing the
reactants together. Again they used TGA as the stabilizer and
Na2S as the sulfur source, and CuCl2 and In2(SO4)3 as the
metal precursors. However, they adjusted the reaction pH to
10.3 prior to heat treatment, with the high pH favoring the
formation of the wurtzite phase. TGA was found to have an
additional role in ensuring that Cu(II) was reduced to Cu(I).
The chelation and reducing action of various thiols (including
TGA) on metal ions has been investigated previously by
Fernando et al.332,333 The primary role of TGA in controlling
the morphology was attributed to the eﬀect of balancing the
reactivities of Cu+ and In3+. The former is a softer acid than the
trivalent cation and so preferentially interacts with the soft base
TGA. The stronger metal−thiol coordination thus retards the
reactivity of the Cu+ ion and better balances it with that of In3+.
Chen et al.192,246 introduced a hard base to further balance
the reactivity of the hard acid In3+ in preparing CuInS2 QDs
through a hydrothermal approach. In their preparation, apart
from TGA (or alternatively glutathione) which was used as a
soft base to coordinate with Cu+, sodium citrate as a harder
base was also adopted to tune the reactivity of In3+. After
introducing Na2S as sulfur source, the reaction at 116 °C
allowed a more balanced compositional control with a Cu:In
ratio tunable from 1:1.5 to 1:8. Although PL QY of only 2−5%
was obtained from the core QDs, by adding up to 3 monolayers
of ZnS it was increased to 38−40%. Both the core and shell
growth were carried out at low pH (pH 4.5) which resulted in
zincblende structured CuInS2 particles. After puriﬁcation, the
core/shell QDs were tested as low cytotoxicity ﬂuorescent cellimaging agents with emission ranging from 545 to 610 nm. The
above preparation was actually carried out in a domestic 5 L
electric pressure cooker, which demonstrated the potential for
industrial scale-up.
Wang et al.334 produced a range of diﬀerent composition
CuxInyS0.5x+1.5y tetragonal NCs with BSA as ligand and
thioacetamide as sulfur source in water. Their synthesis was
carried out entirely at room temperature, with a total reaction
time of 24 h after the addition of the sulfur source. The range of
Cu:In feedstock ratios they used allowed band gap variation
from 1.48 to 2.30 eV based on absorption measurements, but
no PL performance was reported.
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QDs could be tuned from 518 to 750 nm with a peak PL QY of
around 60% at x = 0.5, achieved in the absence of N2H4.
For blue-green emission in II−VI based materials,
ZnSexTe1−x is an attractive choice since it avoids the use of
Cd. The wider band gap II−VI binary semiconductors are
generally better grown in organic solvents and at high reaction
temperaturesgrowth at lower temperatures in aqueous
solvents often results in low PL QY dominated by trap related
recombination.340,341 However, ZnSexTe1−x alloys have lattice
parameters close to that of ZnS, so the latter can epitaxially
grow on the surface ZnSexTe1−x QDs to achieve better surface
passivation. Li et al.267 prepared ZnSexTe1−x QDs in aqueous
solution simply using mixed H2Se and H2Te gases generated
alongside each other in the same ﬂask by the action of acid on a
mixture of Al2Te3 and Al2Se3 solids. The mixed gases with
diﬀerent compositions, determined by the molar ratio of the
solid precursors, were bubbled through a solution containing
Zn perchlorate and TGA at pH 6.5, which would have resulted
in very rapid decomposition of the chalcogenide gases to
furnish the Te and Se. The initial addition of the anion
precursors was then followed by reﬂuxing for 48−72 h. The
resulting QDs were then treated with further Zn perchlorate
and TGA, and then irradiated under UV light to form a ZnS
shell around the alloyed QDs upon photodegradation of the
additional TGA. The resulting alloyed QDs showed PL
emission ranging from 410 to 448 nm and a maximum PL
QY of 45%. In the Li et al. study no attempts were made to
regulate the relative reactivities of the two chalcogenide
precursors, but this would have been mitigated by the
prolonged reﬂux periods. Their results were also presented in
terms of the feedstock Te:Se ratios rather than the assayed
ratios in the QDs.
The balance of anion reactivities in the ternary alloy QD
syntheses mentioned above presents relatively little diﬃculty
when compared with the regulation of cation reactivities in
multiple metal ternary alloys mentioned in the preceding
sections.
3.4.1.2. Quaternaries. The challenges for stoichiometric
control are particularly acute for quaternary QD synthesis.
There may be two or even three competing cations or two
cations and two anions competing simultaneously, making
methods to balance or regulate precursor reactivities very
important. For organic and aqueous synthetic methods alike the
challenges are the same. One of the main motivations to master
this type of synthesis and to produce high PL QY material is the
production of low cost solar cell materials at bulk scale in socalled one-pot methods which are not limited in batch sizes in
contrast to many hot injection techniques.
Kim et al. reported InPZnS alloyed QDs with an additional
ZnS shell to counter surface trap related emission and improve
PL QY to 40%, through organic hot injection method.342
However, group V chemistry does not seem to lend itself to
aqueous quaternary QD synthesis. In this category, there are
currently two main systems of interest, i.e., Cu-doped ZnInS2
and ZnAgInS2 (ZAIS), with the latter also referred to as a ZnSAgInS2 solid solution system. In the hydrothermal synthesis of
Jiang et al.,343 a HSAB balancing approach was used to try to
balance the three cation reactivities. The hard Lewis acid In3+
was paired with a hard base, i.e., sodium citrate as
aforementioned, and the softer Lewis acids Zn2+ and Cu+
(reduced from Cu2+) were paired with the thiol used, i.e., GSH,
to balance their reactivities. Zn2+ and Cu+ could interchange
places by partial ion exchange, so provided Zn2+ and In3+ were

In both cases heating times ranged up to slightly over 1 h, with
Mao et al. heating at 180 °C and Xue et al. heating at 200 °C.
Both groups used pH values close to pH 9, which is necessary
in order to stabilize the NaHTe to bring the Te precursor
reactivity into line with that of the S precursor. Mao et al.
compared TGA, GSH, and MPA, and obtained higher PL QYs
with the latter, e.g., 65−70% for emissions peaking at around
750 nm with MPA. This was attributed to better matching of
the decomposition of MPA with the particle growth rate
(driven by the release of the Te source), while TGA and GSH
released the sulfur too rapidly. The heating time and feed ratios
(for each given sulfur source) were used to regulate the anion
stoichiometries. In both cases, the alloyed QDs were screened
for biolabeling applications: Mao et al. showed in vitro celllabeling and cytotoxicity performance, while Xue at al. tested
their QDs both in vitro and in vivo.
Several groups have reported the synthesis of CdSexTe1−x
alloyed QDs in aqueous systems; e.g., Piven et al. produced a
range of diﬀerent size and composition QDs.337 They
simultaneously added various ratios of NaHTe and NaHSe
solutions to a solution of Cd perchlorate and TGA stabilizer at
pH 11.2. Simply using a mixture of the two precursor solutions
was suﬃcient to balance the anion reactivities. After an initial
room temperature mixing, the resulting solution was reﬂuxed at
100 °C for various times to allow particle growth. The PL
tuning range was 550−690 nm, but PL QYs were much lower
than those obtained for the same materials through organic
synthetic routes. In a diﬀerent approach, Liang et al. reported
higher PL QYs when adding the NaHTe and NaHSe in two
sequential steps.338 In fact, their synthesis has some characteristic of core/shell growth followed by core transformation
under heating. In a ﬁrst stage, CdTe QDs were prepared by
adding NaHTe into an alkaline solution of CdCl2 and Lcysteine as ligand, which was followed by reﬂuxing for 90 min.
Then in a second stage, NaHSe was added and the reﬂux was
continued to form the alloy. The emission could be tuned up to
814 nm and the highest PL QY across this range was about
53%. The higher PL QY may be partly due to the release of
sulfur from L-cysteine during the prolonged reﬂux stages. Liang
et al. also mentioned that the sulfur content of their alloyed
QDs may in fact have formed either quaternary alloys or more
likely ternary alloyed QDs with a sulﬁde-rich shell which is
favorable for better surface passiviation.
Tan et al.339 grew both CdTe and CdSexTe1−x alloyed QDs
through aqueous synthesis with mercaptosuccininc acid, CdCl2,
and Na2TeO3/Na2SeO3, and N2H4. The metal salt and ligand
were dissolved in a slightly alkaline solution (pH 8) and mixed
with a solution of the chalcogen precursors, along with a
proportion of NaBH4 to reduce the tellurite/selenite. By using
the TeO32− and SeO32− precursors the need for a high pH
could be dispensed with, since the formation of the Se and Te
precursors was driven by the borohydride reducing agent, and
eﬀectively produces the precursors almost immediately prior to
their reaction; i.e., there is no need to stabilize a reservoir of airsensitive chalcogenides for any prolonged duration. N2H4 was
subsequently added, in order to accelerate the growth rate of
the QDs. After mixing, the solution was heated at 95 °C in air
for just 45 min. The fast reaction times are a further
consequence of the relatively rapid provision of the Se and
Te precursors via the in situ reduction. High N 2 H 4
concentrations were found to have a detrimental eﬀect on PL
QY, whereas for pure CdTe its presence was found to be more
beneﬁcial. Notwithstanding this, the PL emission of alloyed
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layer. Below we focus on ion exchange between QDs and a
surrounding solution of ions. This process will involve exchange
at the QD surface and may go further by indiﬀusion of the
incoming cation to the interior of the QD and expulsion of the
incumbent cation in the opposite direction.
Cation indiﬀusion plays a major role in alloy formation in
many QD systems, and usually the anions are assumed to form
a more or less rigid framework in which cations move and mix.
The relaxation of the cations is then said to occur topotaxially
without disturbance of the anion framework and the lattice
morphology, and shape of the particle remains unchanged.
However, in some cases there is a particle size limit below
which this assumption no longer holds as observed by Son et al.
in their studies on reversible transformations between CdS and
Ag2S nanoparticles.345 Morphological transformations may also
occur during ionic diﬀusion processes which will lead to both
shape and lattice structure changes. The latter may be localized
or apply to the whole nanoparticle.308,346,347
There have been many reviews on ion exchange methods for
NC synthesis, including ours.130 Regulacio and Han’s mini
review covered materials where exchange was carried out in
both water and organic solvents and described a wide range of
emerging applications.348 Rivest and Jain’s review emphasized
the general ﬂexibility and the physical and structural beneﬁts of
ion exchange in terms of shape, morphology, and access to
heterostructures that are otherwise diﬃcult to synthesize.349
The review by Moon et al.350 is a good starting point as an
introduction to the ﬁeld, covering not only topotactic exchange
processes but also more generally those involving other
mechanisms (galvanic replacement, the Kirkendall eﬀect, and
nontopotactic anion exchange) leading to shape changes and
hollow particles (spheres, tubes etc.). This review, together
with the article published the year before by Moon et al. on
transformations in tellurium-based wires, forms an excellent
place for a newcomer to the ﬁeld of ion exchange to begin.133
For those interested in core-in-rod heterostructures, which are
ﬁnding applications as laser and gain media, Sitt et al.’s review
on the latter also includes a few examples of such structures
made via cation exchange.351−353
In early work on II−VI heterostructures, Schooss et al.354
and Mews et al.9 reported CdS/HgS/CdS multishell QDQW
nanoparticles obtained upon cation exchange in aqueous
solution, which has been introduced in early part of section
3.3.2. However, in attempting to duplicate these structures in
the analogous tellurides in aqueous systems, Rogach and coworkers observed signs of alloy formation rather than simple
discrete layered core/shell−shell arrangements.310 This early
observed alloying behavior was further investigated in
CdxHg1−xTe QDs grown in both aqueous and organic media,
and extended into the synthesis of other II−VI alloyed QDs by
many other groups. The impact of the ion exchange process on
the PL QY of aqueous CdxHg1−xTe QDs was investigated by
Gupta et al.311 Smith and Nie355 originally investigated the
alloying process with the mercury salt and QDs dispersed in
chloroform, and more recently studied both core/shell CdTe,
HgTe, and CdxHg1−xTe alloys314 formed in both water and
organic solvents. By ﬁtting the absorption spectra of the
exchanged QDs to multiple Gaussian peaks, they were able to
extract oscillator strength values for the lowest lying transitions
in their materials. The relative strengths were compared with
the trends predicted by eﬀective mass approximation (EMA)
models for QDs with diﬀerent types of cation distribution, e.g.,
discrete core/shell, radial cation gradient, and homogeneously

reasonably well regulated and formed the majority of the cation
system, some Cu+ ions could be incorporated after the cation
lattice was established, hence the Cu-doped ZnInS2 hypothesis
given by the authors. Relatively low Cu:(In+Zn) feed ratios
were used, e.g., 4:(30 + 10). After adding a ZnS shell, PL QY up
to 35% and composition tuning of the PL over the range of
465−700 nm was shown.
Deng et al.245,244 have reported the aqueous synthesis of
ZAIS NCs, in a single ﬂask reaction. All three metal salts, e.g.,
AgNO3, In acetate, Zn acetate were codissolved with GSH in
water followed by pH adjustment to the moderately alkaline
range, i.e., 8.5, to avoid the hydrolysis of In3+. Na2S in one case,
and alternately thioacetamide or thiourea were used as fast
acting sulfur sources. After reaching 100 °C, the reaction
mixture was maintained under reﬂux for 4 h. The PL QY
reached 30% but was broad and with a pronounced Stokes shift,
which Deng et al.,244 attributed to trap state related emission.
Lightly Cu+ and Ag+ doped ZnxCd1−xS quaternary NCs have
been prepared in aqueous solution by Chen et al.344 The
concentration of the dopants in the product was only up to 5
atomic % of the overall metal content. The visible emission
(450 to 620 nm), arising from the QD conduction band to the
metal dopant d-states, was controlled primarily via the Zn/Cd
ratio for a given Ag or Cu doping level, but was relatively weak
(PL QY < 10%) for the as-grown QDs. Further ZnS shell
coating improved the PL QY to 20−30% and this was
accomplished simply by injecting additional Zn salt solution
and thiourea/GSH into the solution of the QDs stabilized by
GSH and continuing the heating for a further 45 min. The
amounts of Zn and S precursors were adjusted to add
approximately one monolayer of ZnS in each single step, and
further monolayers could be added by repeating the shell
growth process. Typically, 4 shell monolayers were found to
give optimal PL QY.
3.4.2. Ion Exchange. For direct aqueous synthesis of the
alloyed QDs described in section 3.4.1, one of the drivers
includes the exclusion of toxic heavy metals, hence the interest
in the band gap tuning versatility oﬀered by some of ternaries
and quaternaries. In addition, the possibility of scaleup, low
toxicity of the precursors, environmentally friendly preparation
processes, and use of an inexpensive and nontoxic solvent
(water) are also seen as advantages. However, as mentioned
above, in many cases it is hard to balance precursor reactivities
to give good stoichiometric control which can in some cases
lead to broad (compositionally and size distribution spread)
emission spectra. In addition, many of the more complex
ternary and quaternary QDs exhibit poor PL QYs owing to the
complicated chemistry involved in aqueous synthesis and from
the relatively low temperature limited by the boiling point of
water. Semiconductor shell coating for passivating the surface
and reducing the contact of the carrier wave functions with the
surface seems to be the only way to redeem the poor initial
surface quality, which is ﬁne for ﬂuorescence applications, but
may be inconvenient for charge carrier injection/extraction and
band alignments with respect to photovoltaic or electroluminescent devices.
Ion exchange, especially topotaxial cation exchange, oﬀers an
alternative route to the direct synthesis of alloyed QDs, where
the size, shape, and particle morphology are ﬁrst established
with good control and precision in a template material, and one
or more alternate cations are subsequently substituted either
partially or completely. Ion exchange may also oﬀer a route to
form heterostructures with graded interfaces between each
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aqueous phase in consequence of the additional ligand
exchange (Figure 14). Water-soluble QDs with composition x
= 1−0.08 and PL tuned from 412 to 570 nm with optimal PL
QY up to 44% were achieved in this way. However, the PL QY
was not so diﬀerent from the peak PL QY obtained by Zheng et
al. using the aqueous method mentioned above.
Shao et al.358 attempted to establish a method to facilitate Cd
inclusion into water-based ZnSe QDs at room temperature by
carrying out a two-stage sequential cation exchange process.
Water-based ZnSe cores were ﬁrst synthesized using Zn(NO3)2/MPA/H2Se precursors and a 2 h reﬂux following the
initial mixing. Then a two-stage ion exchange was carried out.
In the ﬁrst stage of the room temperature alloying, Ag ions
were introduced by adding AgNO3 and further MPA, along
with an amount of hydrazine which also served to maintain the
solution pH around 10. An immediate color change indicating
the cation exchange was observed, but without the hydrazine no
exchange could be obtained. In the second stage exchange, the
Ag ions previously absorbed were displaced by adding a 50-fold
molar excess of Cd ions and more MPA. The ﬁnal Zn:Cd ratio
was controlled by adjusting the Zn:Ag ratio in the ﬁrst stage
in the second stage only the Ag was displaced by the Cd ions
under the reaction conditions. The same two-stage process
could be carried out using Cu ions as the intermediate. The
drawback with this approach is that complete exchange of all
the Ag or Cu at the second stage is diﬃcult to achieve; some of
the smaller monovalent cations remain, and these impurities
dominate the luminescence process. Low level dopants of this
type can give rise to low PL QY transitions between the QD
conduction band and the valence d-states of the dopant.359,360
Similar problems with residual Cu doping were encountered by
Jain et al.352 in their work on CdSe/CdS heterostructures
derived from Cu2Se/Cu2S templates by ion exchange. In that
case the syntheses and ion exchange were organic solution
based and removal of the Cu+ residual impurities was eﬀected
by allowing the QDs to stand for several days in solutions
containing extra TBP as a soft base.
Chen et al. used aqueous cation exchange to convert
ﬂuorescent CdTe QDs to Ag2Te QDs that are potentially
useful for NIR bioimaging.361 Typically their CdTe template
QDs presented PL QYs of over 30%, but dropping to only
around 2% after complete exchange of Cd with Ag. Subsequent
overgrowth of a ZnS shell improved the QY to 5.6%. Although
the PL QY performance was relatively poor, emission tuning to

alloyed QDs containing Cd and Hg cations. This allowed
diﬀerent types of mixed cation compositions to be identiﬁed
from their ﬁtted band edge absorption spectra, and this was
found to correlate with the exchange conditions used.
A similar cation exchange approach, in this case to form
ZnxCd1−xSe alloy, was adopted by Zheng et al. via postcore
synthesis as shown in Figure 13.356 Core ZnSe QDs were
grown in water using a ZnCl2, GSH, and NaHSe synthesis at
pH 11.5. Similar to most aqueous syntheses of wide band gap
II−VI QDs, the initial room temperature mixing of the reagents
was followed by a brief heating stage (95 °C for 30 min).
Conversion to the ZnxCd1−xSe alloy was achieved by adding
further CdCl2 salt with additional GSH, adjusting for the drop
in pH by adding NaOH to recover to pH 11, and then
continuing the heating for a further 2 h. Zn:Cd ratios of up to
0.4:0.6 were obtained in this manner. Zheng et al. also
determined the sulfur content in their alloys alongside the Se.
Slow and partial decomposition of GSH ligands was believed to
be responsible for better surface passivation, possibly via surface
CdS shell formation, leading to PL QYs of up to 48% for
emission peaking at 475 nm. Lou et al.357 sought to address the
relatively poor PL QY of the ZnSe core material used for
preparing water-soluble ZnxCd1−xSe alloys by instead opting for
an organic method to prepare the core QDs. The ZnSe cores
were prepared by injecting Zn oleate into paraﬃn containing Se
precursor at 310 °C, which was followed by reaction at 300 °C
for 3 min. Then, the core paraﬃn solution was brought into
contact, after being cooled down, with an aqueous solution
containing the MPA and Cd acetate. Autoclaving the
immiscible mixture for 24 h at 120 °C resulted in the
formation of water-soluble ZnxCd1−xSe QDs staying in the

Figure 13. (a) Absorption (···) and ﬂuorescence () spectra of ZnSe
and Zn 1−x Cd x Se alloyed QDs. Spectra of Zn 0.75 Cd 0.25 Se,
Zn0.62Cd0.38Se, and Zn0.4Cd0.6Se QDs are shown in blue, green, and
red, respectively. (b) PL QY and emission wavelengths of Zn1−xCdxSe
alloyed QDs as a function of Cd mole fraction. Reproduced with
permission from ref 356. Copyright 2007 Wiley-VCH Verlag GmbH &
Co. KGaA.

Figure 14. Schematic illustration of formation of ZnxCd1−xSe NCs via
cation exchange reaction of ZnSe NCs with Cd2+ at the oil−water
interface. Reproduced with permission from ref 357. Copyright 2012
Elsevier.
10647

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

longer wavelength emissions can be obtained by increasing the
particle diameter owing to their direct band gap nature. The use
of nanorods and segmented nanorods (heterostructures with
indirect IR band gaps) can oﬀer an alternative route to long
wavelength emissions. The classic organic solution based
method to produce CdSe or CdTe nanorods rather than
spherical QDs lies in the use of mixed ligands such as TOPO/
hexadecylphosphonic acid (HDA).366 Since HDA ligand binds
preferentially on the Cd sites on the 100 facet,367,368 the mixed
ligands favor the growth of wurtzite nanorods, while TOPO
ligand alone leads to (almost) spherical QD formation. HgTe
by comparison tends only to grow as zincblende phase in room
temperature aqueous QD syntheses. Alternative methods to
produce IR range materials have therefore come to include the
transformation of extended wurtzite CdTe and CdSe nanorods
etc. into either HgTe or CdxHg1−xTe etc nanorods.
Somewhat larger CdxHg1−xTe zincblende nanorods were
formed by ion exchange in aqueous solution by Tang et al.249
Their starting CdTe nanorods of 60−300 nm long and 10−20
nm wide were grown in aqueous solution using a mixture of
TGA and cysteine ligands. The latter mixture along with Cd
perchlorate and NaHTe were ﬁrst combined and then reﬂuxed
for a period of time. Introduction of mercury ions was carried
out by adding the acetate into a solution of CdTe nanorods at
pH 11 with no additional ligand being introduced. TEM
measurements showed that the cation exchange did not lead to
signiﬁcant size variations to the nanorods. The initial CdTe
template presented emission peaking at around 575 nmin
spherical zincblende QDs this would correspond to a particle
diameter of approximately 3.1 nm. The cation exchange,
however, shifted the emission up to 830 nm depending on x,
the mercury content.
3.4.3. Core/Shell Transformation and Thermally
Activated Indiﬀusion. For QD alloy formation via relaxation
of core/shell structures by thermal activation or ion exchange, it
is important to know how the nanoparticle size modiﬁes
properties such as melting points, surface tension, and ionic
diﬀusion coeﬃcients. For semiconductor QD alloys relatively
little has been done to quantify the size dependence of such
properties. Goldstein et al. have developed a relationship for the
melting point depression for nanoparticles in terms of surface
tensions, densities, and the latent heat of fusion for CdS
QDs.369 Compared with bulk material, nearly 800 K lowering
of the melting point can be observed for CdS QDs of 4 nm
diameter. Similar substantial lowering of the melting point is
well-known in metal nanoparticles, and Shibata et al. have also
studied the size-dependent spontaneous Au/Ag alloying seen in
Au@Ag core/shell heterostructures. 370 They have also
developed models based on molecular dynamics to simulate
the role of defects on metal interdiﬀusion in 3−23 nm diameter
particles. For nanoparticles with no initial site defects, the
Arrhenius relaxation times at room temperature were calculated
to be >107 years, while adding 5% defect sites dramatically
shortened relaxation times to just a few days and at 10% defects
to just a few minutes. Defect type, concentration, and activation
are therefore the key to understanding the dramatic changes in
diﬀusion processes in nanoparticles. Wang et al.371 have also
considered the size-dependent eﬀect on melting points, surface
elasticity, and mechanical moduli. Their approach suggests a
common scaling relationship that allowed them to explore the
impact of QD size on the phase diagram around the melting
transition.

1100 nm (peak PL) was observed allowing the resulting Ag2S
QDs to be used in longer wavelength tissue imaging. Electing
to choose high Ag content QDs avoids the impurity emission
problem encountered by Shao et al. in their Ag+ and Cu+ doped
II−VI QDs.358
The diﬃculty in growing wider band gap II−VI QDs in
water-based solutions with high PL QY was recently addressed
by Choi et al.362 The usual remedy for the lower PL QY with
aqueous materials is to add a type I shell (e.g., ZnS) to remove
surface traps by passivation. This is done either by an additional
overgrowth step or alternatively by surface cation exchange.
However, an abrupt transition in the lattice constant at the
interface between the core and shell can induce strain which
will change the conduction and valence band oﬀsets via the
deformation potentials caused by the strains in each
layer.34,363−365 In such cases a gradient transition in the cation
ratio between the core and shell can be a better option. Choi et
al.362 therefore compared four diﬀerent cases (shown schematically in Figure 15): CdS QDs grown in water without any
additional layers; alloy ZnxCd1−xS QDs grown directly using a
mixture of Zn/Cd precursors; core/shell CdS/ZnS grown in
two successive synthesis steps; gradient composition QDs
grown by treating CdS QDs with Zn2+ salt solution and MPA
and allowing the treated solution to stand for 2 h at 100 °C.
Although the abrupt interface of type I core/shell structure
showed a small improvement in PL QY relative to those of both
the CdS core and the directly grown alloyed QDs, the gradient
core/shell structure had the highest PL QY of 20%, nearly 2
times higher than those for the rest. These PL QY trends are
reﬂected in the radiative and nonradiative rates (Kr and Knr,
respectively). The gradient core shell has both the highest
radiative rate and the lowest nonradiative recombination rate.
While the alloy has a faster radiative rate than the CdS core, the
former has a higher nonradiative rate than the simple core,
leading to a slightly poorer PL QY though this comes with the
beneﬁt of additional composition tuning.
Cation exchange can be especially useful to form structures
that might not be so easy to create in one material but can
easily be grown in another which can then serve as a template.
Very low band gap materials such as HgTe, HgSe, PbTe, PbSe,
InAs, and InSb can be grown as quasi-spherical QDs, and

Figure 15. Schematic representation of internal structures and energylevel alignments of QDs of CdS, composition-gradient CdS/ZnS core/
shell Cd1−xZnxS (G−Cd1−xZnxS), CdS/ZnS core/shell Cd1−xZnxS
(C−Cd1−xZnxS), and alloy Cd1−xZnxS (A−Cd1−xZnxS) QDs. All the
QDs were synthesized to have a similar diameter of 3.0 ± 0.2 nm.
Reproduced with permission from ref 362. Copyright 2015 The Royal
Society of Chemistry.
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Figure 16. Schematics of the mechanism proposed for the Zn2+ for Cd2+ cation exchange (CE) in ZnSe NCs. (A) Cartoon depicting the essential
kinetic elementary steps in the CE mechanism. Fast CE takes place at the NC surface and is followed by relatively slower thermally activated solidstate cation diﬀusion. The diﬀusion is mediated by Frenkel pairs, so that the outward diﬀusion ﬂux consists of interstitial Zn2+ cations (Zni), while the
incoming Cd2+ cations diﬀuse inwardly by hopping into the Zn2+ vacancies that were accompanying the Zni (i.e., as CdZn). The CE reaction is
energetically driven both by the larger CdSe bond strength and by the larger stability of Zn(oleate)2. Depending on the CE reaction conditions,
ZnSe/CdSe core/shell HNCs (B), (Zn1−xCdx)Se gradient alloy NCs (C), or (Zn1−xCdx)Se homogeneous alloy NCs (D) are obtained. At low
temperatures (150 °C) the concentration of Frenkel pairs (Zni−VZn) is negligible, thereby precluding diﬀusion within the NC. Cation exchange will
then be limited to the NC surface, producing ZnSe/CdSe core/thin shell HNCs [panels E(i)−E(iv)]. At higher temperatures the concentration of
Zni−VZn pairs is suﬃciently high, and therefore Zn2+ for Cd2+ exchange at the surface will occur simultaneously with solid-state diﬀusion processes
within the NC [panels F(i)−F(iii)]. Under such conditions, gradient or homogeneous alloy NCs (F(iv) and F(v), respectively) will be obtained,
depending on the balance between exchange and diﬀusion rates. Sequential heating (150 °C followed by 220 °C) leads to ZnSe/CdSe core/thick
shell HNCs because the solid state diﬀusion processes start after the NC surface has been converted to CdSe [G(i)−G(v)]. Reproduced from ref
312. Copyright 2013 American Chemical Society.

relative to that of the CdSe core, indicating indiﬀusion of the
two cations. The other pairings having diﬀerent anions showed
no signiﬁcant indiﬀusion at least on short time scales. Further
temperature studies indicated that alloying with the CdSe/ZnSe
sample had an onset temperature at around 270 °C and in ∼5
nm sized QDs the mixing process was complete within 5 min
above 290 °C. These temperatures were below the melting
point of the NCs. In further improvements of this synthesis,372
PL QYs of up to 70−85% were achieved with emission tunable
from 490 to 620 nm. The inverse approach, starting with ZnSe
core QDs and adding Cd2+ in a second phase of the synthesis at
high temperature, resulted in a red shift in the PL relative to the
ZnSe core emission due to both alloying and a slight increase in
diameter due to Ostwald ripening.373
Groeneveld et al. also prepared ZnSe/CdSe core/shell QDs
and then studied the thermal activation for cation indiﬀusion
between the two layers in detail.312 They found diﬀerent
diﬀusion regimes according to the alloying temperature: at 150
°C the treatment of ZnSe core QDs with a Cd2+ solution
allowed the formation of a discrete core/shell heterostructure;
at 200 and 220 °C a radial cation gradient was created with the
transition becoming smoother (more gradual) against the

If indiﬀusion rates are limited at room temperature or even
elevated reaction temperatures, core/shell structures may be
grown. Alternatively, the core/shell structure may be the
starting point to form a completely homogeneous alloy through
subsequent thermal annealing. Due to the limitation of the
boiling point of water, the thermally activated transformation of
many core/shell QDs are often observed and largely
investigated on core/shell structured QDs constructed through
organic synthetic routes using high boiling point solvents.
Zhong et al. have prepared ZnxCd1−xSe alloyed QDs by
transformation of CdSe/ZnSe core/shell QDs at a high
temperature after synthesis of the heterostructure.372 They
observed that adding Zn2+ and TOP:Se precursors at 290−320
°C to previously prepared CdSe QDs directly led to alloy
composition QDs, suggesting that deposition of ZnSe and
cation alloying took place simultaneously at a given temperature. In control experiments, core/shell structures of CdSe/
ZnS, CdSe/CdS, and CdSe/ZnSe were ﬁrst prepared with the
shell deposition carried out at low temperatures (220 °C). In a
separate step, each core/shell QD batch was heated at 300 °C
for 10 min. Only the common anion CdSe/ZnSe system
showed an alloy composition dependent blue-shifted PL
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temperature; above 240 °C homogeneously alloyed QDs were
obtained. This was discussed in terms of a two-stage process: an
initial rapid surface cation exchange, followed by a much slower,
thermally activated diﬀusion process involving the interior
cations. For this second stage diﬀusion process to occur,
Frenkel pairs (a Zn2+ ion in an interstitial position and a Zn2+
vacancy) created at higher temperatures were assumed to be
responsible for the thermal activation and the temperature
sensitive cation diﬀusion behavior (Figure 16). Comparison
with the diﬀusion parameters for the bulk forms of the
semiconductors involved indicates a substantial scaling behavior
for the diﬀusivity and activation energies for indiﬀusion. Even at
220 °C, bulk indiﬀusion should be negligibly slow whereas in
these studies the exchange took only minutes to a few hours.
In their studies of luminescence blinking suppression in
heterostructured QDs, Wang et al.374 synthesized both
CdxZn1−xSe alloyed QDs and ZnS capped alloyed QDs.
Again pre-prepared CdSe core QDs were present in a hot
(300 °C) solution into which a Zn2+ precursor and TOP:Se
were sequentially injected. Alloying occurred over a period of a
few minutes before the product was cooled to quench further
reaction. The softened cation concentration gradient between
the core and the shell resulted in blinking suppression on the
millisecond to hours time scale, a 4-fold increase in the average
PL recombination rate, and a single NC emission line shape
consistent with greatly suppressed nonradiative Auger
recombination.
Core/shell transformation has been carried out on nanorod
(14 nm × 6 nm) CdSe/ZnSe heterostructures by Lee et al.375
Here the temperature for CdSe/ZnSe core/shell formation was
180 °C, below the temperature for activating the cation
indiﬀusion within these materials. However, a treatment at 270
°C for 3 h led to the formation of CdxZn1−xSe alloyed
nanorods, during which process the band gap energy and PL
emission peak shifted to the blue in comparison with those of
the original CdSe nanorods. The PL QY of the latter was 0.6%,
and on formation of the core/shell it was increased to 15%. On
alloying, the QY dropped to 5% after 2 h at 270 °C but
recovered to 10% at the end of 3 h. The recovery was attributed
to the relaxation of the strain set up during the core/shell
formation and annealing of defects.
The interdiﬀusion of Se and Te anions was also observed by
Koo and Korgel in CdSe/CdTe segmented nanorods that were
obtained by extending CdSe nanorods with CdTe segments
grown upon further injection of Cd and Te precursors.376
Aging the resulting segmented nanorods in solution at 300 °C
resulted in a reduction in the aspect ratio and coalescence of
the rods. In addition, interdiﬀusion of the two anions across the
boundaries between segments was also observed using
nanobeam energy dispersive X-ray spectroscopy to map the
anion proﬁles along the rod axes for samples with a range of
aging times. The Te interdiﬀusion coeﬃcient (D) at 300 °C
was estimated from the aging time and the Te axial
concentration proﬁle. The authors reported that strain did
not appear to inﬂuence the diﬀusion process and the value of D
obtained, 1.5 × 10−17 cm2/s, was close to 2 × 10−17 cm2/s
reported in the literature for the bulk material. The latter
reﬂects the relative stability of the anion lattice until relatively
high temperatures are reached, in contrast to the comparatively
more diﬀusive cation lattice in II−VI materials.
Maroudas et al.377 have also studied and modeled the anion
diﬀusion process in ternary QDs, in part motivated by the need
to predict the stability and also the tendency in some systems

to automatically segregate into core/shell structures especially
during the later stages of synthesis or during postsynthetic high
temperature annealing treatments. They developed a phenomenological continuum model for atomic species transport in
ternary QDs which accounts for both Fickian diﬀusion and
surface segregation, with the latter parametrized as a
segregation strength As and related to a drift Peclet number,
Pe, for the segregating species. The results of the continuum
model were then compared with atomistic structure simulations
using DFT methods combined with a modiﬁed valence forceﬁeld description of the interatomic interactions in the lattice
structure. Both methods support the formation of surface
segregated structures, i.e., core/shells with an intermediate
graded composition layer, under certain circumstances. The
examples chosen for the study included both anion alloys, e.g.,
ZnSexTe1−x and ZnSexS1−x, and cation alloys, e.g., InxGa1−xAs.
In terms of relating the atomistic simulations to the more
experimentally accessible diﬀusion coeﬃcient and activation
energy parameters normally used to describe indiﬀusion
processes, the authors make the point that this is diﬃcult.
Furthermore, in order to be rigorous, making such a link
requires a detailed knowledge of the types of lattice defects
present, the various diﬀusion mechanisms in play, and the
diﬀusion pathways for each mechanism. However, they oﬀer a
means to make a reasonable estimate of the necessary
parameters with the usual form, giving as an example for
group VI atoms in a zincblende lattice
D=

2
⎛ Ea ⎞
1⎛
2⎞
⎟
⎜a 0
⎟ υ0 exp⎜ −
6⎝ 2 ⎠
⎝ k bT ⎠

(11)
2

where D is the diﬀusion coeﬃcient; a0 2 is the atomic hop
distance or (in the zincblende lattice) the nearest neighbor

( ) is
E

spacing, with a0 being the lattice parameter. υ0 exp − k Ta
b

the atomic jump frequency, with υ0 being the attempt
frequency and Ea being the activation energy barrier for
diﬀusion. However, without a knowledge of how Ea and υ0 are
modiﬁed in nanoscale structures and by the types of diﬀusion
mechanisms available in such structures, eq 11 will simply serve
as an estimate of the behavior in the parent bulk lattice. The
hopping distance may also be modiﬁed by strain eﬀects as well.
The remaining challenge is to bridge the atomistic level
simulations with the traditional form of eq 11. It seems from
simulations and from experimental experience that the
inﬂuence of the NC size on these parameters is likely to be
rather stronger for cation indiﬀusion than for anion indiﬀusion
in the case of II−VI materials at least.
3.5. Doped NCs

Doping QDs with paramagnetic transition metal ions has
proved to be an eﬀective strategy to further extend the range of
physical properties of the host QDs.378−382 Internal doping
impurities can alter the optical, magnetic, or other physical
properties of the host semiconductor compounds, where
dopants in NCs coupled with the eﬀects of size conﬁnement
on the electronic states lead to unique non-bulk-like
phenomena.383−386 This ability to fundamentally control the
properties of bulk semiconductors through doping has
stimulated great eﬀorts to dope semiconductor NCs. One of
the goals of doping NCs is to produce n-type or p-type QDs,
which could be employed in the fabrication of highly
conductive NC ﬁlms for QD based devices in solar-cell
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applications.379 The focus had then shifted to develop NCs
with transition metal dopants such as Mn and Cu, both of
which can serve as luminescence centers being signiﬁcant for
technological materials.379 For example, doping with atomic
impurities is an eﬃcient way to manipulate the ﬂuorescence
emission spectra of wide band gap semiconductors like ZnS or
ZnSe that emit in the violet or blue region.
Furthermore, the characteristic magnetic properties also
allow Mn2+ ions to be used as a dopant for producing
multifunctional NPs.387,388 The resulting magnetic and
ﬂuorescent nanostructures are small (e.g., <5 nm) and also
have tunable and eﬃcient emission, as well as T1 contrast
enhancement ability.387−391 For example, Gao and co-workers
synthesized highly ﬂuorescent CdTe/ZnS core/shell structured
QDs via aqueous methods.392 By doping the ZnS shell with
Mn2+, aqueous QDs with strong ﬂuorescence and high
relaxivity were obtained. Following this study, they further
employed the same strategy to achieve Cd-free CuInS2/
ZnS:Mn QDs that presented not only excellent optical imaging
and magnetic resonance (MR) imaging potentials, but also
extremely low cytotoxicity in comparison with CdTe
QDs.236,388 It is worth noting that, owing to their small size,
doped QDs as intravenously administered probes favored fast
excretion thereby reducing possible cumulative side eﬀects. In
addition, this also reduced the chances of nonspeciﬁc retention
in the major organs.51,393 Where paramagnetic ions are doped
into the lattices of II−VI and I−III−VI QDs, leakage of the
ions into the surrounding medium is prevented. In this respect,
with the QDs as a vehicle for the paramagnetic ions, the
stability of the MR signal is improved.
Several alternate solution-based chemical strategies for
transition metal doping of QDs have been derived.360,379,384,386,394−401 These include coprecipitation methods,394−396 organometallic precursor thermolysis,399,402 inorganic cluster precursor thermolysis, 403,404 cation exchange, 1 3 0 , 3 4 9 , 4 0 5 , 4 0 6 and cation diﬀusion doping
approaches.407 After Bhargava et al.’s408 initial work on Mndoped ZnS QDs, other advances in paramagnetic Mn2+ doped
QDs have included Zn(S,Se)396,399,402,409−411 and Cd(S,Se)381,386,404,407,412,413 as examples of II−VI syntheses and
In(P,As)414 as a III−V example.
Several synthetic parameters critically inﬂuence the doping
eﬃciency for both dopant emission and the intrinsic excitonic
emission of the QD host. Apart from the host composition, the
reaction temperature and the choice of the stages where Mn is
introduced either during the growth of the host particles or
through a multiple step synthesis have a signiﬁcant eﬀect as to
where the dopant atoms are positioned within the nanoparticles.397,415 Unless such details are addressed, it could even
be the case that Mn ions could be completely excluded from
the host via the self-puriﬁcation eﬀect.379 However, with
properly adjusted synthesis conditions, with a carefully selected
target location in the host QD, such Mn2+ expulsion can be
acceptably suppressed. Doping synthesis shares common
aspects with the limiting cases of formation of alloy
composition QDs as discussed in section 3.4. HSAB theory is
still a very basic concept and is frequently used for doping
synthesis, where balanced reactivities and precise doping level
control are needed.
3.5.1. Core Doping. 3.5.1.1. Simultaneous Introduction
of Dopant and Host Precursors. This strategy entails the
simultaneous introduction of the dopant along with the host
precursors during both the nucleation and growth phases. The

aqueous synthesis of doped QDs relies on coprecipitation
reactions of dopant ions and host cationic precursors with
anion precursor in the presence of appropriate surface ligands.
Such direct growth of doped QDs by one-pot mixed precursor
synthesis is simple and more scalable in many cases. Using this
simple strategy via an aqueous-phase approach, doped QDs
such as Mn2+-doped ZnS395,416−420 and CdS394 have been
prepared. However, the application of this doping strategy
within high-temperature organometallic routes does not work
well. In most of the cases, the dopant atom exclusion from
critical sized nuclei has been suggested to be a general
phenomenon and the dopant in such cases is found to exist
only on the surface of the NC.394 Homogeneous incorporation
of the dopant throughout the NC lattice was not evident.
Whereas doping has been proved to be relatively ineﬀective by
standard hot-injection techniques, proper design of singlemolecular precursors and implementation of a kinetically driven
low-temperature growth regime aﬀorded far better control over
the dopant levels in organic phases.403,421−426
Signiﬁcant progress has been achieved in Mn2+ doping of
ZnS simply by introducing the dopant precursor into the host
precursor solution in the aqueous phase. The earliest works
found that Mn doping of ZnS QDs in the aqueous phase can be
achieved either by using polyphosphate396,417,419,420 and
histidine427 as ligands, or even in the absence of ligands.395,416
These earliest synthetic works were generally carried out at
room temperature, and as a consequence low QD crystallinity
and a high density of competing surface traps gave rise to weak
dopant emission. To further improve the Mn-doping eﬃciency
and reproducibility, thiol ligands such as MPA have been
mostly used for synthesizing aqueous ZnS:Mn2+ QDs.418,428
The Mn2+ ion has a harder nature than the Zn2+ ion based on
HSAB principles, and as a consequence, the large diﬀerence in
solubility products renders the coprecipitation of ZnS and MnS
diﬃcult. After the anion precursor is introduced, the
precipitation occurs instantly before the thorough mixing of
the reactants, so the precipitation of ZnS and MnS will be
greatly aﬀected by the mixing process which is diﬃcult to
control. This leads to a poor reproducibility of the synthesis.
With the help of MPA to coordinate with Zn2+ before the
addition of the anion precursors, the solubilities of ZnS and
MnS approach each other, favoring the coprecipitation of ZnS
and MnS. It was believed that Zn−MPA allows the gradual
release of Zn ions and thus improves the reproducibility of the
doping process. The PL QY of the as-prepared ZnS:Mn was
reported as ∼8%428 and ∼13%429 by using MPA and TG as
ligands, respectively. Furthermore, posttreatment on the
particle surface of the doped QDs in the presence of oxygen
was employed to remove surface trap states and facilitate the
energy transfer from the host to the Mn2+ dopant in order to
enhance dopant emission.396,418,419,430 Upon overgrowth of a
wide band gap semiconductor shell around doped cores, e.g.,
ZnS:Mn/ZnS, the highest QY of ∼18% was obtained,
attributed to the largely improved contribution of the Mndopant emission.431,432 Similarly, due to the lower reactivity of
Mn2+ compared with Zn2+ toward Se2−, the Mn2+ adsorbed
around the ZnSe core would be eﬃciently embedded inside the
lattice after shell coating and more isolated from any surface
defects, leading to PL enhancements for ZnSe:Mn/ZnS433,434
and ZnSe:Mn/ZnO,435 with the PL QYs of up to 35% and 12%,
respectively. These Mn-PL enchancements also strongly
support the hypothesis that Mn ions exist inside the QD lattice.
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host metal chalcogenides. This can also ﬁnd support from the
fact that the solubilities of copper chalogenides are lower than
those of the corresponding Zn- or Cd-based chalcogenides
when sharing a common chalcogen ion. Cu+ ions are not stable
in aqueous solutions and can only exist in some complex
species. Early research utilized thiourea or thiolsulfate to
stabilize Cu+ ions, and these reduced the solubility diﬀerences
between Cu2S and ZnS, in order to improve the doping of Cu+
into ZnS QDs in the aqeuous phase.441 The appearance of both
green emission and blue emission at diﬀerent dopant
concentrations supported the case for successful Cu+ doping.
By using common water-soluble Cu2+ salts as dopant
precursors, diﬀerent Cu-doped QDs were obtained using
appropriate stabilizing agents by introducing Cu2+ to the
solution of host precursor followed by heating.442 For example,
as-prepared ZnS:Cu NCs stabilized by chitosan showed weak
host emission around 420 nm. Addition of the reducing agent
NaBH4 however led to the appearance of stronger green
emission of the dopant at 540 nm with QY as high as 10%. In
addition, the previous weak peak of the host now appeared as a
shoulder. XPS and ESR measurements suggested the presence
of Cu2+ in the as-synthesized QDs, while Cu+ formed in
consequence of the following treatment with NaBH4 was
conﬁrmed by ESR and is responsible for the emission. It was
found that the green emission could be directly observed from
as-prepared QDs formed in a reducing environment containing
trisodium citrate, ammonium thiocyanate, or ascorbic acid.
However, the emission disappeared over time under ambient
conditions due to Cu+ being oxidized to Cu2+. Careful design of
the QD crystal structure may therefore be necessary to suppress
the oxidation of Cu+ ions close to the host surface to achieve
strong Cu+ dopant emission.
Beneﬁting from the use of thiol ligands such as MPA, Cudoped Zn chalcogenide QDs such as ZnS and ZnSe were
successfully prepared in the aqueous phase.443−447 In the
majority of cases, Cu ion is claimed to exist in the monovalent
state as MPA can reduce Cu2+ to Cu+.333 This is similar to the
formation of Cu(I) from Cu(II) reduced by n-dodecanethiol.231,236,239,448 Making use of this approach, internally
doped Cu:ZnSe NCs synthesized by an aqueous method
involving mixing of the Cu2+ and Zn2+ precursors followed by
introduction of the anion precursors was reported.445,447 It was
claimed that internal doping involves two steps, i.e., surface
adsorption of the dopant ions followed by internal doping. The
former stage relates to the electrostatics of aqueous NCs,
whereas the latter step relates to a redox reaction, e.g.,
reduction of Cu2+ to Cu+ by MPA on the NC surface,
facilitating Cu+ dopant uptake.447 In support of the ﬁrst stage, it
was observed that weakening of the electrostatic repulsion
facilitated the adsorption of metal impurities such as Cu2+ on
NC surfaces, thus beneﬁting the surface redox reaction on the
particle surface at the second stage. However, the increased
concentration of Cu2+ also promoted overoxidation of MPA
ligand, leading to dramatically decreased colloidal stability of
the resulting NCs. Since the highest occupied molecular orbital
(HOMO) position of Cu+ is located within the band gap of the
host QD, Cu+ ions close to the NC surface also favor the
photooxidation of MPA ligands into disulﬁdes.444 This explains
the reason for the weak stability of Cu:ZnSe NCs. In order to
counteract this intrinsic instability, Xu et al.443 overcoated
doped ZnSe:Cu cores with a ZnS shell by injecting the asprepared cores into a mixture of Zn2+, TAA, and MPA at 60 °C
and pH 11.5. Such internally doped ZnSe:Cu/ZnS core/shell

Other than Zn chalcogenides as hosts for Mn doping, there
are limited literature reports for aqueous Mn-doped Cd
chalcogenides. The Cd2+ ion as a soft Lewis acid preferentially
binds to soft chalcogen ions rather than to the hard Lewis bases
present in solution such as polar H2O and OH− ions.
Conversely, Mn2+ prefers these harder ligands. The imbalance
in chemical potentials favors Mn2+ solvation and is responsible
for the unsuccessful exchange of Cd2+ by Mn2+ in the aqueous
system.407 It was previouly found that a small mismatch
between the ionic radii of dopant and host cation favors the
formation of doping structures, while a large mismatch is
responsible for the exclusion of dopants during the
coprecipitation process.412,436 Mn2+ ions are known to have
high binding energies with the (001) facets of zincblende II−VI
NCs.378 The paramagnetic ions are doped into Zn-based
lattices more readily than into the corresponding Cd-based
structures, since the mismatch in ionic radii between Zn2+ (0.74
Å) and Mn2+ (0.80 Å) is somewhat smaller than that between
Cd2+ (0.97 Å) and Mn2+.436 Similarly, with a greater mismatch
between the ionic radii of Co2+ (0.74 Å) and Cd2+, the ZnS
lattice readily accommodates a Co2+ dopant, while simple
coprecipitation leads to CdS particles with Co2+ ions simply
physisorbed onto the surface.436 Similar exclusion of Mn2+ ions
was also observed from Mn2+-doped CdS QDs394 and Mn2+doped CdSe.412 There are very limited cases reported of
successful Mn doping of CdS QDs by direct coprecipation
methods, e.g., polyphosphate-capped CdS:Mn.420
CdS:Mn and core/shell CdS:Mn/ZnS QDs were reported by
using a reverse microemulsion synthesis route.389,437−440 In
contrast to the direct aqueous synthesis, based on a two-step
aqueous coprecipitation within a reverse microemulsion system,
Radovanovic and Gamelin developed an isocrystalline core/
shell synthetic methodology.436 Additional precipitation of
further layers of CdS on preformed CdS QDs decorated with
surface-bound Co2+ ions circumvented the unfavorable
incorporation of Co2+ into the CdS NCs and ensured the
Co2+ ions were internally doped inside the CdS lattice.436
Similarly, Mn2+-doped CdS cores were produced from Cd2+/
Mn2+- and S2−-containing microemulsions after rapid mixing
for 10−15 min.389,437 Addition of a microemulsion containing
Zn2+ precursor to the doped core solution at a very slow rate
(1.5−2 mL/min) formed the target doped core/shell NCs. The
latter solution maintained a surplus of sulfur ions in order to
support ZnS shell growth over each CdS:Mn QD. The resulting
CdS:Mn/ZnS QDs exhibited strong Mn2+ dopant emission
owing to the epitaxially matched ZnS crystalline layer around
the CdS:Mn cores, while unpassivated CdS:Mn QDs showed
negligible emission. In the CdS:Mn/ZnS NCs, the photogenerated excitons are eﬀectively conﬁned in the CdS:Mn core
region owing to the wide-band-gap ZnS layer.440 Presumably
the emission is weak in the unpassivated case due to the fact
that most of the excited electron−hole pairs relax nonradiatively at the unpassivated surface trap sites. Therefore,
the observed dopant emission clearly demonstrates that the
Mn2+ ions have been successfully doped into the QD lattice,
and this was further conﬁrmed by measurements of the
paramagnetic properties with a superconducting quantum
interference device (SQUID) magnetometer.389
In contrast to Mn2+ ions, the Cu+ ion is a soft acid and Cu2+
is on the borderline between hard and soft acids. The copper
ions as dopants therefore have higher reactivity with regard to
chalcogen anions rather than hard bases such as H2O and OH−,
which facilitates the incorporation of copper in the lattice of
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NCs with QY ∼ 8.9% showed enhanced chemical and
luminescence stabilities.443 The ZnS shell on the one hand
shifts the Cu+ far from the QD surface, and on the other hand,
its wide band gap also promotes hole transfer from the ZnS
shell to the ZnSe core, making the probability of holes being
present on the new outer surface much lower than in pure
ZnSe cores. Thus, the reason for the improved chemical
stability of ZnSe:Cu/ZnS NCs compared with ZnSe:Cu and
pure ZnSe NCs is mainly attributed to the decreased
probability of holes being present on the NC surface.444
The Cu-doped ZnS and ZnSe QDs were only observed to
show blue-green and greenish yellow emissions; therefore, CdS
QDs and alloyed CdZnS QDs were also chosen as doping hosts
to extend the Cu dopant emission into the red and even NIR
regions.449−451 For example, CdS:Cu+ QDs were prepared by
reﬂuxing a mixture of Cd2+ and Cu2+ in the presence of MPA in
a N2 atmosphere.449 By varying the feeding amount of Cu2+ and
the reaction time, diﬀerent sizes of CdS:Cu+ QDs with tunable
emission from 545 to 605 nm were obtained with PL QY
ranging from 8 to 22%. It was found that the high QY (22%)
was obtained when the reﬂux was carried out under N2 but QY
was decreased to 12% when the QDs were prepared in air,
suggesting that Cu+ dopant tends to be oxidized during the
synthesis. CdS:Cu+ QDs have also been prepared by reﬂuxing
mixtures of Cd2+ and Cu2+ in the presence of L-cysteine at pH 8
via a hydrothermal method.450 It was found that emission can
be widely tuned from 580 to 730 nm by adjusting the dopant
concentration as well as the QD size. The authors suggested the
Cu2+ might be reduced to Cu+ during the synthesis as the
visible signal of Cu2+ was not observed from the resulting QDs
using EPR.
CdTe:Ag+ doped QDs were synthesized by simultaneously
introducing HTe− to a mixture solution of Cd2+ and Ag+ ion in
the presence of MPA.452 The reaction solution was reﬂuxed at
pH 11.0. The stoichiometric percentage of 0.3% silver dopant
in the synthesis eﬀectively enhanced the PL and radiative rate,
decreased the Stokes shift, and suppressed nonradiative rates
compared to those for the undoped QDs, which supported Ag+
doping. The optical improvements in the doped QDs were
mainly attributed to the minimization of surface defects
through Ag+ doping. In particular, the dominating mechanism
of ﬂuorescence enhancement was attributed to an extra carrier
as well as a positively charged center induced by the doped Ag
impurity. It was claimed that these extra carriers could ﬁll the
trap states of the QDs, and the electrostatic ﬁeld produced by
the remaining charged impurity center could also enhance the
ﬂuorescence.453 The extremly low solubility of the Ag2Te
compound in comparison to that of CdTe could be responsible
for successful doping.
In the above doping method, the dopant uptake and host
growth occur concurrently during the one-pot doping synthesis.
Thus, it is extremely diﬃcult to obtain quantitative kinetics of
the doping process, and gain feedback with which to
manipulate the dopant’s radial position. Furthermore, the
redox reaction(s) taking place during the Cu-doping process
are complicated; even though diﬀerent reducing agents such as
thiol ligands447 and anions present in the NC454,455 were
claimed to reduce Cu2+ to Cu+, a deﬁnitive substantiation of
these hypotheses remains to be established. Alternative
interpretations favoring Cu+ were based largely on the absence
of Cu2+ electron paramagnetic resonance (EPR) signals;
however, strong spin−orbit and Jahn−Teller eﬀects can
signiﬁcantly broaden Cu 2+ EPR lines, rendering them

undetectable.456 Therefore, it remains experimentally diﬃcult
to verify the valence state of copper ion solely by ESR.
Rare earth ions (lanthanides, Ln3+) possess attractive
luminescence properties owing to their 4f orbitals and have
been widely used as phosphors in lighting and display
applications for decades, and as IR optical gain media in
telecommunications since the 1980s. There have only been
very limited examples for Ln3+-doped QDs.457−462 It remains a
challenge to incorporate lanthanide ions into II−VI QDs in the
aqueous phase due to the chemically diﬀerent nature between
Ln3+ and host ions (e.g., Zn2+, Cd2+). Ln3+ ions as hard Lewis
acids bind strongly to water or OH− as hard bases, rather than
the commonly used thiol ligands as soft bases for II−VI metal
chalcogenide semiconductors.
3.5.1.2. Introduction of Dopant before Host Nucleation.
Peng’s group demonstrated decoupling of the doping and the
host’s nucleation/growth processes by carefully adjusting the
reaction conditions to manipulate the host and dopant
precursor reactivities, namely to allow either nucleation doping
or growth doping.399,463 Nucleation doping employed mixed
dopant and host precursors during the nucleation process, with
their respective reactivities and the reaction conditions adjusted
to regulate the dopant concentration in the resulting nuclei.
Post nucleation, the reaction conditions were readjusted in
order to preferentially activate host growth while rendering the
dopant precursors inactive, so they did not participate any
further in the growth. In consequence, host overgrowth was
totally dominant, leaving the dopants buried exclusively in the
center of the QDs. Mn:ZnSe QDs synthesized by this strategy
had a diﬀuse interface between the MnSe core and ZnSe shell,
which had high PL QY and thermal stability up to the boiling
point of the solvent.399 As an extreme case, core (dopant)/shell
structures (i.e., with cores consisting of dopant only) were
generated by nucleation of pure chalcogenide dopants, with
subsequent exclusive overgrowth of the host shell.399,463,464
This nucleation doping has been demonstrated as an eﬀective
method for synthesizing Mn:ZnSe QDs, and these internally
doped NCs possess excellent photostability and environmental
stability as well.
Following the above extreme nucleation-doping strategy,
Mn2+-doped ZnSe QDs have successfully been prepared using
MPA as the stabilizer in aqueous solution.465,466 For example, a
reaction mixture of Mn2+ and HSe− was ﬁrst reﬂuxed in the
presence of MPA to form MnSe particles, followed by injection
of the Zn2+ precursor solution and then further reﬂux for 5 h.467
The Mn doping into ZnSe QDs was realized as evidenced by
the appearance of Mn2+ dopant emission at 570 nm. The
resulting doped QDs showed a PL QY of 2.4%. Alternatively,
when a multiple-step injection of the Zn precursor together
with MPA was adopted to grow ZnSe, the dopant emission
with maximum PL QY of ZnSe:Mn QDs up to 4.8% and
emission tunable from 572 to 602 nm were achieved as shown
in Figure 17.468 This can be understood by the following facts.
Zn2+ is softer than Mn2+ and prefers to form stable compounds
with Se2−. In consequence, the Zn2+ ions will largely exchange
Mn2+ if injected in one shot. However, if the Zn precursor was
injected stepwise together with MPA, the exchange of Mn2+
with Zn2+ will be suppressed, which is favorable for eﬀective
Mn doping.468
3.5.2. Shell Doping. Apart from dopant introduction
before or along with the host nucleation mentioned above,
doping can also be carried out during a shell coating process to
achieve shell doping in either isocrystalline or heterocrystalline
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the QD host. The details of this luminescence mechanism will
be further discussed in section 4.4.1.
For QDs with comparatively narrower band gaps such as
Cd(Se,Te) and CuInS2, the above-mentioned energy transfer
process can be blocked by tuning the host band gap by size
manipulation, leading to the characteristic Mn2+ dopant
emission not being observed. As a consequence, the QD
excitonic emission can be maintained in such narrower band
gap materials. Even when the host QD energy levels are
suitably aligned for Mn2+ dopant emission, it can still remain
diﬃcult to obtain strong ﬂuorescence as the dopant atoms
present in the structure are also eﬀectively impurities and may
bring additional nonradiative recombination channels that
compete with the exciton radiative recombination. Even low
dopant ion densities per host QD may provoke structural
defects and introduce large local lattice strain if the dopant
ionic radius is badly mismatched to that of the regular site in
the undoped lattice. One way to mitigate this type of problem
is, for example, by inserting a spacer between the emitting QD
core and the dopants. Alternatively, adjusting the radial position
of the dopant, especially for core/shell heterostructures, can
ameliorate the impact of mismatch induced
strain.236,390,392,415,471
Taking paramagnetic QD-based dual-modal probes as
examples, careful selection and design of the NC structure
are required to simultaneously obtain strong optical and
magnetic properties yet keep the particle dimensions to the
absolute minimum as required for both quantum conﬁnement
eﬀects and the desired good access to biological systems. In
some cases such considerations may lead, for example, to
surrounding the host QD with a shell of Mn2+-doped
semiconductor where the dopant is a less disruptive ﬁt than
it would be in the core. Thus far, organically grown CdSe with
Mn-doped ZnS shells390,471 (Figure 18) and similar doped
shells on aqueously grown CdTe QD cores392 have been shown
to maintain strong host excitonic emission (QYs 20% and 45%,
respectively). In these studies, energy transfer was not active
since the band gap of the core was lower in energy than the 6A1
→ 4T1 transition, so the characteristic orange emission from
Mn2+ dopants was not observed. Apart from maintaining strong
excitonic emission, aqueous CdTe/ZnS:Mn exhibited high
relaxivity ranging from 5.4 to 10.7 mM−1 s−1.392 The
incorporation of Mn2+ ions in the ZnS shell during growth
was accomplished by coprecipitation of the dopant ions with

Figure 17. PL spectra of Mn2+-doped ZnSe QDs for diﬀerent reaction
times (a) and diﬀerent ratios of [MPA]:[Zn] (b). Reproduced with
permission from ref 468. Copyright 2011 The Royal Society of
Chemistry.

structures. The strategy aﬀords control of the dopant’s radial
distribution and can lead to high ﬂuorescence quantum yields
(e.g., >50% for Mn dopant emission from ZnSe/ZnS469 and
CdS/ZnS QDs397,415,470) with additional strong quenching of
the QD excitonic emission. Owing to the larger mismatch of
dopant and host cation radii for Mn2+/Cd2+, it has been
reported to be more advantageous to substitute the dopant ions
at Zn2+ sites in hosts such as CdS/ZnS, for example.436 This
strategy thus enabled the investigation of the dopant postion
dependence for both host and Mn-dopant emission behaviors,
e.g., Mn within the core, at the interface of core and shell, or
inside the shell.397,471 Both the total concentration of Mn ions
inside the ZnS shell and their radial distance from the CdS host
played important roles for the band edge PL of the host and the
Mn related PL.471 Diﬀerent core/(doped) shell QDs, e.g.,
organic-solution-grown ZnSe/ZnS:Mn, 4 6 9 , 4 7 2 CdS/
ZnS:Mn,397,415,471,473 CdSSe/ZnS:Mn,474 CdSe/ZnS:Mn,390
and CuInS2/ZnS:Mn QDs,236 have all demonstrated the
addition of a Mn-doped ZnS shell on a range of underlying
undoped cores. Among these examples, CdS, ZnSe, and ZnS
based-QDs when doped with Mn2+ ions can result in quenched
QD excitonic emission while Mn2+ dopant emission is
eﬃciently sensitized by the host. That is, doping Mn2+ ions
into a QD host with a suitable band gap can result in enhanced
dopant emission by eﬃcient energy transfer, with the excitonic
states of the host QD as the donors and the Mn ions as the
acceptors. This also diminishes the excitonic ﬂuorescence from

Figure 18. (a) TEM image of 4.3 nm Mn-doped core/shell CdTe/
ZnS:Mn QDs synthesized by an aqueous-phase-based approach (scale
bar in the inset corresponds to 2 nm), together with (b) temporal
evolution of their absorption and PL spectra for diﬀerent growth times.
Reproduced from ref 392. Copyright 2013 American Chemical
Society.
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Zn2+ ions with glutathione (GSH) tripeptide functioning as a
thermally driven slow release sulfur source and as a ligand. In
this way the ZnS shell provided a better host lattice for
manganese doping than the cores, and therefore maintained the
strong host PL QYs. Adding the doped shell also enhanced the
chemical stability of the QD cores.392 The inﬂuence of Mn2+
dopant concentration on the optical and magnetic characteristics of the resulting manganese doped CdTe/ZnS core/shell
QDs were systematically explored. This core/shell architecture
properly balanced the optical and magnetic properties (we have
not touched upon the merits of the Mn dopant’s magnetic
properties here) while maintaining the small dimensions, which
favors the construction of ﬂuorescent/magnetic NCs as dualmodal probes for bioapplications.388 We further employed the
same strategy to achieve Cd-free CuInS2/ZnS:Mn QDs that
not only presented excellent optical imaging and magnetic
resonance imaging (MRI) potentials, but also showed
extremely low cytotoxicity in comparison with CdTe QDs.236
CdTe/CdS:Cu QDs capped by MPA were synthesized by
dopant growth during the CdS shell growth.475 Before the
doping of Cu2+, the CdS shell coating reached a certain
thickness by aging 2.2-nm-sized CdTe cores in the presence of
Cd/MPA (1:2) at pH 11 at temperatures from 70 to 100 °C.
Then, by further aging the core/shell in the presence of a
solution of Cd2+/Cu2+/MPA (1:0.01:2) at 100 °C, MPAcapped CdTe/CdS:Cu QDs were synthesized with various shell
thicknesses. Doped CdTe/CdS:Cu QDs with PL QY of 50−
70% had Cu-doping levels of around 0.5−1.5% with NIR
ﬂuorescence from 700 to 910 nm as seen in Figure 19. PL
lifetimes up to approximately 1 μs were observed and were
much longer in comparison with the undoped CdTe/CdS QDs
(which had lifetimes of ∼100 ns and emission from 560 to 820
nm). The optical diﬀerences after doping were attributed to the
new recombination pathway from the conduction band of the
CdS shell to Cu levels functioning as an eﬀective trap state,
which replaced the valence band of the CdTe cores. This may
support the interpretation of the Cu doping being inside the
QDs; however, the valence state of the Cu dopant was not
clariﬁed.
The design of paramagnetic ion doped QDs serves as a good
example of the continuing need to carefully determine the
correlation between a dopant’s location/distribution and its
relaxometric behavior. The above doping core/shell strategy
can oﬀer the beneﬁt of precision spatial-controlled doping,
which also facilitates the control of interactions between the
paramagnetic ions (e.g., Mn2+, Gd3+, etc.) and nearby water (in
solution based applications) to enhance the relaxometric
performance. It is rather obvious that doping Mn2+ ions into
the surface of the shell lattice when they have slow tumbling
rates and strong interactions with surrounding water molecules
via spin-proton dipolar coupling will beneﬁt high performance
MR contrast. However, the detailed mechanistic understanding
of how the particle surface structure and how the QD size and
shell thickness inﬂuence the relaxometric properties via the
overall doping level/location dependence is still to be fully
mapped out. The precise way in which the relaxometric
properties are enhanced has yet to be fully elucidated, however
it seems likely that the spin-proton dipolar interaction is
favorably reinforced. This interaction is inversely related to the
metal ion−proton distance, in other words to separation
distance of the Mn2+ ions from the surrounding water
molecules. In view of this, core/shell NCs with paramagnetic
ion doping in their shells present a potentially key approach as

Figure 19. PL spectra of (a) CdTe/CdS ultrasmall-core/thick-shell
QDs (from left to right: CdTe ultrasmall-core, QDs-560, QDs-640,
QDs-700, QDs-760, QDs-820), and, (b) CdTe/CdS:Cu ultrasmallcore/thick-shell QDs (from left to right: QDs-700, QDs-760, QDs840, QDs-910). Time-resolved ﬂuorescence decay curves of (c) 2.2
nm CdTe ultrasmall-core capped with CdS shells of diﬀerent
thicknesses and (d) CdTe/CdS:Cu ultrasmall-core/thick-shell QDs.
(e) Powder X-ray diﬀraction (XRD) data of CdTe ultrasmall core,
CdTe/CdS ultrasmall-core/thick-shell QDs-820, and CdTe/CdS:Cu
ultrasmall-core/thick-shell QDs-910. Bars on the top and bottom
represent the bulk cubic structures of CdS and CdTe, respectively. (f)
Diagrams of bulk band oﬀsets of CdTe/CdS core/shell structure and
band oﬀsets of CdTe/CdS:Cu ultrasmall-core/thick-shell nanostructure, accounting for the impacts of quantum conﬁnement and lattice
strain, calculated by model-solid theory. Reproduced with permission
from ref 475. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

they may allow both the optical and magnetic signals to be
independently and simultaneously preserved alongside each
other in the same signaling particle while the doped structures
are robust enough to allow operation under complex
physiological conditions. The design of these heterostructures
(e.g., the extent to which the spatial separation of the
ﬂuorescent core and the magnetic ion(s) can be increased)
along with more detailed explorations of PL quenching eﬀects
remains to be addressed if undesirable interactions of the
paramagnetic dopants with QDs are to be beneﬁcially reduced.
3.6. Nonconventional Aqueous Syntheses of
Semiconductor NCs

3.6.1. Biomimetic Synthesis. Living organisms are capable
of excreting inorganic materials via a natural process known as
biomineralization. The organisms do this using a range of
biomolecular templates and scaﬀolds.372,373 To date, biomolecules such as enzymes, nucleic acids, polysaccharides, peptides,
10655

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

and proteins have been used to assist the growth of aqueous
QDs imitating these processes.71,105,476,477 These natural
biomolecules can both passivate the surface of growing QDs
and facilitate oriented growth of nonspherical particles taking
advantage of the three-dimensional structures, water solubility,
multiple chelating ability, and in-built reducing capacity of these
biomolecules. The biomolecules carry out their synthetic duties
typically under mild conditions (pH and temperature), but with
high eﬃciency. On completion of the QD growth, the
biomolecules continue to serve as biocompatible stabilizing
ligands. In addition, the biomimetic approach allows chemists
to select from a wide range of biomolecules relevant for a
variety of biological and biomedical applications. It is also
capable of being scaled up with consequent manufacturing
beneﬁt. Thus far, a range of biomimetic templates have been
investigated as mentioned below.
3.6.1.1. Peptides and Proteins as Biotemplates. Since the
functional groups such as amino, thiol, and carboxyl moieties
occurring in peptides and proteins are capable of coordinating
with transition metal ions such as Ag+, Cu+/2+, Hg2+, Zn2+, and
Cd2+, this allows proteins and peptides to serve as surface
capping agents for aqueous synthesis of QDs.
Peptides such as the naturally occurring glutathione molecule
have been widely used in this ﬁeld. Cysteine has been
demonstrated to be a key peptide unit for QD synthesis and
has become instrumental in many biomimetic strategies for
growing QDs with excellent size control, optical properties, and
biocompatibility.
Lu and co-workers synthesized CdTe and CdZnTe QDs at
98 °C and pH 8.5 in the presence of RGD (arginine-glycineaspartic acid) peptides and investigated the eﬀects of the
peptide structure on the optical properties and colloidal
stability of the QDs.478 They found that CRGD with a Cys
residue being incorporated into RGD was the optimal ligand
for yielding CdTe QDs with narrow emissions covering the
500−650 nm range and relatively high PL QYs (up to 15%). It
was further shown that the position of the Cys in CRGD largely
aﬀected the colloidal stability of the QDs, and Cys at the Nterminal oﬀered the best stabilization eﬀect. If two or more Cys
residues were introduced into the peptide, the growth of the
CdTe NCs was inhibited. They also reported the synthesis of
highly ﬂuorescent CdZnTe alloy QDs with PL QY up to 60%
using mixed ligands of Cys and CRGD.
Ma and co-workers designed a dithiol peptide that can be
cleaved by the target protease to yield two monothiol peptides
that subsequently promote the growth of ﬂuorescent CdTe
QDs in the presence of Cd and Te precursors, as shown in
Figure 20.479 This smart design can be used not only for
monitoring the activity of the target protease, but also for
assisting the biomimetic synthesis of ﬂuorescent CdTe QDs
because monothiol molecules could lead to ﬂuorescent CdTe
QDs while the dithiol molecules could not.479
Singh et al. reported a bifunctional peptide with two diﬀerent
segments for selectively binding with Cd2+ and Zn2+,
respectively, to promote the formation of CdSe/ZnS core/
shell QDs.480 As shown in Figure 21, the peptide ligand was
used to stabilize the CdSe QDs with its cadmium domain, i.e.,
Cys-Thr-Tyr-Ser-Arg-Lys-His-Lys-Cys containing two Cys
units that form a disulﬁde bridge, while the Lys-Arg-Arg-SerSer-Glu-Ala-His-Asn-Ser-Ile-Val was adopted for capturing Zn2+
for the following formation of ZnS shell. The initial core size
was around 4−5 nm, while the overall size of the particles was
increased up to ∼12 nm after ZnS coating. HRTEM studies

Figure 20. Schematic illustration of biomimetic synthesis of CdTe
QDs used for label-free detection of protease activity. Reproduced
with permission from ref 479. Copyright 2013 Wiley-VCH Verlag
GmbH & Co. KGaA.

Figure 21. Schematic representation of CdSe/ZnS core/shell NC
synthesis using a bifunctional peptide. Reproduced with permission
from ref 480. Copyright 2010 The Royal Society of Chemistry.

conﬁrmed the formation of the core/shell structure that led to
an increased PL by a factor of 1.5. The above study may
provide an eﬀective approach for engineering the QDs to form
desired structures.
Bovine serum albumin (BSA) and its denatured counterpart
were largely used in synthesizing various types of metal
chalcogenide QDs such as CdS,481,482 Ag2S,227,483 Mn:ZnS,484
HgS,485 CdSe,482,486 MxSey (M = Ag, Cd, Pb, Cu),487 and
ZnxHg1−xSe488 NCs. For example, CdS QDs of ∼3.2 nm
diameter were synthesized in the presence of BSA as a capping
ligand at pH ∼9.8.481 The kinetics of CdS formation was
controlled by restricting the concentration of S2− being released
by the decomposition of thioacetamide. It was believed that the
Cd-rich surface of the CdS QDs would attract the negatively
charged regions of the BSA molecule favoring the formation of
colloidally stable CdS QDs. Wang synthesized BSA-capped
CdSe QDs by reaction between Cd2+ and HSe− ions at pH
11.486 It was proposed that appropriate chelating times (e.g., 6
h) between BSA and Cd2+ ions before introducing the anion
precursor helped to improve the quality of CdSe QDs.
Similarly, suitable chelating times for BSA with Ag+ ions before
introducing TAA as anion precursor were also found essential
for synthesizing BSA-capped Ag2S nanorods.483 In addition, by
using diﬀerent conformations of BSA adopted at diﬀerent pHs,
diﬀerently sized CdS QDs were reported by Ghosh.482 BSA has
typically three conformers, which are N (normal), F (fast), and
E (expanded) at pH 6, 4, and 2, respectively. These pHdependent conformational variations lead to the formation of
diﬀerent sizes of CdS QDs, i.e., 4 nm at pH 6, 5.2 nm at pH 4,
and 6.4 nm at pH 2. When the pH is lower than 4.7, Cd2+ can
access more functional groups, such as −OH, −NH, and
−COOH of BSA. In consequence, the PL intensity is high at
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low pH owing to better surface passivation of the particles. The
PL can further be increased upon the reduction of the disulﬁde
bonds of BSA with NaBH4 due to further improved surface
passivation. Thus, the denatured BSA bearing thiol groups led
to the formation of QDs with higher PL QY in comparison
with BSA, e.g., 16% vs 10% for CdS QDs and 36% vs 20% for
CdSe QDs.
Enzymes are an important class of proteins for biomimetic
growth of QDs since they contain vital metal binding sites and
metal reducing moieties.489 The range of enzymatic reactions
and the bioanalytical applications the enzymes may address has
been reviewed by Pavlov.489 In the following, we will give
several examples of QD synthesis using enzymes as ligands.
An enzyme such as ribonuclease A (RNase A) was simply
used as surface ligand for aqueous synthesis of CdTe QDs
under microwave irradiation.490 Upon reaction between HTe−
and RNase A/Cd2+ complex, CdTe QDs with emission tunable
from 530 to 630 nm were obtained by varying the reaction time
and temperature. The PL QYs of the majority of the resulting
QDs were above 40%. In particular, the QY of the PL at 539
nm, achieved after 5 min reaction at 90 °C under microwave
irradiation, was as high as 75%. However, it was decreased to
18.5% for the emission at 625 nm achieved upon prolonged
reaction. Although the enzyme activity was hardly preserved
owing to the harsh experimental conditions, the above
approach also allowed the preparation of Ag2S QDs showing
an emission peak at 980 nm.225
Bovine pancreatic α-chymotrypsin (CHT) contains ﬁve
disulﬁde bonds. These disulﬁde bonds are readily reduced to
form thiol groups by tris(2-carboxyethyl)phosphine hydrochloride (TCEP), enabling reduced CHT to function as a
ligand for synthesizing CdS QDs at pH 4.5 and room
temperature.491 The resulting CdS QDs of ∼3 nm exhibited
a broad emission band centered at 550 nm, originating from the
recombination of charge carriers associated with surface trap
states. However, the CHT molecules attached on the surface of
CdS QDs still presented enzymatic activity because of the
reducible disulﬁde bonds located within distance of the catalytic
center of the enzyme as shown in Figure 22.

Similarly, lysozyme (Lyz) was also used as stabilizing agent in
the aqueous synthesis of CdSe QDs at room temperature and
pH 11.492 Lyz is a small monomeric globular protein containing
129 tactic amino residues including six tryptophans, three
tyrosines, and four disulﬁde bonds, which can potentially bind
with metal ions to oﬀer the resulting QDs colloidal stability.
Upon the reaction between Se2− and Cd2+/Lyz complexes,
CdSe QDs exhibiting emission at 570 nm were obtained. More
interestingly, the Lyz ligand still retained biological activity,
although the secondary structure of the Lyz was changed.
Another interesting example is the luciferase (Luc8)
stabilized PbS QDs synthesized in an aqueous system.493 The
synthesis was initiated by incubating luciferase with Pb2+ at
ambient conditions to allow the binding of Pb2+ to Luc8, and
then Na2S was introduced to promote the PbS NC growth
upon intense agitation. Since the enzyme activity was well
preserved, introducing coelenterazine induced NIR emission of
PbS NCs via bioluminescence resonance energy transfer
between Luc8 and PbS, as shown schematically in Figure 23.
Apart from achieving QDs with additional functionalities,
proteins can also help to regulate the growth of QDs. Pepsin
bears a large number of aspartic acid residues; therefore, it
readily serves as the capping agent for aqueous synthesis of
QDs through a multichelating eﬀect. For example, CdS QDs
were synthesized in the presence of pepsin at pH 7 at room
temperature.494 In detail, Cd2+ ions were mixed with pepsin to
form a Cd−pepsin complex and then TAA was introduced to
slowly release S2− ions, which generated “leaf-shaped” CdS
NCs. It was suggested that the interaction between Cd2+ and
amide (−CONH−) may induce the transformation of the αhelix to β-sheet structure of pepsin, which helps to capture Cd2+
ions. This transformation is then favorable for oriented growth
of CdS QDs.
A large number of proteins such as S-layer protein,495
transferrin,488 apoferritin,496 and hemoglobin488 can well be
used as templates due to their unique structures. As ferritin
contains an 8 nm polypeptide cage for iron storage, therefore
apoferritin oﬀers an excellent biological template for growing
nanoparticles with controlled size. Wong reported the synthesis
of CdS QDs at pH 7.5 using apoferritin as a template.496 By a
stoichiometric ratio of 55:1 for Cd2+-to-apoferritin, Cd2+ ions
were introduced into the solution of apoferritin followed by a
2.5-fold excess of S2− ions with respect to Cd2+. However, a
poor particle size distribution was obtained.
In contrast, bacterial protease ClpP as a protein template
exhibits better morphological control for QDs. The 14 subunits
of ClpP can self-assemble to form a barrel-shaped hollow cavity
with tapered ends open to the outside. In addition, the interior
surface has a proper negative charge distribution suitable for

Figure 22. Three-dimensional structure of α-chymotrypsin CHT. The
possible site for CdS attachment indicates the position of the Cys136−
Cys201 disulﬁde bond, with nucleation of the NCs likely to occur at
this site. Ball-and-stick models are used to indicate other disulﬁde
bonds of the protein. The coordinates of the CHT structure were
downloaded from the Protein Data Bank (ID code 2CHA) and
processed with Weblab Viewerlite software. Reproduced from ref 491.
Copyright 2007 American Chemical Society.

Figure 23. Schematic illustration of NIR light emitting luciferase
stabilized PbS QDs produced via biomineralization. Reproduced from
ref 493. Copyright 2010 American Chemical Society.
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hosting inorganic nanoparticles. Taking these structural
advantages, Moh et al. reported the synthesis of uniform
CdSe QDs of 3.6 nm using ClpP as a template.497 The
formation of CdSe QDs was proposed to proceed via the
following three steps: (i) indiﬀusion and accumulation of Cd2+
ions inside ClpP shells due to the electrostatic interaction; (ii)
nucleation of CdSe inside the ClpP cavity upon the reaction
with Se2− ions released by selenourea; (iii) the following
growth of CdSe QDs until it is constrained by the cavity of
ClpP, as shown in Figure 24.
In conclusion, the varied and plentiful functional groups of
peptides and proteins can oﬀer versatile chelating eﬀects to
enable the synthesis of various types of QDs in aqueous
systems. Moreover, they can donate electrons to metal cations
to passivate the surface of QDs to achieve high PL QDs. The
hollow structures of some proteins also enable them to function
as templates for the formation of QDs with well-deﬁned sizes.
However, the detailed coordination chemistry of peptides and
especially proteins is far more complicated than that of
monothiol ligands such TGA and MPA. More importantly,
synergistically integrating the optical properties with biological
functions of peptides/proteins remains challenging.
3.6.1.2. Nucleic Acids as Biotemplates. Nucleic acids as
another class of important biomolecules possess various metalchelating functional groups such as phosphate, hydroxyl, and
versatile nitrogen-containing groups and therefore can in
principle be used as biotemplates to modulate the QD
nucleation, growth, and surface passivation as
well.71,105,477,498,499 Beneﬁting from the engineerable structure
of nucleic acids, the size, morphology, and optical properties of
the QDs can largely be tuned apart from endowing the QD
particle with recognition properties and chemical reactivity.500
In addition, nucleosides501−503 and nucleotides103,504−506 as the
fundamental building blocks of nucleic acid can also be used for
capping inorganic NCs, as shown in Figure 25. In particular, the
nucleotide triphosphates (NTP) as the triphosphorylated
versions of nucleosides are largely investigated for revealing
the coordinating eﬀect of nucleic acids on the growth of
QDs.103,477,505,506

Great eﬀorts on the study of the formation mechanism of
NCs using nucleotides indicate that the passivation of the NCs
is dominated by the base moieties, while the phosphate groups
eﬀectively prevent the NCs from aggregation by oﬀering
electrostatic repulsion between them.105 Guanosine triphosphate (GTP) was observed to serve as the tightest-binding
ligand for semiconductor NCs and has been proven to be the
most eﬀective ligand for the growth of ﬂuorescent QDs such as
PbS, CdS, and CdTe.103,104,505,506 For example, GTP was the
only ligand for the successful synthesis of ﬂuorescent PbS QDs
with an IR PL QY of 1−2%, whereas adenosine triphosphate
(ATP), cytidine triphosphate (CTP), and uridine triphosphate
(UTP) could only produce nonemissive PbS QDs thus far, as
shown in Figure 26.103 This was attributed to the passivation
eﬀect of the base moiety of GTP. It was suggested the exocyclic
N2 group of guanosine interacts directly with the semiconductor surface, passivating the NC surface, while the N7
group can modulate the emission wavelength of PbS QDs but it
does not serve as a coordination moiety, as shown in Figure 26.
It was suggested the anionic oxygen atoms of phosphate can
also bind to Pb2+ ions initially; however, after introducing anion
precursor they start to shift their roles to prevent NC
aggregation and make NCs soluble in water. Taking CdS
QDs as another example, it was found that GTP was eﬃcient at
stabilizing nanoparticles while preserving good luminescence at
pH 7, while adenosine, inosine, cytidine, uracil, and 7methylguanosine nucleobases could not support the synthesis
of emissive products until well into the alkaline range at pH 10;
see Figure 27.506 Under neutral conditions, GTP can stabilize
CdS QDs primarily though the interaction of the N7 moiety
and GTP-stabilized QDs exhibit the highest PL QY of 4.7%
with an emission maximum at 506 nm. At pH 10, ITP-stabilized
CdS QDs exhibit the highest PL QY of 8.5% at 495 nm.
Variations in pH have been shown to aﬀect both the formation
of QDs in the presence of NTPs and their emissive properties.
Interestingly, in all cases except for GTP, the emissive
properties of CdS QDs produced at pH 10 increased by at
least an order of magnitude, whereas for GTP the emissive
properties slightly decreased. These results indicate that the
surface of the CdS QDs is probably covered by a Cd(OH)2
shell in all cases except GTP. This ﬁnding is consistent with the
fact that guanine base binds very strongly to cadmium and thus
prevents any further surface reaction. Furthermore, phosphate
groups were found to participate directly in the passivation with
the amino group of the base moiety. In most cases, the Lewis
bases of nucleotides contributed dominantly to the particle
growth, while the phosphate groups imparted water solubility.
The metal−nucleic acid binding type and strength strongly
depend on the nature of the metal ions based on HSAB
principles. In regard to these metal−nucleic acid interactions,
we also refer the reader to the previous progress review article
by Berti and Burley.477
Beneﬁting from the above knowledge on the eﬀects of
nucleic acid monomers on NC formation, the rational design of
sequences and compositions in a DNA or an RNA strand could
make these molecules highly tunable and versatile ligands for
NC synthesis. It is evident that the physicochemical,
morphological, and photophysical characteristics of the QDs
are critically dependent on the nucleic acid composition, length,
linear/spatial structures, etc.105,477,499 For example, the nucleic
acid linear sequence (primary structure) determines the
functionalities on each polynucleotide strand available for NC
passivation, as well as the number of passivation sites and the

Figure 24. Ribbon diagram of the tetradecameric ClpP. Each subunit
of ClpP is shown in diﬀerent colors. (B) Charge distribution of the
internal surface of ClpP. The overall inside and outside dimensions are
indicated. Red and blue correspond to negative and positive charges,
respectively. (C) Model of ClpP−CdSe NCs. CdSe NCs with
diameters of 3.6 nm can ﬁt into the cavity of ClpP. Reproduced
with permission from ref 497. Copyright 2013 The Royal Society of
Chemistry.
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Figure 25. Nucleosides are the building blocks of nucleic acids. They consist of a nucleobase (adenine (A), thymine (T), uracyl (U), guanine (G),
cytosine (C)) and a ribose (in RNA) or 2′-deoxyribose (in DNA) sugar ring, highlighted in blue. Nucleotides are monophosphorylated nucleosides,
and nucleotide diphosphates (NDP) and triphosphates (NTP) are, respectively, diphosphorylated and triphosphorylated versions of nucleosides.
Nucleobases, nucleosides, and nucleotides comprise many diﬀerent chemical groups that are able to bind to metal ions. The atoms and groups in
nucleobases responsible for these interactions are highlighted in red and numbered for clarity. Reproduced with permission from ref 477. Copyright
2008 Nature Publishing Group.

Figure 27. PL spectra of CdS NCs synthesized at pH 7 by (a) the four
naturally occurring ribonucleotides, (b) GTP analogues ITP and 7MeGTP, and (c) guanosine with diﬀering polyphosphate lengths. (e)
PL spectra of NTP-stabilized CdS NCs synthesized in pH 10
carbonate buﬀer. (f) Comparison of PL QYs for syntheses performed
at pH 7 versus pH 10. Reproduced with permission from ref 506.
Copyright 2007 The Royal Society of Chemistry.

Figure 26. Eﬀect of speciﬁc chemical functionalities present on GTP
on PbS QD synthesis. (a) Luminescence spectra obtained when GTP,
G, ITP, and 7-CH3-GTP used for PbS QD synthesis. (b) Proposed
roles of phosphate and base functionalities on GTP in nanoparticle
nucleation, growth, termination, stabilization, and passivation.
Reproduced from ref 103. Copyright 2006 American Chemical
Society.

synthesized NIR-emitting (PL maximum at 1100 nm) PbS
QDs with DNA as templates by adding lead nitrate dropwise
and subsequently injecting sodium sulﬁde.498 By adjusting the
precursor ratio and reaction temperature, they obtained the
highest QY of up to 11.5% for the band edge emission.
Modiﬁcation of the phosphate backbone of DNA by thiol
groups as ligand domains improves the binding aﬃnity of DNA
toward cations on the QD surface.104−107,508−511 These
phosphorothioate DNA strands, where the negatively charged
oxygen atom on the phosphate backbone is replaced by sulfur,
were used as a NC passivating fragment. It has been shown that
phosphorothioate nucleotides possess much higher aﬃnities for
Cd2+ ions than phosphate nucleotides, owing to soft−soft
combinations between the thiol group and Cd2+. By using
chimeric phosphorothioate DNA molecules as templates,

spacing between them.105,500 Moreover, the secondary and
tertiary structures of nucleic acids could aﬀect the nanoparticle
growth kinetics by interacting with the NC surface at diﬀerent
growth stages, leading to the formation of nanoparticles with
diﬀerent sizes or shapes.105,500 Such additional degrees of
freedom could be exploited to produce a greater diversity of
NC products.105
Growth of semiconductor QDs on a DNA template have
been demonstrated, e.g., CdS by the Coﬀer group507 and PbS
by Sargent’s group,498 respectively. Sargent and co-workers
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DNA-templated QD synthesis was used to directly generate
biofunctionalized CdTe QDs in one step (Figure 28).105 The
chimeric DNA contains a phosphorothioate domain that serves
as the passivation domain for QD growth, and a phosphate
domain that serves as a biorecognition domain for biomolecular
binding toward nucleic acids, proteins, and target cells. Thus,
biofunctionalized NCs for biotargeting and bioimaging could be
obtained in a simple one-step aqueous synthesis. Furthermore,
the simultaneous modiﬁcation of two phosphate domains by a
nucleolin targeting motif and an mRNA targeting motif endows
the DNA−QD assembly with the dual functions of targeting
and imaging.509 In addition, the number of DNA molecules
capped on each QD could be precisely tuned using this
method.104 These DNA-capped QDs with diﬀerent DNA
valencies could then be assembled to form higher-order
nanostructures with various geometries.
RNA can also be used as a template for the aqueous synthesis
of QDs, again having phosphate and base units in the
nucleotides that can direct the synthesis and help stabilize the
QD products.500,512 For example, Kelley et al. incubated two
wild type E. coli tRNAs with Cd2+ and S2− ion sources.500 The
tRNAs thus served as both templates and ligands for the QD
growth. The three-dimensional structure of the tRNA played a
signiﬁcant role in the size and shape control of the QDs. A
mutant strain of the RNA (MT tRNA) which did not have the
same three-dimensional organization formed NCs with greater
diameters and size polydispersity. Similarly, Kumar synthesized
RNA templated CdS QDs with an emission peaking at 530 nm
(full width at half-maximum (fwhm) = 160 nm) at pH 9.2−9.8

and found the complex three-dimensional structure to play an
important role in controlling the physical dimensions of the
QDs.512 In addition, they found that the shape and size can be
tuned by varying the strength of the interactions between
diﬀerent RNA units and the concentration of the Cd2+
feedstock. Upon aging, the particle size was decreased
accompanied by a blue shift in emission. The same group
also used the RNA template approach to produce PbS QDs at
pH 9.0−10.5 though the PL QY was less than 1%.513 These
particles displayed a relatively narrow emission at 675 nm with
fwhm around 70 nm. Many unanswered questions remain
about the detailed structures of the complexes formed between
the NCs, their precursors, and the nucleic acids that control
their growth and stabilize the ﬁnal products. Insight into details
such as how many nucleic acid strands per particle participate in
the process, what conformations they adopt, and how precisely
they interact with the NC surface (though which groups and by
what binding mechansims) has yet to be assembled. While the
present limited search of nucleic acid sequences (guided mainly
by past experience and intuition) has yielded useful sequences
that have already shown great promise for making functional
materials, perhaps even better and certainly more sophisticated
materials may be obtained by making use of in vitro
combinatorial searches to uncover more ﬂexible and fascinating
sequences.
3.6.2. Biosynthesis. In recent years, water-soluble QDs
have been synthesized in living biosystems included prokaryotic
organisms (e.g., bacteria), eukaryotic organisms (e.g., yeast,
fungus), and even living animals. Compared with other
synthetic methods, the biosynthesis can proceed under gentler
and more environmentally benign conditions, which generally
eschews toxic organic and inorganic reagents.
Microorganisms surviving in high metal concentration
conditions developed defense measures to combat the metal
toxicity. The toxicity of metal ions is often mitigated or
completely suppressed by altering their redox state and/or
intracellular formation of precipitates of metal compounds. One
of the pathways is based on the reduction of oxyanions of
sulfur, selenium, or tellurium to produce, in the presence of
cationic metals, metal sulﬁdes, selenides, or tellurides.514
Following this mechanism, Pang and co-workers reported the
synthesis of CdSe QDs in living yeast cells.99 In detail, the yeast
cells were ﬁrst cultured for 24 h to arrive at a stationary phase,
then Na2SeO3 was introduced and co-incubated with the yeast
cells for 24 h at 30 °C, followed by the introduction of CdCl2.
Via the natural intracellular metabolism of Na2SeO3 and
detoxiﬁcation of CdCl2, CdSe QDs were formed in the
cytoplasm. They further found that the size and emission
wavelength of CdSe QDs could be tuned simply by the
incubation duration of yeast cells with CdCl2. When the
duration of incubation was extended from 10 to 40 h, the
ﬂuorescence color of the QDs within the cells was shifted from
green (520 nm) to yellow (560 nm), and ﬁnally to red (670
nm), and TEM studies conﬁrmed that the size of the
corresponding CdSe QDs was increased from 2.7 to 6.3 nm.
In principle, the reactions involved in the metabolism of
Na2SeO3 and detoxiﬁcation of CdCl2 have to be matched in an
appropriate time and space sequence to obtain the ﬁnal
product.
In order to improve the yield and optical properties of
ﬂuorescent QDs, Pang’s group used genetically modiﬁed yeast
cells to synthesize CdSe QDs, because they found that the
glutathione metabolic pathway is important for the biosynthetic

Figure 28. DNA-programmed and functionalized CdTe NCs: (a)
design of chimeric oligonucleotides with ligand (ps) and recognition
(po) domains, along with schematic representation of (b) one-pot
biofunctionalized NC synthesis and (c) binding to biological targets.
Reproduced from ref 105. Copyright 2010 American Chemical
Society.
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yield and the intracellular formation of CdSe QDs is dominated
by the expression of the glutathione metabolic gene.515 Upon
speciﬁc modiﬁcation of this gene, the yeast cells were
homogeneously transformed into more eﬃcient cell factories
at the single-cell level to generate CdSe QDs with QY of 4.7%
for emission at 575 nm.
It was found by Zhao and co-workers that the CdTe QDs
eventually localized in the cell nucleus if Na2SeO3 and CdCl2
were simultaneously introduced into the solution containing
yeast cells, which is diﬀerent from what Pang et al. observed.516
It was proposed that protein-capped CdTe QDs ﬁrst formed
extracellularly and eventually entered the nucleus via a nuclear
translocation after uptake by yeast cells. PL QY of the asbiosynthesized green emitting CdTe QDs was as high as 33% at
a reaction temperature of 35 °C.
Apart from yeast cells, Rhodobacter sphaeroides can also be
adopted as a bioreactor to synthesize CdS NCs because R.
sphaeroides secretes cysteine desulfhydrase (C−S-lyase) to
generate S2−. Bai used immobilized R. sphaeroides and
successfully biosynthesized CdS NCs of 8 nm.517 By adopting
Staphylococcus aureus cells as the reactor, Pang and co-workers
achieved monoclonal antibody (mAb) modiﬁed ﬂuorescent
cells through the biosynthesis.518 The formation of the ﬁnal
products involved the following steps. The ﬁrst step is the
cellular reduction of Na2SeO3 to form selenocysteine that
together with S precursor from endogenous biomolecules serve
as chalcogen precursors. The second step is the treatment of
selenized cells with CdCl2, which allows the formation of
ﬂuorescent CdS0.5Se0.5 QDs within the cells. The third step
involves the attachment of mAb molecules to the surface of
ﬂuorescent cells as protein A expressed on the S. aureus which
can speciﬁcally bind to the Fc fragment of mAb. In this way,
biotargeting ﬂuorescent cells can be achieved.518
The use of microbes may also lead to QDs coated with
biorelevant ligands. Kang et al. synthesized ﬂuorescent CdS
NCs in genetically engineered E. coli and obtained
phytochelatin (PC) coated QDs.519 Owing to repeating γGluCys units, PC serves the role of a site for templated binding/
nucleation of (in their case) Cd2+ ions and stabilizes the core of
the NC against further aggregation. The resulting CdS NCs
were fairly polydisperse with particle size ranging from 2 to 6
nm, probably caused by the heterogeneous population of PCs,
i.e., PC2, PC3, and PC4 in approximately a 1:2:3 ratio, acting as
the surface agents.519
Recently, Green’s group reported a biosynthesis of
luminescent CdTe QDs in an earthworm following the
earthworm’s metal detoxiﬁcation pathway.100 The synthesis
relied on metallothioneinsa set of proteins rich in cysteine
to act as vehicles to move the heavy metals to the
chloragogenous tissues/cells that have a similarity to the liver
in vertebrates for neutralizing toxins. They used Na2TeO3 as
the Te precursor, proposing the following reaction pathway for
the formation of H2Te. Tellurite ﬁrst reacts with GSH to form
GS−Te−SG complex which was subsequently reduced by
nicotinamide adenine dinucleotide phosphate (NADPH) with
the aid of glutathione reductase and GSH to form GSTeH. The
following reaction between GSTeH with GSH generates H2Te
required for forming CdTe, as shown in Scheme 2. The CdTe
QDs formed in living earthworm presented a fairly high PL QY
up to 8.3% at 520 nm.
Besides intracellular biosynthesis, QDs may also be prepared
by mimicking the intracellular processes extracellularly to avoid
the eﬀorts for isolating the QD products from living organisms.

Scheme 2. Reaction Pathway for the Formation of H2Te via
Reduction of Na2TeO3a

a

Reproduced with permission from ref 100. Copyright 2011 Nature
Publishing Group.

The understanding of the formation mechanism of QDs
prompted Pang and colleagues to assemble the key
components in an analogous fashion to mimic the biosynthesis.218 For example, glutathione, reduced nicotinamide
adenine dinucleotide phosphate, and glutathione reductase
were used to reduce Na2SeO3 to provide Se precursor by
biomimicking the reduction of SeO32− with GSH to GSSeH.
Then, they used alanine to convert silver ions to Ag−alanine
complexes through the multidentate chelating eﬀect of alanine.
In this way, sub-3-nm-sized aqueous Ag2Se QDs with emission
over a range of 700−820 nm were obtained by adjusting the
Ag:Se precursor ratio. However, the PL QY of the resulting
alanine capped Ag2Se QDs remained low (∼3%).
Li and co-workers used E. coli secreted proteins to assist the
biosynthesis of CdTe QDs. The ﬂuorescence with the QY up to
15% was tuned from 488 to 551 nm by adjusting the incubation
time of the Cd and Te precursors with the proteins to achieve
protein-coated QDs.520 Similarly, Chen and co-workers
synthesized CdS QDs showing narrow emission at 458 nm
with FWHM of 30 nm employing cysteine and proteins
excreted by white rot fungus Phanerochaete chrysosporium.521
Yang and co-workers have recently capitalized on the
expression of cysteine desulfhydrase by a nonphotosynthetic
bacterium, Moorella thermoacetica, in order to synthesize CdS
QDs extracellularly.522 The bacterium-generated cysteine
compound functioned as a sulﬁde ion source and when
supplied with Cd2+ ions externally the formation of CdS QDs
on the bacterium surface was triggered. The bacterium
beneﬁted from the CdS decoration in so much that the QDs
acted as light harvesters which then contributed to the cellular
metabolism. The otherwise nonphotosynthetic bacterium could
thereby photosynthesize acetic acid from CO2 with a maximum
yield of around 90%.
So far, the biosynthesis of ﬂuorescent QDs with microbes as
green reactors has been emerging as a research ﬁeld. Although
in-depth studies have been carried out to disclose the reaction
pathways leading to the formation of cadmium chalcogenide
QDs and a number of studies have exempliﬁed the reliability of
this novel approach for achieving highly ﬂuorescent and
biocompatible QDs, synergistic combination of the biological
or engineered biological functions of microbes with QDs to
achieve QD-based biorelevant probes is just beginning and
awaiting further studies in the future.

4. OPTICAL PROPERTIES OF QUANTUM DOTS
4.1. Fundamental Aspects

4.1.1. Quantum Conﬁnement Eﬀect. Colloidal semiconductor QDs that are smaller than, or on the order of, the
exciton Bohr radius of the bulk form of the material may
strongly conﬁne the electronic energy levels and any excitations
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may also arise. In the absence of surface state emission, the trap
process would be considered as another nonradiative
contribution, while in the emissive case it should be taken as
an additional contribution to the overall QY and side with kr.
For QDs embedded in a continuous simple refractive
medium with negligible refractive index dispersion, the radiative
recombination rate according to Fermi’s golden rule is given by

in all three dimensions. An alternate deﬁnition is that
conﬁnement eﬀects become signiﬁcant when the de Broglie
wavelength of excited electrons, holes, or excitons becomes
comparable to or exceeds the size of the nanoparticle in which
they are contained. Semiconductor QD diameters are generally
in the range of 1 nm to tens of nanometers, and the energy
levels of the excited state bound electron−hole pair (exciton),
especially near the band edge, are discrete rather than
continuous and are blue-shifted relative to the bulk. That is,
three-dimensional quantum conﬁnement eﬀects reduce the
continuous density of states of the bulk to a more discrete set of
electronic states in QDs.523 Photoexcitation of the QD creates
an electron−hole pair that is conﬁned to and delocalized over
the volume of the QD. Due to quantum conﬁnement eﬀects, a
reduction in the QD diameter leads to an increase in the band
gap energy. Consequently QD absorption and emission spectra
are strongly size-dependent, with the band edge features of
both shifting to shorter wavelengths with deceasing particle
size. Taken together with the additional eﬀects of semiconductor composition (in ternary and quaternary, etc.,
materials), particle shape, and the possibility of forming
heterostructured particles, this has led to the extremely diverse
semiconductor NC ﬁeld as we know it today.524 It is possible to
synthesize NCs with exquisite control of their optical and
electronic properties by readily tuning their size, composition,
shape, and internal structure. The broad palette of semiconductor NCs includes many with useful optical characteristics including narrow, size-dependent ﬂuorescence spectra
with broad excitation ranges and excellent resistance to
photobleaching.
4.1.2. Radiative Recombination. Perhaps the simplest
view of the recombination processes that a photoexcited
exciton sitting just at the band edge in a simple core-only QD
can undergo is shown in Figure 29. Radiative recombination
generates a ﬂuorescence photon while nonradiative recombination processes do not, and thus the latter reduce the
measured PL QY according to eq 12:
QY =

τnr
τnr + τr

kr =

1
∝ flf 2 ω3ns |⟨ψeμ ̅ ψh⟩|2
τr

(13)

where f lf is a local ﬁeld factor, ns is the solvent refractive index,
and ω is the optical transition frequency. For many
applications, the radiative recombination rate eﬀectively “sets
the bar” against which the sum of all the competing
nonradiative process rates is judged to be signiﬁcant.
QDs typically have large oscillator strengths (HgTe, 5−10
for band gap energies, Eg, between 0.73 and 0.34 eV;525 CdTe,
10−13 for Eg between 2.25 and 1.75 eV;526 CdSe, 4−14 for Eg
between 2.8 and 1.9 eV;527 PbSe, 8−25 for Eg between 1.2 and
0.6 eV528). Alternately the strength of the transition may
sometimes be expressed in terms of the transition dipole
moment
μel = ⟨ψeμ ̅ ψh⟩

(14)

where ψe and ψh are the electron and hole wave functions for
the band edge states.
Transition moments of typical QDs may be of the order of
10−100 D (debyes); e.g., Aharoni et al.529 used a value of 20 D
for InAs/CdSe/ZnSe core/shell/shell NCs. These values are 10
or 100 times greater than many atomic or molecular electronic
transitions, and a further 2−3 orders of magnitude greater than
the transition dipole moments for vibrational overtone and
combination bands of C−H or O−H containing molecules.
The square of the local ﬁeld factor for semiconductor QDs
embedded in many simple dielectric materials (e.g., refractive
indices of ∼1.5) is however often of the order of 0.2−0.4, so the
otherwise enhanced radiative recombination rate relative to
molecular ﬂuorophores in the visible range is tempered by the
diﬀerence between the embedded QD and the surrounding
medium refractive indices. For II−VI QDs synthesized by
aqueous methods, radiative lifetimes typically range from
around 10 ns for short wavelength visible emitters, to a few
microseconds in the mid-IR for narrow band gap QDs, though
the corresponding measured PL lifetimes may typically range
from a few nanoseconds to a few hundred nanoseconds when
measured at low excitation powers and (due to the possibility
of opening up additional fast nonradiative channels) lower still
when high excitation powers are used.530
Fluorescence from the radiative recombination process is
observed at a longer wavelength than the absorption edge with
an energy oﬀset referred to as a Stokes shift. 531 In
measurements such as ﬂuorescence line narrowing, the
resonant Stokes shift is observed by choosing to excite to the
red side of the absorption edge. Under these conditions mainly
the larger dots in the QD size distribution are probed and much
of the inhomogeneous broadening is thereby removed. At low
temperatures the longitudinal optical (LO) phonon progression
can then be resolved. The Stokes shift between the peak of the
emission and the lowest energy peak in the absorption
spectrum may typically be of the order of a few millielectronvolts for larger QDs to a few tens of millielectronvolts at smaller
particle sizes. The resonant Stokes shift depends upon the

(12)

where τr and τnr are the respective nonradiative and radiative
lifetimes. It must be stressed that this is a very simplistic
situationat this stage we do not consider the eﬀect on the QY
of any dark states and the inhomogeneous distribution of
nonradiative rates that may then arise. In addition, emission
from shallow trap states, usually associated with the QD surface,

Figure 29. Competing radiative and nonradiative processes with
transitions involving midgap trap states (e.g., surface states) shown as a
separate recombination path. The recovery from the trap levels may be
nonradiative and involve very long trap lifetimes, or may be emissive,
usually corresponding to broad ﬂuorescence spectra red-shifted from
the band edge.
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detailed electronic ﬁne structure through the transition
selection rules, with F as the appropriate quantum number
since in small QDs strong electron−hole exchange interactions
allow mixing of the electron and hole spin momentum states.
For smaller QDs the exchange interaction is stronger and has a
more marked eﬀect on which transitions contribute to the band
edge absorption spectra, and therefore determine its shape and
the location of the excitonic peak. Regular ﬂuorescence spectra,
where the excitation photon energy is well above the band
edge, include several inhomogeneous broadening contributions,
most noticeable from the particle size distribution, but also
from variations in particle shape, other structural inhomogeneities, and diﬀerences in the local chemical environments of
individual dots. Experimentally the typical size dependence of
the Stokes shift is again most marked for smaller QDs (of the
order of 100 meV at low temperatures) but diminishes for
larger dots to a few tens of millielectronvolts. From the
theoretical standpoint, the additional eﬀect of including phonon
contributions to the nonresonant Stokes shift results in an
increased value and this mechanism is equivalent in origin to
that in the Huang−Rhys model532 for the Stokes shift.531
The inclusion of signiﬁcant fractions of QDs in an ensemble
where the lowest energy transition at the band edge is dark and
where their nonradiative channel is then more favorable than
the (very long lifetime) radiative process leads to eq 12 no
longer being accurate due to the eﬀective overestimation of the
nonradiative recombination rate. It is still true to say that the
radiative decay rate is the product of the measured PL QY and
the average measured PL decay rate; however, the true
nonradiative rate is no longer determinable by eq 12. A
knowledge of the fraction of dark to bright dots contributing to
the ensemble emission is necessary and not readily determined
from simple regular ﬂuorescence measurements. Yao et al.533
have studied the emission properties of QDs conjugated with
biotin coupled dyes using both single dot ﬂuorescence blinking
and ensemble ﬂuorescence techniques. They were able to
determine contributions to the emission process from QDs that
were emissive for part of the time but nonemissive for the
remainder (blinking) and were also then able to calculate the
fraction of totally dark QDs (nonblinking, nonemissive). The
tagging of the dots with the dye allowed the presence of dark
QDs to be revealed by cross-correlating the QD emission (if
present) with dye emission, while the temporal evolution of the
QD single dot emission allowed the QD blinking statistics to be
determined. Measurements were made in aqueous solution
(rather than on dry immobilized QDs on a substrate) with the
probed volume restricted to femtoliters by using a confocal
imaging arrangement. Their measurements suggested that the
blinking and the permanently dark QD populations were not
related. More recently, Durisic et al.534 made similar measurements: single dot blinking and ensemble PL on ZnS coated
CdSe core−shell QDs looking at the sensitivity of these
materials to solution pH and the creation of surface defect sites
by the action of H+ and O2. In the later study the authors make
the point that blinking studies generally set a threshold oﬀ time
period, limited by the measurement signal-to-noise ratio,
beyond which QDs in the oﬀ state are assumed to be
eﬀectively permanently oﬀ. The better signal-to-noise characteristics of their ensemble PL measurement system was not
limited in the same way, and QDs that were in the oﬀ state for
very long times but only ﬂeetingly emissive could make a small
contribution to the ensemble PL at long times. Thus, some of

the nominally dark population was in fact more correctly
classiﬁed as weakly emissive with long lifetimes.
In section 4.1.3 we look more deeply into some of the
chemical and structural features that contribute to such
complex emission dynamics.
4.1.3. Trap States. The studies of trap states in QDs and
their eﬀects upon the optical properties date back to the very
ﬁrst examples of their synthesis. Aside from the possibility of
including defects through imperfect growth, simple core-only
QDs with ligand surface termination inevitably raise the
possibility of having surface states which may have energy
levels in the gap between valence and conduction bands and
which can localize one or another type of photoexcited charge
carrier for extended periods of time. Early studies focused upon
the surface chemistry where the interfacial bonding of the
overall nonstoichiometric (often cation-rich) semiconductor
NCs and the chemistry of molecules (ligands or other surface
bound species) sitting on such sites was seen as the main key to
understanding the charge trapping process. The impact upon
PL QY and PL decay dynamics if using diﬀerent ligands or
introducing known charge donor or acceptor molecules was
one of the main avenues of investigation and was used to
establish where, in energy terms, carrier traps might reside
within the band gap. However, simple energetic models based
on a distribution or manifold of midgap states alone could not
provide a full understanding. Some have alternately proposed
surface-core models where a single type of surface state with
vibrational (LO phonon) sublevels can describe some aspects
of the experimentally observed trap dynamics.
In most cases of interest photoexcitation takes place with
incident photon energies that may be signiﬁcantly in excess of
the band gap energy. The carriers so produced are then said to
be hot, each with an energy in excess of the band gap. The
dynamics of such carriers, the multiple mechanisms by which
they can relax, transferring the excess energy either to other
carriers or by eventual thermal relaxation to the lattice, can
strongly inﬂuence the detailed mechanism by which carriers
may become trapped at the QD surface. The transfer of the
electron excess energy to holes via carrier−carrier scattering
and Auger recombination after multiexciton occupation occurs
are key stages in the processes by which surface states may
become populated with trapped charges. Multiexciton populated QDs may occur via hot exciton ﬁssion or simply by
contemporaneous absorption of multiple photons at suﬃciently
high ﬂuence. Auger relaxation processes may supply suﬃcient
additional energy to allow one of the surviving conﬁned carriers
(particularly the electron) to acquire enough energy to
surmount the conﬁning potential and access a surface trap
state. A consequence of the trapping of charge carriers outside
the QD potential is that the remaining geminate charge within
the QD may still be in residence when the next excitation
photon is absorbed and then form a trion with the new electron
and hole. The trion may subsequently undergo Auger
recombination nonradiatively, once again leaving a single and
further excited carrier within the QD. Meanwhile a nonpaired
charge trapped at the surface may exert a strong electrostatic
inﬂuence over any subsequently generated carriers inside the
QD. These eﬀects can signiﬁcantly degrade the PL QY of the
QDs, with individual QDs being rendered inactive for periods
of timean eﬀect dubbed “QD blinking”. QD blinking, Auger
recombination, and surface traps are all interlinked factors in
the emission eﬃciency of QDs. More recent studies of how QD
blinking and Auger recombination eﬃciency are related to the
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used.538 The subsequent precursor-ratio dependence of the PL
QY was also explained based on the equilibrium between the
monomers in the solution and the monomers on the surface of
NCs, which should promote an optimal surface structure, and
thus high PL QY.539 The high PL QYs of the obtained CdTe
QDs may partly arise from the higher Cd:Te ratio used, since
such biased cation to anion precursor ratios could provide more
opportunity to coordinate the Cd with thiol stabilizer, which
beneﬁcially modiﬁed the surface of the NCs.19,24,26,28,134,160,161
It was reported that the decreased stoichiometric ratio of Te to
Cd would result in an increased stoichiometric ratio of S to Te
on the CdTe NC surface, favoring the construction of a more
perfect surface leading to high PL QYs.271,540 O’Neill541
similarly found that the PL QYs would become high when the
initial Te is rapidly depleted in the reaction solution giving a Cd
enriched surface.
In organically grown QDs the ligand surface coordination
may be more covalent in nature with the ligand’s long alkyl
chains sterically hindering close range dot-to-dot interactions.
In charge stabilized aqueous synthesized QDs, the ligands are
often more compact but still oﬀer some steric hindrance
including blocking access to adjacent surface binding sites for
neighboring ligands to some degree.88 This results in some
surface sites where the local bonding may be diﬀerent from
most of the rest of the surface or where uncoordinated surface
bonds may still be located.542 In addition, some surface sites
may attract impurities (as a result of photochemical reactions,
left-over reactants from the initial synthesis, etc.). All such
surface imperfections may be considered as potential surface
trap sites where photogenerated electrons or holes may become
localized.
4.1.3.2. Trap Site Energetics and Site Chemistry. Where the
energy level associated with the trap site falls between the QD
conduction and valence levels the traps are said to introduce
midgap states, which may lie several hundred millielectronvolts
below the conduction band. Population of the trap states
introduces a further process that competes for (one of) the
photogenerated band edge carriers alongside the band-edge
radiative recombination and the other nonradiative processes.
Thus, the overall PL recombination rate equation can be
modiﬁed, e.g.

design and the structural proﬁle of core−shell and alloy
gradient QD heterostructures has led to a better understanding
of how to potentially circumvent the surface trap problem,
mostly by using core/shell structures that keep conﬁned
electrons or hole wave functions away from trap sites or
spatially separate biexcitons so that Auger recombination rates
can be drastically reduced. Auger rates may also be signiﬁcantly
reduced by using QD heterostructures with composition
gradients rather than near-atomically abrupt interfaces.
Sections 4.1.3.1, 4.1.3.2, and 4.1.3.3 on the topic of trap states
explore some of the progress in these areas leading to the
present-day understanding of the process and the development
of the synthetic strategies that this has entailed.
4.1.3.1. QD Stoichiometry and Surface Coordination. The
surface of a simple core-only QD is generally imperfectly
passivated in terms of the surface layer coordination. Often
synthetic conditions lead to a metal (cation) rich surface layer
which, in aqueous chemistry terms, is charge balanced by ionic
interactions with oppositely charged ligands (e.g., thiolates or
carboxylates, etc., formed by deprotonation of the corresponding thiols or carboxylic acids under alkaline conditions) at the
surface. It is however also possible to form QDs with anion rich
surfaces where the charge balance is reversed.535,536 Either
situation results in stoichiometrically unbalanced QDs, with the
imbalance generally being worst for smaller dots where the
surface to volume ratio is highest. Experimentally the QD
stoichiometry may in principle be determined by several
methods (e.g., EDX, ICP-AES, and Rutherford backscattering
(RBS)526). Each of these techniques requires that the QDs are
prepared without any residual unreacted anion or cation
precursors in the sample solution. This is generally quite easy to
achieve with organically grown QDs; simply washing several
times by precipitation and redissolution will remove the
superﬂuous ions. However, with aqueously grown QDs this
washing approach may not be so eﬀective and may lead to
erroneous ionic ratios due to the formation of QD clusters with
the excess ionic material entrapped between the QDs within
the clusters. It is important when preparing such samples for
analysis that QD clustering is avoided or suppressed. This can
be conﬁrmed by dynamic light scattering or small-angle X-ray
scattering measurements that should indicate a hydrodynamic
radius consistent with the QD size (e.g., inorganic core from
TEM or optical sizing curve measurements) coated with a one
to two ligand thickness shell.
Omogo et al.537 prepared a set of CdTe QD samples where
the Cd:Te ratio used varied from 5:1 to 1:5, i.e., with surface
layers ranging from Cd rich to Te rich. They measured PL and
average PL decay times to determine the eﬀect of the
stoichiometry on the radiative and nonradiative recombination
processes. For high surface Te content QDs, the radiative
lifetimes could be as large as 1 μs, indicating a much reduced
electron−hole wave function overlap compared with cation rich
QDs. Nonradiative lifetimes in contrast could be below 10 ns,
which was attributed to more eﬃcient hole trapping at the
surface for anion rich QDs. Borchert et al. have reported that
mainly oxidized Te atoms on the QD surface should be
responsible for luminescence quenching and the binding of
thiols at such sites on the surface clearly prevented the
oxidation of Te.538 Another critical aspect of their ﬁndings
concerned the possibility of surface reconstruction. It was
proven that Cd-terminated surface reconstructions seemed to
be thermodynamically more stable than their Te equivalents
and the former are more prevalent if high Cd:Te feed ratios are

k meas = k r + k nr + k t ;

k t = k tr + k tnr

(15)

where kmeas is the experimentally measured PL decay rate, kr is
the radiative decay rate, knr is the net nonradiative decay rate for
nontrapped carriers, ktr is the emission rate from surface/trap
states (at a wavelength red-shifted from the band edge
emission), and ktnr is the nonradiative relaxation rate from
the trap states.
This assumes that the trap ﬁlling rate, kf, is considered to be
much faster than the other decay rates. Where this is not a valid
assumption and kf is not instantaneously fast by comparison,
then the trap ﬁlling rate modiﬁes the trap related processes by a
kf
, i.e.
factor
k tr + k tnr + k f

k meas = k r + k nr + (k tr + k tnr)

kf
k tr + k tnr + k f

(16)

Depending on their chemistry, surface traps may ensnare
holes or electrons and, once trapped, the carriers may
recombine nonradiatively or radiatively in the former case
often with a nongeminate counterpart that may have originated
outside the same QD. Radiative recombination of trapped
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similar CdSe and CdTe QDs treated with a variety of thiols
other than MPA. In their case they found that most of the thiols
led to the formation of hole traps with CdSe,134,550,553,554 but
for CdTe QDs only those with trap (HOMO) levels above the
valence band showed hole trapping behavior. Thiols are
additionally easily oxidized, and this results in quenching of
the band edge luminescence in CdSe QDs as holes are
extracted at the surface.39 The valence bands of bulk CdSe and
CdTe diﬀer by approximately 0.5 eV, and this diﬀerence is still
greater for CdS and CdTe (ca. 1.0 eV), arising from the fact
that the more electronegative the anion (higher the electron
aﬃnity), the deeper the valence band edge and wider the band
gap energy when sharing a common cation. A carrier will be
trapped only if its wave function reaches the surface trap site,
and the ability of a ligand molecule to trap photoexcited
electrons (or holes) from QDs is determined by its reduction
(or oxidation) potential with respect to the size-dependent
conduction band (or valence band) potential.553 For example,
the trapping of holes in semiconductor QDs by a thiol and
consequent PL quenching is energetically likely only provided
that the thiol redox level lies above the top of the valence band.
As seen from Figure 30, this situation can arise for CdSe (and
more so for CdS). This can be remedied with suitable inorganic
passivation of the emitting core. One such example is ZnSe(S)
NCs where the sulfur-enriched shell is able to provide eﬃcient
wide band gap related screening of the hole trapping eﬀect.
This may lead to a strong enhancement of the band gap
emission of the ZnSe NC. Despite the typically low PL QY of
core-only thiol-stabilized CdS, CdSe, and ZnSe, the interest in
such aqueously synthesized nanoparticles is still strong. CdS
QDs are a popular model NC for investigations of the stability
and size distributions of nanoparticle assemblies.555 As we
describe in section 3.6, other synthetic approaches for watersoluble CdS NCs target their biological applications, including
syntheses in the presence of D-penicillamine and L-penicillamine, 5 5 6 , 5 5 7 specially engineered peptides, 5 5 8 or
DNA.105,506,559 For CdSe QDs, synthesis with thiol ligands
has proved to eﬃciently provide very small, molecular-like
clusters;14 the interest in larger CdSe thiol stabilized NCs has
also been driven by their recent successful use as the lightabsorbing and photosensitizing constituents of solar cells.560

carriers at room temperature may be much weaker than band
edge recombination.
This traditional view of QD surface traps suggests that the
traps themselves may have a range of energy levels and that,
where they occur across QD ensembles which have either a
range of sizes (or compositions or both), they will be located at
a distribution of oﬀsets relative to the conduction band. This
would suggest that trap-related emission should span a broad
ﬂuorescence energy range.543−545 These concepts of surface
trap energetics have formed the basis of a large body of eﬀort to
both understand and model surface traps and to correlate the
observed spectral and other carrier dynamics measurements
with the trap site chemistry and energetics.
An example of the formation of electron traps on CdSe QD
surfaces has been given by Baker and Kamat.544 Though their
QDs were grown in organic solution with TOPO coordinated
at the cation sites and dodecylamine (DDA) at the chalcogen
sites, postsynthetic treatment with MPA resulted in displacement of some of the DDA and partial removal of some surface
Se ions. The anion vacancies thus formed functioned as
electron traps. Comparison of PL decay rates with and without
MPA treatment allowed the determination of the eﬀective band
edge exciton to surface trap electron transfer rate (typically 2.6
× 108 s−1). The trapped carriers gave rise to an enhanced redshifted emission which increased in QY, while the band edge
QY decreased with increasing MPA concentration up until a
particular optimum concentration. The combination of the
broad red-shifted trap related emission and the 500 nm band
edge PL resulted in a “white” combined emission output at
intermediate MPA concentrations and red, trap-dominated,
emission at higher MPA levels.
While the partial removal of Se surface anions results from
the treatment of CdSe QDs in organic solutions, MPA and
TGA serve as very suitable ligands for aqueous growth of CdTe
QDs, since the solubility product for CdTe is many orders of
magnitude lower than that for CdSe.130
A similar behavior to that seen in CdSe QDs by Baker and
Kamat was observed in PbSe QDs by Sykora et al.546 In their
case, the Se sites were sensitive initially to the absorption of
atmospheric oxygen which led to PL quenching due to
increased nonradiative recombination rates. Rather than the
Se sites being desorbed, a shell layer of the PbSe QD was
transformed by the uptake of oxygen as a SeO2 and PbSeO3
containing surface layer and the remaining PbSe QD cores were
seen to be reduced in diameter. The shell formation led to a
slow recovery of the PL QY and a blue shift of the emission.
In water or other polar solvents, while thiol ligands or linker
molecules are seen to lead to surface trapping sites in CdSe
QDs, amine terminated ligands are generally found to be far
less likely to cause surface trapping since the associated surface
site energy levels tend to lie below the top of the valence band
rather than midgap.88,547 The presence of thiols can inhibit as
well as favor hole trapping, underlining the crucial importance
of the position of the energy levels/redox potentials of the
thiols and their interaction with charge carriers.548−550
Although it is possible to synthesize stable colloidal solutions
of CdS,551 CdSe,552 and ZnSe142,173,175 QDs in aqueous
solutions, using stabilizers with thiol groups does not result in
strong band gap emission of these nanoparticles. For thiols, the
surface related trap levels may or may not fall within the gap for
CdSe, but are located below the valence band for CdTe. In
contrast to the previous study on TOPO/DDA stabilized CdSe
treated with MPA, Wuister et al.553 compared the behaviors of

Figure 30. Positions of bulk CdSe and bulk CdTe band edges shown
both on a vacuum scale and with respect to a standard hydrogen
electrode reference. The standard potential expected for a thiol that
does not quench the CdTe exciton luminescence is given by a solid
line between CdSe and CdTe. Hole trapping can occur from CdSe
(process 1) but not from CdTe (process 2). The dashed line indicates
the assumed position for the standard potential of a thiol that
quenches the luminescence of both CdSe and CdTe (process 3).
Reproduced from ref 553. Copyright 2004 American Chemical
Society.
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Citrate-stabilized CdSe NCs302 with relatively eﬃcient bandedge PL that was strongly enhanced upon photoactivation have
also been developed.283,303
The inﬂuence of thiols on the PL of CdSe/ZnS QDs has
been found to be beneﬁcial or detrimental, according to the
thiolate anion concentration. These ﬁndings suggest that
thiolate, not thiol, at low concentration may deactivate existing
electron trap states (improving PL) and yet at high
concentration may introduce new hole traps on the QD
surface (reducing PL). This dual eﬀect may arise from a limited
density of undercoordinated sites on the QD surface that are
mitigated thanks to the thiolate’s electron-donating ability. But
after saturation of these surface sites, further increase of the
thiolate concentration allows the excess ligands to function as
hole traps. As previously mentioned, a photogenerated hole on
a CdSe QD may easily be trapped at a surface-bound “thiol”
molecule. Although previous studies have not focused on
diﬀerent roles played by thiols and thiolates, our work indicates
that these distinctions are crucial when it comes to reconciling
the eﬀects of concentration, pH, and thiol chemical
classiﬁcation (i.e., primary versus secondary).137
In general QDs may be treated with ligands that either accept
or donate electrons. These ligands may be attached post
synthesis by ligand exchangea common method with TOPO
stabilized QDs being to ﬁrst remove the organic solvent
compatible TOPO with pyridine prior to treating with the
required target ligand. For QDs in aqueous solution it is
possible to modulate the electron donating or withdrawing
capacity of a single ligand by varying the pH of the surrounding
medium, for example. Thio acids such as TGA and MPA can be
made to function in this manner,30,561 with the controlling
eﬀect arising from the inﬂuence of the pH on the noncoordinating carboxylic acid group furthest from the QD
surface which may strongly aﬀect the overall electron donating/
withdrawing capacity via the coordinating thiol group.
4.1.3.3. Traps and Blinking: Core/Shell QDs and Surface
Treatments. Carrier traps have long been associated with QD
PL intermittency, also termed blinking, where the emission
from individual QDs may temporarily cease for a period of time
and then resume sometime later. In fact, PL intermittency is
not restricted to QDsother single ﬂuorophores such as
organic dyes and biomolecules also exhibit blinking due to
internal reorganizations during excitation.562,563 The emission
energy from an individual QD when emitting, as observed in
single dot PL spectroscopy, may also vary around a nominal
mean value in what is known as spectral diﬀusion. The
earliest564 explanations for this intermittency suggested that the
interruption of emission was simply a consequence of a carrier
being ejected from the QD leaving it ionized and that the
charged dots would be nonemissive due to rapid Auger
quenching of any subsequent exciton generated while the dot
was in a charged state.565 The spectral diﬀusion was attributed
to a variable Stark shift due to the extremely large polarization
when electron−hole pairs were formed and large electric ﬁelds
when ionization occurred.566 The assumption in the earliest
studies was that the trap site was located in the surrounding
medium rather than being an integral part of the QD. After a
period of time a countercharge was recaptured and the dot
regained its neutral energy level structure. However, more
recently blinking has been shown to correlate strongly with the
presence of surface traps. Even in the early studies it was
recognized that Auger recombination of multiexcitons (sometimes termed Auger heating) was likely to play a major role in

the ionization/trapping process, since the on/oﬀ temporal
statistics and excitation ﬂuence dependences did not strongly
support a satisfactory carrier tunneling mechanism when the
traps were external to the QD. The review by Gomez et al.567
appeared around the time that attention was beginning to turn
to a surface trap model and nicely captures and contrasts the
initial attempts to rationalize the external trap model to a large
body of experimental measurements and the shift to the surface
trap scenario. More recent work, including state selective
pump−probe femtosecond spectroscopy, has shown that for
initially hot carriers (i.e., for excitation at energies far greater
than Eg) processes such as Auger heating and cooling are also
implicated in how such carriers become trapped. The
connection with surface traps has led to a number of
approaches to suppress the blinking processthese include
surface passivation, e.g., by halide treatments, and the
incorporation of the QDs into heterostructures both to
passivate the core interface and to increase the decoupling
between the outer surface of the heterostructure and the core.
One of the earlier works that pointed to surface trap
involvement was reported by Hohng and Ha,568 who showed
that, in single dot intermittency experiments with CdSe QDs in
a thin aqueous ﬁlm, the blinking could be almost completely
suppressed by the addition of mercaptoethanol to the QD
solution. The thiols were believed to donate electrons to the
surface traps, thereby ﬁlling them and blocking the pathway for
internally photogenerated carriers to be trapped. An alternate
approach to suppressing blinking was adopted by Chen et al.,569
who used CdSe/CdS core−thick shell heterostructures where
the CdS shell was thick enough (total particle diameters 15−20
nm) to ensure that neither electron or hole wave functions had
much overlap with the outer surface of the shell, and moreover
the core to shell interface was suﬃciently epitaxial (free of
defects) that trapping would no longer occur at the core
surface. Although earlier studies had also used core/shell
structures, the shell thicknesses had evidently not been thick
enough to fully suppress the blinking eﬀect. Mahler563 also
showed strong blinking suppression using similar thick shell
CdSe/CdS QDs, reporting that 68% of the dots observed at 33
Hz frame rates did not blink when observed for up to 5 min.
Dias570 et al. used two color emitting CdSe/ZnS/CdSe core/
barrier/shell QDs where the barrier and shell thicknesses were
closer to the traditional core/shell dimensions (total diameter
7.4 nm) to try to better understand the nature of carrier
interactions through or over the ZnS barrier (i.e., how carriers
access the surface trap states via a shell or barrier), though there
was no evidence of clear correlation of the individual core and
outer shell blinking or spectral diﬀusion characteristics.
Frantsuzov et al.571 commented on the near universality of
the power law statistics of the blinking phenomenon and the
many attempts at that time to bring the original Efros and
Rosen565 Auger ionization model into line with experimental
observations.
More recently, Galland et al.572 identiﬁed two distinct modes
of blinking via spectroelectrochemical single dot lifetime and
blinking measurements on both thick and medium CdS
thickness CdSe/CdS core/shell QDs (Figure 31). By gating
the thin QD solution electrochemically, they were able to
externally control QD charging and vary the Fermi level relative
to the energy levels of the excitons within the QD and the trap
site. In “A” type blinking they attributed oﬀ states to the
charging of the core of the particles and a reduction in both PL
intensity and PL lifetimes. In contrast “B” type blinking
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the use of type II heterostructures to reduce electron−hole
interactions via segregation of the two carriers in respective
core and shell regions;577 alloying at the core/shell interface to
make a smoother graded transition between core and shell,
thereby reducing Auger recombination rates.374,578 In their
paper they employ the type II heterostructure approach, but are
one of the ﬁrst groups to successfully demonstrate blinking
suppression in near-IR emitting materials (PL wavelengths up
to 1000 nm), which is made possible via the indirect transition
between spatially separated electrons and holes. They also
reported extremely long biexciton lifetimes (up to several
nanoseconds) indicative of much reduced Auger recombination
rates compared with regular core quasi-spherical QDs, though
Auger recombination is not eliminated completely.
The study of the blinking behavior of type II InP/CdS core/
shell QDs by Dennis et al.573 was extended in the same manner
as for the CdSe/CdS core/shell QDs reported by Galland et
al.572 and by Mangum et al.579 and similarly blinking behavior
classiﬁed as “A” type or “B” type (or a combination thereof)
according to whether shifts in PL intensity were accompanied
either by a lifetime decrease (as the intensity decreased) or by
no change in lifetime, respectively. Again the former was taken
as a signature of Auger recombination, whereas the latter
indicated the dominant charging route to be via hot carrier
trapping. In this later study the group investigated the inﬂuence
of excitation pulse repetition frequency and pump pulse ﬂuence
on the competition between the two blinking mechanisms.
Although both parameters might be expected to have a similar
inﬂuence on blinking rates, in fact diﬀerent behaviors emerged.
Higher repetition frequencies could lead to saturation of hot
carrier traps reducing type B behavior, while increases in pump
ﬂuence were observed to lead to an increase in the number of
hot carrier traps favoring type B. The reversible nature of the
latter eﬀect was taken to exclude permanent destruction of
passivating ligands on the additional sites, but to be due to a
dynamic trap creation process580 in response to the changes in
the carrier population. Again, the use of thicker shells pushes
the A/B competition toward type B under a given excitation
regime.
Gómez-Campos and Califano581 provided insights into the
trapping rate and transition matrix elements for the Auger
mediated hole trapping process in both core-only CdSe and
core−shell CdSe/CdS and CdSe/ZnS quasi-spherical QDs.
The trapping rate for the transition, |1es, 1hs⟩ → |1ep, 1ht⟩ (with
1es and 1hs as the electron and hole band edge states; 1ep is the
p-like hole excited state and 1ht is the hole trap state) is
calculated via the Fermi golden rule

Figure 31. Conventional charging model: A-type blinking and
ﬂickering. (a) In the conventional PL blinking model, ON and OFF
periods correspond to a neutral NC (X0) and a charged NC (X−),
respectively. (b) Schematic PL decay of the ON and the OFF states on
a logarithmic scale. The dynamics of the ON state is dominated by the
radiative rate γr. In the charged state, the increase in the number of
recombination pathways leads to a higher radiative rate, 2γr,
responsible for the higher emission intensity at short delays.
Simultaneously, the onset of three particle Auger recombination
with the rate γA ≫ γr opens a new, nonradiative, channel, leading to
faster PL decay and reduced PL QY. (c) When the time scale of
charging and discharging is longer than the experimental binning time,
binary blinking is observed. (d) For ﬂuctuations much faster than the
bin size, a continuous distribution of intensities and lifetimes is
obtained, often referred to as ﬂickering. The insets in (c) and (d) show
corresponding schematic ﬂuorescence lifetime−intensity distributions.
Reproduced with permission from ref 572. Copyright 2011 Nature
Publishing Group.

involves the occupation of a surface trap site by electrons and in
the oﬀ state the lifetimes remain almost undisturbed. At small
positive electrochemical bias the carriers for the trap site may
be supplied from higher (hot) excitonic levels following the
above Auger excitation scheme (Auger heating). However, as
the potential is swept to larger negative values, the surface trap
site may be ﬁlled by carriers from the surrounding electrolyte
rather than from within the dot, blocking any QD carrier
relaxation via the trap site. At high enough negative bias
external carriers may even be injected into low lying excitonic
states once the trap state is fully occupied, allowing emission
from the charged exciton (with the same lifetimes as for
emission from the same state for the neutral exciton). In type
“A” PL, emission from charged exciton states occurs with
shorter decay times than for the neutral case. In thick shells
(e.g., up to 15−19 monolayers of CdS in their work) “B” type
blinking was completely suppressed and only “A” type was
observed. For the medium shell thicknesses (7−9 CdS
monolayers) both types of blinking were observed but “B”
type was seen to dominate.
Dennis et al.573 provided a good and succinct summary of
where the understanding of the PL intermittency phenomenon
had evolved to in the introduction to their paper on blinking
suppression in IR emitting type II InP/CdS core/shell QDs.
Suppression approaches included the following: surface trap
passivation by supplying charge carriers to ﬁll traps from
external sources137,568,574 rather than via dissociation of the
photogenerated excitons; the addition of adjacent charge
accepting species such as TiO2 nanoparticles to allow fast
detrapping and QD reneutralization;575 the use of QD
geometries such as nanorods that favor reduced exciton−
exciton interactions to reduce Auger recombination rates;576

kAMT =

Γ
ℏ

∑
n

|⟨i|ΔH |fn ⟩|2
(E f − Ei)2 + (Γ/2)2
n

(17)

where ΔH is the Coulomb interaction, |i⟩ and |f n⟩ are the initial
and ﬁnal excitonic state wave functions with respective energies
Ei and Ef n, and Γ is a line broadening parameter with a value
based on a regular non-Auger mediated 1P to 1S transition in
QDs.
This Auger process is at the heart of the surface trapping
mechanism and as such is a key to understanding how the PL
QY and blinking phenomena respond to the usual mitigation
strategies outlined by Dennis et al.573 Although limited by the
computational size of the problem to particles with radii less
than 1.9 nm (corresponding to strong or very strong
conﬁnement), using an atomistic semiempirical pseudopoten10667
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more accessible than the outer surface of the shell. With regard
to the blinking phenomenon, although the fact that a
distribution of trap energies and eﬃciencies emerged from
the model, the authors stressed that their Auger mediated
trapping mechanism alone was still not suﬃcient to account for
all aspects of blinking, particularly the time dependent variation
in the trap transition energy,582,571 and the transient activation/
deactivation of the trap states.583
Although yet to be investigated by single dot spectroscopy,
Smith et al.584 have recently produced CdTe core-only QDs
treated with chloride ions to substitute for surface Te2− ions
and passivate the surface. The passivation of QD surfaces with
halide ions has proved to be a popular approach since the
demonstration of improved PbS QD solar cell performance by
the Sargent group, who attributed the increased power
conversion eﬃciencies to better ﬁlm electron mobilities and
the removal of surface traps with Br−, Cl−, I−, and SCN−
treatments.585 Based on near 100% single exciton QY and
transient absorption measurements, Smith et al. conclude that
surface traps are eﬀectively almost completely removed thereby
closing oﬀ the surface trap nonradiative pathway for cooled
electrons at the conduction band minimum (CBM) and also for
hot carriers at energies between the pump excitation energy and
the CBM. The only routes remaining back to the CBM for hot
carriers are then cooling (or state to state transitions) and
potentially carrier multiplication, though no evidence of the
latter is given in their report as all pump excitation energies
were below the threshold energy for exciton ﬁssion. Smith et al.
discuss the signiﬁcance of the surface trap pathways for the
analysis of multiexciton generation (MEG) measurements and
the precautions and criteria that should be used to ensure that
photocharging does not obscure the true MEG quantum yield.
4.1.4. Type I Core/Shell. In type I band alignment, the
band gap of the core is narrow and lies within the band gap of
the shell. The shell acts as a potential barrier and spatially
conﬁnes the photogenerated electron and hole within the core
material, which is favorable for improving the PL QY due to the
improved passivation of surface defect states by the shell, while
the PL wavelength remains only slightly red-shifted. In
addition, the photostability can be greatly enhanced if a
chemically inert, or at least more robust, shell material is used.
This is the case for instance in CdSe/ZnS, CdSe/ZnSe, and
InP/ZnS QD structures where the core domain represents an
energetic minimum for both the electrons and the holes. The
impact of a type I shell upon the extent of the electron and hole
wave functions is generally minimal. The change in the band
oﬀsets between core and shell remains large for both carriers, so
any dilation of the wave functions should be small. The overlap
of the hole and electron wave functions should also be little
changed while both band oﬀsets are large, so the underlying
band edge transition moments are relatively undisturbed, other
than due to small changes in surrounding dielectric permittivity.
The primary beneﬁt of a type I core/shell structure lies in the
surface passivation of the core and reduction in the overlap of
both carrier wave functions with the potential wells of any
surface trap sites (hopefully now located on the shell surface)
or any molecular vibrational levels of ligands or solvents, etc., in
close proximity to the surface (for low band gap QDs).
Therefore, a type I heterostructure should not result in a strong
shift in the radiative recombination rate or transition energy,
but should reduce the nonradiative rate and suppress any
surface related recombination processes.

tial approach to evaluate the Auger transition matrix elements
for a number of diﬀerent Se sites on the QD surface (and at the
core/shell interface), they were able to identify two key types of
traps: type I having only one Se dangling bond and type II
where the chalcogen had two unsatisﬁed bonds. Nonetheless,
even where single trap types were present they found that there
was a broad range of trapping eﬃciencies and trapping rates for
diﬀerent sites on the surface (Figure 32). In the very strong
conﬁnement regime, both type I and type II traps behaved
similarly but at larger diameters diﬀerent behaviors emerged.
Type I traps show trapping times of nanoseconds or more and
are less eﬃcient, whereas type II have trapping times of 1−100
ps and are more eﬃcient at hole trapping. In larger QDs
trapping rates are less strongly inﬂuenced by energy
conservation alone (precise matching of the initial and ﬁnal
state energies of the carriers involved) and more jointly
determined by the latter and the magnitude of the transition
element (coupling strength). In this regime growth of a thick
shell mitigates against the eﬃcient type II traps whereas type I
traps are generally already slower than the radiative
recombination rates and so are less inﬂuenced by this approach.
It should be borne in mind however that, while this is true for
relatively small CdSe QDs, the radiative rates for much larger
and narrower band gap materials may not be all that large and
type I traps may still inﬂuence the overall Auger rate. Similarly,
in type II (band alignment) structures, the indirect nature of
the transitions may also reduce radiative rates such that type I
traps remain signiﬁcant. Gómez-Campos and Califano suggest
that an eﬀective strategy to reduce Auger mediated hole
trapping on core-only QDs may be to shift the energetic
position of the traps deeper into the band gap, where small
energy variations had a big inﬂuence on their trapping
eﬃciency. This could be achieved either by applying external
electric ﬁelds or by changing the dielectric environment around
the QDs or by intrinsic means while changing the QD shape to
incorporate or enhance an internal dipole moment. They also
concur with the thick shell approach to reduce Auger mediated
trapping rates (by putting the trap sites out of range of the
carrier wave functions) provided that the core−shell interface
itself does not result in the formation of more trap sites that are

Figure 32. Position-resolved map of Auger mediated transition rates
calculated for a NC with R = 14.6 Å, by removing a single passivant at
a time. Only hole trap states are colored. Se and Cd atoms and Cd
passivants are shown in gray. The cartoon depicts a schematic of the
Auger mediated transition. Reproduced from ref 581. Copyright 2012
American Chemical Society.
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4.2. Surface Passivation

4.1.5. Type II Core/Shell. Type II QDs have staggered
conduction and valence bands between the core and shell. By
adjusting the staggers, the PL emission can frequently be tuned
over a large wavelength span. Furthermore, photogenerated
electrons and holes are separately localized in type II structures:
the holes may be largely conﬁned in the core and the electrons
in the shell or vice versa. One eﬀect of this segregation is that
the lowest-energy excitonic transition eﬀectively requires the
transfer of either the electron or the hole across the core/shell
interface.586,587 The overlap between electron and hole wave
functions, and therefore the transition rate and strength, is
usually controlled by tuning the core size and shell thickness.
The transition is often described as being spatially indirect, and
the band gap can be much narrower than that of either the core
or the shell. The absorption spectrum is often observed to
develop a weak red tail, but most of the oscillator strength
remains with the core and shell materials. The emission
spectrum however can develop a strong red shift relative to the
core, and the Stokes shift between absorption and emission can
also be much greater than for the core alone. Meanwhile, the
reduction in the degree of overlap of the carrier wave functions
consequently slows the exciton radiative recombination rate. As
such, if nonradiative recombination were absent or far less
signiﬁcant than the radiative process, this reduced recombination rate would not (or would only very weakly) reduce the PL
QY. When the rates of both processes are comparable, however,
their ratio critically inﬂuences the PL QY and the overall beneﬁt
of using the type II heterostructure. Type II core/shell QDs can
possess improved PL QY, but this can be limited and even
reversed if the radiative rate begins to decline faster than the
nonradiative rate.
In addition to the formal type II heterostructure, where the
conduction and valence bands both form a staggered
arrangement, a further variant on the type II arrangement
exists where only one band is staggered and the other is
identical (or very nearly so) in both core and shell. In such
quasi type II structures the carrier in the staggered band is
localized (in either the core or shell depending on the sign of
the band oﬀset) while the other carrier wave function remains
distributed across the two regions. This results in some
reduction in the electron−hole wave function overlap, but less
of a reduction than might be obtained with a formal type II
structure. Quasi type II core/shells (especially dot-in-rod
structures) are useful where it is desired to dissociate excitons
and then rapidly extract one of the carriers, e.g., in
photodetector or solar cell applications. The case of CdTe/
HgTe core/shell QDs is a further distinct case of a quasi type II
structure which, because of the semimetal band structure of
HgTe leads to localization of the electron wave function in the
shell in a slightly diﬀerent manner. Smith et al.314 synthesized
and modeled such structures using the EMA method and
pointed out that while CdTe has a band gap of around 1.5 eV
for the core, the bulk band gap of HgTe is negative at −0.15
eV. The net eﬀect is that while the hole wave function extends
across the core and shell regions (but does not have an
appreciable amplitude in the thin HgTe shell), the electron of
the band edge exciton is strongly localized in the shell, with its
energy level lying well below the conduction band potential of
the CdTe core. Again this leads to spatial separation of the
electron and hole and a reduction in their wave function
overlap.

The most attractive property of semiconductor NCs at present
is probably their size-dependent light emission. The emission of
semiconductor NCs can be characterized by four fundamental
parameters: the brightness, the emission peak wavelength, the
spectral width of the emission (color purity), and the emission
stability over time. The challenges are to control (enhance) the
PL brightness, and the emission stability of as-synthesized and
puriﬁed semiconductor NCs. An optimal surface structure
probably a reconstructed oneshould be the best solution for
PL brightness or high PL QY. The other two parameters are
basically determined by the size and size distribution of the
NCs due to quantum conﬁnement eﬀects.
PL QY is deﬁned as the ratio of photons emitted to those
adsorbed by materials. The less than perfect conversion arises
from the competition between radiative and nonradiative
processes after photoexcitation as mentioned in section 4.1.
The PL QY of NCs provides also a straightforward tool to
assess the quality of the surface shell and surface passivation
and hence to evaluate new synthetic and surface functionalization strategies.539 Especially, high PL QY from band-edge states
is required both for study of their electronic structures and for
any practical applications. For methods to determine PL QY
optically, we refer the readers to more detailed recent
works.588−593
Historically, the inﬂuences of surface chemistry on the
PL properties of semiconductor CdS colloids were investigated
in depth by Henglein, Weller, Brus, and other
groups.1,3,152,153,155,594−602 Due to the high surface area to
volume ratio of QDs, the PL QY of semiconductor QDs is
generally reduced, resulting from nonradiative recombination at
surface sites and surface traps which competes with band-edge
emission. Surface traps have proven diﬃcult to characterize
despite their ability to inﬂuence many physical properties of the
target QDs.603 For example, midgap surface traps can strongly
suppress the excitonic PL of colloidal QDs93,94,262,553,569,604,605
or compromise the transport properties of QD solids.606 Most
frequently low PL QY is often attributed to surface states
occurring in the band gap of the NCs, which function as traps
for the photogenerated charges. Controlling such traps thus
represents a long-standing challenge in NC research. In
addition, as discussed above, the emission blinking in QDs is
attributed by many to QD charging due to electron (or hole)
ejection after an Auger recombination process, or electron
tunneling through the conﬁning potential barrier to surface
states. It has been shown that blinking may exhibit speciﬁc
kinetics that are sensitive to varying degrees of surface
passivation or variations of synthesis conditions. The associated
blinking mechanisms were found to be strongly related to the
density and nature of defect sites or unsaturated dangling bonds
on the QD surface. Therefore, passivation of surface trap states
can be used to suppress the blinking.607,608 Over the past three
decades, tremendous eﬀorts have been put into understanding
the strong dependence of the ﬂuorescence on the surface states
and signiﬁcant progress has been achieved in improving the
optical properties of NCs.
4.2.1. Growth Kinetics Control over Surface Passiviation. As already discussed, less than perfect PL QY arises from
the competition between radiative and nonradiative processes
after photoexcitation. This is strongly determined by the surface
structures of the NCs, assuming that no interior defects exist in
otherwise high quality QDs.211,539 As addressed in earlier
studies by Weller’s group, 211 by using size selective
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ligands,28,30,177,286,327,490,609 solution pH,24,28,30,137,169 ligand
concentration,19,24,134,161,206,211,256 cation:anion precursor
ratio,160,161,540 and temperature160,610,611 during NC growth.
These parameters largely tune particle growth kinetics and
aﬀect the Ostwald ripening process and consequently the PL
QY. Ligand and pH eﬀects during NC synthesis have already
been highlighted in section 3.2, where we described attempts to
correlate the most desirable preparation conditions to favor
construction of the optimum surface structure of the NCs and
strongest emission.
Apart from the control of the optical properties during the
synthesis, postsynthesis treatments are frequently used to
manipulate the surface chemistry of the underlying particles,
which can be achieved by surface modiﬁcation with organic
ligand molecules, photoetching, or construction of inorganic
core/shell structures as discussed in sections 4.2.2, 4.2.3, and
4.2.4.
4.2.2. Ligand-Mediated Surface Passivation. The large
surface-to-volume ratios in QDs may result in there being
potentially many dangling bonds (undercoordinated atoms) at
their surfaces representing signiﬁcant densities of trap states in
comparison with the case in bulk semiconductors. Ideally the
bonds formed between the ligand molecules and the dangling
orbitals at the QD surface shift the energy of the surface (and
trap) states away from the HOMO−LUMO (lowest
unoccupied molecular orbital) gap, thereby preventing nonradiative relaxation via these states.88,140,612 The eﬀect of the
surface occupation of molecules on the PL eﬃciency of
semiconductor QDs has been extensively investigated for
several materials, particularly for CdSe. The ﬁrst paper to
introduce ligand exchange as a method of PL enhancement
showed that the addition of tertiary amines as electron donors
(NEt3, NMe3, DABCO) to aqueous CdS and Cd3As2 QD
solutions increased the PL QY by up to 4.5-fold and converted
deep-trap emission to band-edge emission.153 Binding of
electron-rich ligands539,550,613−615 or redox passivation of
surface electron traps by noncoordinating molecular reductants
appears to have enhanced the ensemble PL and reduced
blinking in these situations.603
Apart from controlling the growth kinetics and passivating
the surface states during NC formation, the chemistry of a wide
range of water-soluble ligands with diverse functionalities
provides the possibility for further surface modiﬁcation by
postsynthesis treatments such as pH adjustment. For example,
Gao et al.28 found that the ﬂuorescence of as-prepared CdTe
QDs strongly depended on the acidity of the solution and could
be greatly enhanced upon decreasing the pH with PL QY
peaking at 18% at pH 4.5. Thorough studies suggested that, at
acidic pH, the TGA and Cd2+ excess concentrations in solution
will be deposited on the CdTe QD surface leading to the
formation of a shell of Cd−TGA complexes owing to the
secondary coordination of the TGA carbonyl group and the
primary thiol-coordinating metal cation.32,143 It was also found
that the low pH of the as-prepared solution encouraged the
diﬀusion of free ligands or cadmium−ligand compounds
directly into the ligand shell, which was attributed to their
low electrostatic repulsion at near neutral pH.616 Thus, the
Cd−TGA complexes can in eﬀect suppress the nonradiative
recombination chanel, in a similar manner to the way that the
deposition of a CdS or ZnS shell on CdSe NCs leads to
enhanced PL QY.28 The picture of this PL enhancement
mechanism caused by surface structure changes is found to be
supported by prolonged PL lifetimes upon lowering the pH to a

precipitation, NCs from a parent batch of as-synthesized QDs
could be separated into a series of size fractions which had
distinguishable PL QYs. It was conclusively shown that the
history of a given fraction of particles within the distribution of
the crude solution determined the ﬂuorescence. As shown in
Figure 33, there is always a critical size possessing the highest
PL QY, and such behavior was found to be universal for crude
solutions of particles with various mean sizes, for samples
prepared by diﬀerent synthetic procedures with diﬀerent
ligands and for various QD materials. The PL QY decreased
gradually when the size of the NCs departed from this critical
size. As introduced in detail in section 3.2, Talapin et al.206
developed a theoretical model that allowed the calculation of
the growth kinetics of an ensemble of particles with a given size
distribution. A general ﬁnding was that, at any point during the
synthesis, the size of the zero growth rate particles
corresponded to those with slightly less than the mean
diameter of the size distribution. The particles with this critical
size had the maximum PL because their position of equilibrium
with the solution monomers was at the most balanced, implying
the maximum degree (frequency) of exchange with the surface
anions and cations and therefore optimal reconstruction and
surface smoothness. This high frequency of exchange around
the zero growth rate point would therefore imply the best
chance of removing nonradiative recombination centers
(assuming defects are less frequently formed than a good
crystalline surface). The PL QY of these critical size NCs
should therefore be highest across the size distribution, and
conversely, those much higher or lower in size toward the
wings of the distribution will have the lowest PL QYs.
In regard to QD synthesis in the aqueous phase, it is thus
important to consider the nature and surface coverage of

Figure 33. Solid lines: PL spectra of crude solutions of CdSe, CdTe,
and InAs NCs measured at diﬀerent stages of particle growth. Points:
PL quantum eﬃciency vs position of the PL maximum of size-selected
fractions isolated from each crude solution. Reproduced from ref 211.
Copyright 2002 American Chemical Society.
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emission wavelength of NCs in addition to the original
synthetic conditions.
Strong ﬂuorescence resulting from the photoactivation
process for aqueous citrate-capped CdSe and CdSe/CdS QDs
involved reactions of the NC surface with ambient oxygen.283,303 After exposure of as-prepared citrated-capped CdSe
QDs with QY of 0.01−0.4%, or CdSe/CdS core/shells with QY
below 3%, dispersed in aqueous solutions, to ambient light for
several days, a drastic enhancement of the PL QY was seen for
both cases, i.e., up to 20% for CdSe and 59% for CdSe/CdS,
respectively. It was concluded that the essence of the
photoactivation is elimination of topological surface defects,
that is, the smoothing of the NC surface, during photocorrosion. Charge carriers resulting from the adsorption of light
are trapped in the surface states formed because of the uneven
atomic-scale topography of the NCs. The disappearance of
various midgap states is suggested to arise from the localization
of excitons at the QD surface and the subsequent formation of
a negatively charged molecular oxygen species on acquiring an
electron after exciton dissociation. The remaining trapped hole
may then oxidize surface Se atoms to form SeO2. It is
hypothesized that this leads to a gradual erosion of any high
spots on the surface, leaving behind a smooth, less trap-rich,
surface which results in vastly improved PL as the nonradiative
recombination sites are taken away. The accompanying blue
shift of PL is also taken to indicate some slight QD shrinkage
due to the selective etching mechanism.
In contrast to the above photochemical etching theory via
oxidization of S2−, Se2−, and Te2− on the QD surface induced
by photogenerated holes, thiol chemistry related photochemical
processes have also been used to passivate the surface by
forming core/shell structures. In the presence of metal−thiol
complex, rather than surface photochemical etching, it has been
found that passivation by the complex is primarily responsible
for most of the emission enhancement though both processes
are likely to be at play to some degree. As described in section
3.3.1, initially under short wavelength light exposure, formation
of the TGA−Cd complex shell upon TGA photodegradation
preferentially leads to the formation of a TGA−Cd complex
shell on the CdTe QDs which contributes to a limited degree
to the PL improvement. Prolonged TGA degradation yields a
supply of sulﬁde ions which permeate through the complex
shell to reach the CdTe surface and form a solid CdS shell
directly on the QDs. This slower shell formation process leads
to the PL QY being increased, e.g., overall from 8 to 85% after
25 days of illumination.31 The illumination-assisted shell
growth can only be enabled before the Cd−thiol complexes
are completely consumed by the growing particles, which
indicates on the one hand the source of Cd2+ for growing the
CdS shell and on the other hand the undiminished colloidal
stability of the CdTe/CdS QDs obtained.The obvious PL
enhancement was also systematically demonstrated upon the
introduction of Zn/thiol solution into a solution of ZnSe QDs
in the growth of ZnSe/ZnS under illumination, and this further
supports the sulﬁde shell hypothesis.173,268,622
4.2.4. Removal of Trap States by Fabricating Core/
Shell Structures. Carrier traps in any location within a QD
can pose a problem for eﬃcient radiative recombination, by
opening routes to nonradiative recombination, or even in the
more extreme case by contributing to rendering QDs dark for
extended periods.533 Trapped charges outside or on the surface
of QDs leave a geminate photogenerated charge behind within
the NC which may lead to subsequent trion formation and

certain level, with a more substantial change observed for
smaller sized CdTe QDs.617
Analogous pH-dependent emission was also observed in
subsequent studies on MPA-capped CdTe NCs.30 In that case
the ﬂuorescence intensity reached a maximum at pH 6.0
compared with pH 4.5 for the previously studied TGAstabilized CdTe NCs. A primary distinction between TGA and
MPA is the lower pKCOOH (3.53) for the former (for MPA the
value is 4.32). The carboxylic group of MPA consequently
partially deprotonates at a higher pH than does TGA.
Employing poly(acrylic acid) as a model compound further
demonstrated that the negatively charged carboxyl oxygen of
the deprotonated carboxylic group can readily coordinate with
the Cd2+ sites on the CdTe NC surface at lower pH, and that
this is partially responsible for the PL enhancement. At the
same time, as with TGA above, the carboxyl coordination also
helps the excess MPA and Cd2+ ions in solution to form a shell
of Cd−MPA complexes on the QD surface and again can lead
to ﬂuorescence enhancement.30
More recently, it was found that the terminal groups in
bifunctional ligands that are furthest from the QD surface play a
major factor in pH mediated PL enhancement.618 Lowering the
pH toward the pKa value for the terminal groups leads to a less
charged state. This could decrease the electronic repulsion
between the QD and the surrounding metal−ligand complex,
thus favoring the diﬀusion of the latter to the QD surface and
further subsequent secondary coordination.618 It was found that
excess ligand and complex compounds were preferentially
adsorbed on this outer layer before they diﬀused into the ligand
shell, closer to the QD surface.616 When terminal groups have
strong coordination capacity with free Cd−ligand complexes,
the result of pH adjustment toward decreased electrostatic
repulsion is improved ligand modiﬁcation, prolonged PL
lifetime, and increased PL intensity. This eﬀect is only strongly
evident for MPA- or TGA-capped NCs. If the ligand terminal
groups have extremely weak coordination capacity with free
Cd−ligand complexes, as is the case of TG-capped NCs, no
strong changes to the PL QY or PL lifetimes are observed.
4.2.3. Removal of Trap States by Photoillumination.
Photochemical treatments have been found to be eﬃcient
strategies to reduce nonradiative recombination by reducing
surface defects.396 The PL QY of QDs can be improved upon
exposure to illumination. Dilute colloidal solutions of TGAcapped CdTe QDs were irradiated with 400 nm light from a
450 W xenon lamp in oxygen-saturated solution by Gaponik et
al.134 The PL QY was gradually increased, i.e., up to 30%, by a
factor of 3 improvement after illumination for 5 days. The
enhancement eﬀect was attributed to photochemical etching, by
removal of the dangling bonds associated with tellurium trap
states present on the QD surface, which act as hole traps.619,620
This was followed by substitutions of the oxidized Te sites with
sulfur from the capping ligand; that is, the created vacancies
were readily saturated by the excess concentration of thiol
provided from the solution.134 The NCs having the greater
numbers of defect states dissolved most readily during
photochemical etching. By contrast, the elimination of a few
(or single) Te traps did not give rise to signiﬁcant degradation
of the low-defect-count QDs. The NC photoetching accompanied the photoactivation, with the photochemical etching
mechanism showing clear blue shifts for both absorption and
emission spectra, conﬁrming that QD diameters were being
reduced.134,211,621 This process can be used to control the
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ZnS shell in order to improve the surface quality. Core PL QY
with these growth methods is typically a few percent, but
addition of a ZnS shell can raise the latter typically to 40−
60%.232,236,238
Type I shell addition will usually give rise to a modest red
shift (in Zhu et al’s. case around 40 nm), but the greater impact
is derived from the surface passivation at the core/shell
boundary due to the removal of undercoordinated core surface
sites. With a suﬃciently thick shell (depending upon the degree
to which the carrier wave functions extend out into the shell),
new surface sites on the outside of the shell can be pushed
“beyond reach” of all but the tail of the carrier radial probability
densities. Essentially the eﬀect of type I passivation on the
radiative recombination rate, kr, should be minimal, with little
disturbance to the carrier wave function overlap, and therefore
the oscillator strength should be weakened only slightly. Lattice
mismatch between core and shell is inevitable in most cases (in
only a few cases, the lattice constants of core and shell are very
similar), and the strains introduced in both regions may shift
the valence and conduction bands in both regions via strain
dependent deformation potentials. Where the core/shell
natural valence band or conduction band oﬀsets are already
small, strains may be suﬃcient to reverse the sign of one of the
oﬀsets and thus a weakly type I structure may then become
type II (or quasi type II) in nature. Large diﬀerences in lattice
constants are counterproductive because they may lead to the
shell introducing additional defects rather than ﬁlling them in.
Where a large diﬀerence in lattice constants would be
introduced but the choice of core and shell is dictated by
other requirements (band oﬀsets, chemical durability of the
shell, etc.), the strain can be mitigated by using a double shell
where the strain is accommodated in two steps, spread over a
larger region.624 Once a type I structure becomes type II, the
band gap energy may change more signiﬁcantly (be more
strongly red-shifted as a function of shell thickness) and the
band edge oscillator strength will drop more markedly as the
electron and hole become more spatially segregated. The
radiative recombination rate will correspondingly fall. This
marks a diﬀerence in the eﬀects of adding a type I versus a type
II shell to a QD core for surface passivation. In both cases the
nonradiative recombination rate knr may improve (fall) because
of surface defect removal (in-ﬁlling or annealing out of defect
sites during the chemical equilibrium of the shell formation
reactions). However, the radiative rate for a type I
heterostructure does not change all that strongly after the
shell addition, so the radiative to nonradiative rate ratio
improves leading to higher PL QY. For type II structures the
nonradiative rate may be improved by surface passivation and
the now buried but improved core surface may have less
involvement in carrier trapping. The carrier that is localized in
the shell may still see defects at the new shell outer boundary,
which will still contribute to and limit any improvements to
core passivation. This could however be remedied by adding a
type I second shell to the type II inner core/shell,294 to remove
trap sites from the interface between the two shells and reduce
the possibility of trapping the carrier located largely in the inner
shell.
The spatially indirect nature of type II core/shell QDs leads
to a reduced radiative recombination rate, with the slowing
down dependent on the reduction in the overlap of the electron
and hole wave functions. As this recombination rate falls (e.g.,
as the shell becomes thicker or strain pressure increases), unless
the changes in shell thickness produce a proportional reduction

Auger annihilation of carrier pairs. In most cases the main area
of concern is the QD surface, or for heterostructures any
internal interfaces between core and shell(s), where undercoordinated ionic sites may exist. Alternatively, more so in the
case of heterostructures, anions or cations from one layer may
either indiﬀuse or stray across an interface during a shell growth
stage and then act as impurities in another layer and may in
some cases constitute a defect site that could lead to carrier
localization.
Trapped charges may also be responsible for coupling of
exciton energy with ligand vibrational modes. Polarons may be
formed between trapped charges and QD phonon modes which
may then couple strongly with ligand or solvent vibrational
modes in the surrounding medium close to the QD surface.
This becomes increasingly acute for low band gap QDs in the
mid-IR region as the photogenerated exciton emission
frequency falls within the low overtone and combination
band regions of common functional groups such as hydroxyl,
hydrocarbon, amine, and phosphine moieties that are often
present in ligands, solvents, polymer host materials, etc.
Fortunately, QD chemists have evolved a number of
methods to combat these potential mechanisms that will
otherwise reduce PL, or reduce the chance of extracting
photogenerated charges, or prevent the survival of injected
carrier pairs long enough to produce electroluminescence. In
addition to the preventive or postsynthetic subtractive methods
described above, surface traps can also be mitigated in many
cases by overgrowth of further layers of similar semiconducting
material to form either type I or type II core/shell
QDs.34,44,88,94,262,271,374,563
In the type I case the replacement of the usual large potential
step between the core and surrounding medium (ligand or
solvent, etc.) by lesser but still conﬁning potentials for both
electrons and holes leads to a slight dilation of both carrier
wave functions beyond the core into the surrounding shell
(Figure 34). For example, Zhu et al.623 observed around 40 nm
red shift on adding 2−3 ZnS monolayers to CdSe QDs,
accompanied by an increase in PL QY from 10 to 40%. Much
of the eﬀort on the synthesis of CuIn(S,Se)2 QDs by one-pot,
scalable routes has been enabled by the ability to add a type I

Figure 34. (a) Band alignments and (b) radial distribution functions
for 1S electron and hole levels of CdSe/ZnS core/shell QD with a 13.7
Å CdSe core and 3 monolayers of ZnS shell (thickness d). Vertical
dashed lines indicate CdSe/ZnS and ZnS/organic ligand interfaces. r0
indicates the distance from the outer surface of the ZnS shell to the
center of the QD. Potentials are relative to the vacuum energy level.
Reproduced from ref 623. Copyright 2010 American Chemical
Society.
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surface and pore surface areas with hydroxyl functionalization
which would severely limit the useful IR wavelength range from
this perspective. More suitable low absorption IR shell materials
include As2S3, which is well-known as a mid-IR optoelectronic
material,628−630 and this has been demonstrated as a QD host
material for CdS coated PbS QDs by Kovalenko et al.631 Note
however that this approach only removes the potential receiver
and eventual energy dissipating site (the molecular vibrational
modes). The deposition of amorphous rather than epitaxial
material on the QD surface may not necessarily remove the
defect site implicated in the polaron mechanism, but simply
moves any vibration for it to couple to further out of range.

in the nonradiative recombination rate, the ratio in the two
rates kr/knr may in fact fall, leading to a reduction in the PL QY.
For thicker type II shells there may be several possible
outcomes: if the nonradiative rate falls more quickly than the
radiative rate the PL QY may improve; the peak PL and band
edge will red shift limited in proportion to the stagger in the
least separated conduction−valence band combination between
core and shell; the PL radiative lifetimes will increase and the
band edge oscillator strength will weaken. Alternatively, if
initially passivation improves the nonradiative rate faster than
the carrier separation slows the radiative transition, the PL QY
will increase. Then as the improvements in the nonradiative
process level out, however, and knr stops falling with further
shell growth, continued slowing in the radiative process may
cause the PL QY to peak and then go into decline. It is very
important with type II heterostructures to ensure that the
adding of the shell does not end up burying defects on the core
surface for example, otherwise this will greatly limit the peak
achievable PL QY. Similarly, any limitations to improvements
in the nonradiative rate due to the eﬀects of shell defects on the
outermost of the two carriers may also lead to the PL QY
peaking at a particular shell thickness, but declining thereafter.625,626
For low band gap QDs such as PbS, PbSe, PbTe, HgSe,
HgTe, InAs, and InSb, the coupling of energy from excitons
into the IR vibrational modes of surrounding molecular
materials may present a problem. The mechanism by which
energy can be coupled has been investigated by several groups.
Keuleyan et al.530 suggested a FRET-like coupling of the QD as
the donor and a shell of ligands (or for that matter solvent) as a
layer of acceptors. Aharoni et al.529 similarly estimated the rate
constant for the same type of coupling (1.5 × 106 s−1 for InAs
based QDs and CH overtone and combination bands in the
1150−1200 nm range), terming the process as EVET
electron-to-vibrational energy transfer. At long wavelengths, as
the oscillator strength of the acceptor vibrational modes
increases, such processes are expected to become increasingly
signiﬁcant. However, there are other possible coupling
mechanisms that can be as signiﬁcant if not more signiﬁcant
at shorter infrared wavelengths, where only the weaker ligand
overtone and combination bands are found. While the acceptor
transition moments are too weak at these wavelengths for
FRET/EVET-like coupling to explain an observed partial
quenching of the IR luminescence, a mechanism involving the
formation of a surface related polaron under the inﬂuence of a
charge trapped on the QD surface may lead to a plausible
coupling strength to account for a reduction in the PL QY.627
Whether FRET/EVET or polaron mediated coupling is the
main concern, these eﬀects require small separations between
donor and (vibrational) acceptors, i.e., a suitable molecular
vibration mode located at close quarters. In the polaron case, a
ﬁrst line of attack to prevent coupling would also be to prevent
the formation of the surface trapped charge, i.e., remove the
trap site in the ﬁrst place. However, in both cases there is an
alternative to using the type I strategy, by simply putting any
molecular vibrational modes spatially beyond the reach of
either energy transfer or any polaron−vibrational mode wave
function overlap mechanism. These ends may be achieved by
adding shells of materials or embedding the QDs (without
ligands) in host materials with few or no signiﬁcant IR
absorptions. Pure silica shells might have been suitable up until
just over 3 μm emission wavelengths; however, in practice
colloidally grown silica shells are porous and have large outer

4.3. Band Gap Engineering by Fabricating Type II
Core/Shell Structures

Band gap engineering of QDs has allowed researchers to tune
the ﬂuorescence emission spectrum of QDs from the ultraviolet
(UV) to NIR spectral ranges by designing the electronic energy
band structure to control both the energy and location of
charge carriers.632,633 Apart from growth of NCs during
synthesis as stated in section 3, this can be achieved by the
widely used composition engineering techniques of alloying,348,634,635 formation of core/shells,94 chemical surface
modiﬁcation,636−638 etc.
In this section we focus on type II core/shell QDs which can
be grown not only by organic solvent synthesis but also by
aqueous solvent methods. Indeed, since many of these
heterostructures are attractive for biolabeling applications,
water based syntheses have proved to be extremely popular.
We discuss the main features of the electronic structure of type
II core/shell QDs and describe how these translate into the
optical properties typical of such materials. While absorption,
PL, and time-resolved PL are often the main tools used to
monitor the growth and quality of such QDs, we have also
included other types of optical spectroscopies, e.g., ultrafast
pump−probe methods, which are invaluable in unraveling the
dynamics of the complex carrier processes encountered in
core/shell QDs and their heterostructures coupled to other
particles or substrates. For readers interested in broader and
more general reviews of heteronanocrystals, the recent reviews
by Reiss et al.127 and de Mello Donegá are recommended.140
The possibility of forming type II heterostructures was
recognized in early works on multilayer core/shell QDs by
Zhou and Haus.639,640 In the type II structures the valence and
conduction bands of the core and shell are staggered, or in the
case of quasi type II arrangements, either the conduction or
valence bands of core and shell coincide. In the former case the
staggered band gaps lead to segregation of the lowest excited
states of photoexcited holes and electrons with small overlap of
their wave functions. This leads to a lowering of the oscillator
strength for the lowest transition and to a reduction in the
radiative recombination rate relative to an equivalent type I
structure. The band gap stagger may favor localization of the
hole in the core and the electron in the shell or vice versa.
Quasi type II arrangements lead to only one of the carriers
being strongly localized in either core or shell, with the
geminate carrier wave function extending over the whole
structure. Even so, this also leads to a reduction in the carrier
wave function overlap but to a degree intermediate between
type II and type I equivalent structures.
The starting point in designing a simple core/shell QD is to
consider the relative positions of the band gap energy levels of
the bulk versions of the materials via a knowledge of the
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diﬀerence in the natural valence band oﬀsets364 of the two
materials. This then ﬁxes the conduction band oﬀset (CBO)
and the valence band oﬀset (VBO) of the core relative to the
shell, neglecting any strain eﬀects due to lattice mismatch
between the two materials. Strain eﬀects, due to diﬀerences in
core and shell lattice parameters, can be included provided that
the strain is accommodated elastically (by putting one region
largely under compression and the other under tension and not
by allowing the formation of lattice defects). Actually this is
simpliﬁedfor a spherical core/shell QD with a smaller lattice
constant shell, the core is under isotropic compression while
the shell is under a combination of tangential tension and radial
compression. One approach is to model the strain using
continuum elasticity theory, and with the calculated strain
induced pressures and deformation potentials365 for the
conduction and valence bands in both regions, the straininduced shifts can be included in a modiﬁed band alignment
model for the heterostructure. The more atomistic semiempirical pseudopotential methods to calculate band structures
may include an initial determination of the disturbance to the
lattice positions of the atoms in the core−shell using VFF641
methods as an alternative way to factor in strain eﬀects.
A very simple and approximate picture for the transitions in a
core/shell structure, based on the bulk energy level band
alignment, is shown in Figure 35. Here the radiative
recombination is said to be spatially indirect, and to occur
between the conduction band of the shell and the valence band
of the core (with the stagger as shown). It should be
remembered that the bands are those of the bulk material
and that this picture therefore ignores conﬁnement eﬀects and
is more qualitative rather than quantitative in nature. It does
however convey the main features of type II core/shell QDs:
absorption is mostly dominated by the core spectral features
(with weaker contributions from the shell); emission is strongly
red-shifted relative to that of the core material; the Stokes shift
relative to the stronger core absorption features is large;
emission rates are lower than for type I or core-only QDs; the
band edge oscillator strength is reduced.
Type II core/shell structures may be embedded in further
semiconductor shells, e.g., core/shell/shells. The oﬀsets may
then be type II within a type I or type II within another type II.
The former is often used to improve PL QY where the carrier

wave function in the inner shell would otherwise overlap with
surface defects. A second shell therefore improves surface
passivation for the carrier localized in the inner shell. Type II/II
double shell alignments can be used as a means to
accommodate the lattice mismatch between the core and the
outer shell in two stages, reducing the impact of strain,
especially where it might otherwise be so large as to impede
epitaxy or to introduce defects at the interface with the core.
Table 2 lists some selected examples of QD materials in
which type II heterostructures have been grown.
In the following sections we describe in more detail how type
II heterostructures aﬀect the optical properties of core/shell
QDs in terms of the band gap modiﬁcation, changes in
absorption and emission spectra, and the inﬂuence on FRET
and charge transfer processes. We also describe how type II
core/shell structures are being used to modify and enable other
processes that aﬀect optical properties such as Auger
recombination, radiative biexciton recombination, and QD
blinking. Finally, we return to the optical properties exhibited in
double shell type II heterostructures and the optical behavior of
very small core type II QDs.
4.3.1. Inﬂuence on Band Gap and Energy Levels. The
eﬀect on the band gap upon forming a type II core−shell
structure is exempliﬁed in the study by Dorfs et al.653 on CdTe
with CdS, CdSe, and CdS/CdSe shells. In their work the CBO
for CdTe/CdS QDs was given as positive (shell higher CB
energy than core) though a slight revision of the natural valence
band oﬀsets by Li et al.364 would later make the CBO slightly
negative, i.e., weakly type II. In any case CdTe/CdS QDs could
be considered as on the boundary between type I/quasi type
II/type II. In our later study34 we discussed how it is necessary,
especially in such cases, to include the eﬀect of strain as this
may well tip the balance in favor of a particular band alignment.
In our case strain made the type II case more compelling. Dorfs
et al.653 showed the eﬀect on the band gap energy upon
successively adding monolayers of CdS or CdSe shells, with a
progressive red shift in both PL and ﬁrst exciton energies. In
later studies Ma et al.654 explored the eﬀects on not only the
band edge but also higher excited state energy levels for both
CdTe/CdSe and the complementary type II, CdSe/CdTe QDs.
In the former case holes are localized in the core, while in the
latter case electrons reside in the inner layer. In both cases
increasing the shell thickness red-shifted the band gap energy,
but for the CdSe/CdTe core this was accompanied by a strong
quenching of the emission as the electron/hole overlap was
strongly reduced.
In studies on ion exchange in II−VI materials, Smith et al.314
mapped out the changes in the band edge oscillator strength for
a range of diﬀerent cases including type I, inverted type I, type
II electron/hole, and hole/electron core/shells. These were
characterized in terms of the ﬁrst and second transition
oscillator strengths relative to those of the core material. Type I
core/shell QDs retain the so-called excitonic peak character in
their absorption spectra and shift very slightly, while type II
hole/electron core/shells show a shell thickness dependent loss
of the ﬁrst excitonic peak strength and a much more
pronounced red shift.
The inﬂuence of strain on the band gap can be quite
signiﬁcant depending on the core/shell lattice mismatch and
the mechanical softness (bulk modulus) of the materials. A
core/shell interface between HgTe and CdTe would be
expected to show very weak strain sensitivity since their lattice
parameters are almost equal (0.646 and 0.648 nm). However,

Figure 35. Nominal radiative recombination in a type II core/shell
QD. Bulk conduction and valence bands are shown as bold horizontal
lines. Here the electron wave function (dark gray) is localized mainly
in the shell while the hole wave function (light gray) is preferentially in
the core. Processes 1, 2, and 3 are absorption, segregation of the
electron into the shell, and spatially indirect recombination,
respectively. In reality the conduction and valence bands of the
heterostructure (dashed horizontal lines) are slightly further apart than
indictated by process 3.
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Table 2. Selected Examples of Type II Core/Shell QD References
core/shell

PL range (nm) (or Abs)

CdSeTe/CdS
CdSexTe1−x/CdS
CdTe/CdS
CdTe/CdS (aq)
CdTe/CdS (org)
CdTe/CdS (with Cu doping)
CdTe/CdS (small core−thick shell)
CdTe/CdSe
CdTe/CdSe (aq)
CdTe/ZnO
CdTe/ZnTe (aq)
CdTe/ZnS
ZnTe/ZnSe

800
Abs 550−640 nm
530−580, 470−680, Abs 500−660, 480−815, 550−568
410−570, 519−560, 535−623, 560−820
660−715, 625−795
700−910
710
630−720, 560−630, 800
510−640, 613−813
566−596
534−688
550−610
470

ref
642
288
643,
645,
646,
475
648
647,
316,
651
322
652
139

281, 644, 274, 270
275, 320, 475
647

649, 650
319

exciton absorption peak during their monolayer at a time layerby-layer CdS shell deposition on CdTe cores.280
Smith et al.655 also give similar examples in their studies of
strongly strained type II core/shell QDs where the red shift and
reduction in the oscillator strength of the ﬁrst transition are
even more marked. In their more recent work, comparisons of
the trends in the shapes of absorption spectra are made with
other types of core/shell structures as well.314 The room
temperature Stokes shift between the lowest energy transition
and the PL peak may not be all that diﬀerent in magnitude from
that of the original core, but where the ﬁrst exciton emission is
strongly quenched, the spectral overlap between the weakened
band edge absorption and the PL emission peak may be greatly
reduced. This can be appreciated from the type II CdTe/CdSe
QDs reported by Xia and Zhu, for example.317
The impact of the sharpness of the transition between the
core and shell has been investigated by Abel et al.660 in
structural and spectroscopic studies on quasi type II PbSe/
CdSe core/shell QDs formed by cation exchange reactions.
Here a thin intermediate region of mixed cation composition
was found to inﬂuence the PL lifetimes and possibly contribute

both HgTe and CdTe are rather soft (bulk moduli 423 and 445
kbar, repectively), so when surrounded by other harder II−VI
materials quite considerable strain tuning of the band gap can
result. Smith et al.655 made a very detailed study showing how,
especially for smaller core (2−3 nm diameter) CdTe QDs, hard
shells such as ZnSe can shift the band gap by as much as 350
nm into the red (depending on the shell thickness). Cai et al.656
have similarly made a detailed study of the compression
induced tuning of CdTe in CdTe/CdSe core/shell QDs, using
continuum elasticity theory to determine the strain gradient
and the eﬀect on the band gap energy levels in their structures.
Pseudopotential density functional calculations of the strain and
its eﬀect on energy levels in ZnS/CdS and CdS/ZnS QDs by
Khoo et al.657 suggest that the eﬀect of shell compression may
only be signiﬁcant for the ﬁrst few shell monolayers and may
saturate thereafter. Thus, for thin shells the band gap shifts with
both shell thickness dependent conﬁnement and strain eﬀects,
but for thicker shells the latter becomes an almost constant
contribution to the band gap.
Schöps et al.658 have discussed the excitonic ﬁne structure in
CdTe/CdS QDs with a partial CdS shell in relation to PL decay
times and oscillator strengths, since the nearly degenerate
bright and dark levels both contribute to the experimentally
measured quantities. The strong nonexponential nature of the
PL decay curves and the temperature variation of the ﬁtting
function parameters used to describe the decays was then
explained in terms of a superposition of transitions involving
not only diﬀerent sizes in the ensemble size distribution but
also involving diﬀerent levels in the exciton ﬁne structure, each
with diﬀerent oscillator strengths and lifetimes. The application
of a shell to nearly spherical QDs is not expected to disturb the
ordering of the bright and dark transitions in the band edge ﬁne
structure, but this may not be the case where the core−shell
structure is strongly anisotropic, e.g., as in dot-in-rod core/shell
structures.659 In spherical core/shell structures the main
inﬂuence of exciton ﬁne structure is in relation to the PL
decay rates.
4.3.2. Eﬀect on Absorption Spectra. A classic signature
of a type II QD absorption spectrum is a strong reduction in
the band edge oscillator strength and a red shift of the band
edge transition itself (relative to the original core material).
This can often be observed as in the progression of spectra
during thickening of the shell during CdTe/CdS QD formation
under reﬂux as described by Dai et al. (Figure 36).274 Gui and
An also showed a clear example of the erosion of the ﬁrst

Figure 36. Evolution of a type II absorption spectrum (a) and red shift
of the ﬁrst exciton peak (b) during the formation and thickening of a
CdS shell on CdTe core QDs. Reproduced with permission from ref
274. Copyright 2012 The Royal Society of Chemistry.
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to the shape of the absorption spectrum near the band edge. A
tentative explanation in terms of the formation of additional
sub-bands was suggested which may then lead to a small
additional fast decay term and some small increase in oscillator
strength (set against the more signiﬁcant decrease due to
reduced electron−hole overlap).
By way of comparison Justo et al.661 made detailed
quantitative studies of PbS/CdS type I core/shell QD oscillator
strengths, ﬁnding that the core/shell values corresponded
approximately to those of equivalent sized PbS cores. This is
quite diﬀerent for type II structures where the oscillator
strength is strongly reduced by the reduction in electron and
hole overlap.
4.3.3. Eﬀect on Emission Spectra. The foremost eﬀect on
the PL emission spectrum on forming a type II core/shell is the
(sometimes substantial) red shift of the emission. As mentioned
above, this may be driven both by the switch to a spatially
indirect transition between levels in the core and shell (e.g.,
shell conduction band to hole valence band for hole/electron
type core/shells) and also by the further eﬀects that strain may
have upon those levels.
CdTe/CdS is one of the most popular choices of type II
core/shell, being readily synthesized in water. The PL tuning
range shown by Gu et al.279 of around 100 nm is fairly typical,
and QD materials over this range can be obtained with PL QY
from around 30% at the ends of the range and peaking around
80% midrange. As mentioned earlier, even greater tuning for
CdTe QDs can be obtained by using strong core compression
with ZnSe shells, etc.,655 though the strong lattice mismatch
needed to drive the reduction in the indirect band gap may also
lead to lower PL QY if defects are formed at the core/shell
interface. Deng et al.271 using an aqueous synthetic method
achieved very large red shifts using magic sized CdTe clusters
with a radius of ∼0.8 nm as the core and up to 5 nm of CdS
shell thickness. While the small CdTe cores were more or less
spherical, the larger core−shells became tetrahedral in shape. A
maximum red shift of 340 nm was demonstrated and the PL
peaks were relatively narrow by virtue of the monodisperse
magic sized cores as shown in Figure 37.
4.3.4. Eﬀect on PL QY and Lifetimes. A type I core/shell
generally leads to improvements in PL QY by removing surface
traps from the core and with both hole and electron wave
functions conﬁned mostly to the core, traps on the outer
surface of the shell have less of an impact on radiative
recombination. This leads to an increase in PL QY with little
shift in the emission spectrum. Type II shells may likewise
remove traps from the core surface, but the fact that one of the
carrier wave functions may still have some amplitude near the
shell outer surface means that the electron or hole may still be
susceptible to being trapped at the new outer surface. For both
type I and type II structures, any defects that are buried in the
shell formation process will still be accessible to diﬀerent
degrees to both the electron and hole. To guard against this
possibility, it may be wise to try to remove defects that cannot
be remedied simply by overgrowth with the shell by carrying
out other treatments ﬁrst, e.g., limited photoetching. Even if the
nonradiative rate is unchanged upon adding a type II shell, the
eﬀect of the reduction in the radiative recombination rate due
to the reduced carrier wave function overlap (lower oscillator
strength) will allow nonradiative processes to compete more
eﬀectively with radiative recombination. This will lead to a
reduction in PL QY as demonstrated by Jing et al. as shown in
Figure 38.34 Even a small improvement in surface passivation

Figure 37. (a) Schematic diagram illustrating the formation of the
CdTe/CdS magic-core/thick-shell tetrahedral NCs. (b) Roomtemperature PL emission proﬁles of a series of NC samples obtained
by varying the CdS shell growth to overcoat the magic-sized CdTe
core with thicker shells. (c) Room temperature PL decay kinetics
monitored at the maximum emission wavelengths of the samples in
(b). The calculated excited state lifetimes are listed. Reproduced from
ref 271. Copyright 2010 American Chemical Society.

Figure 38. Radiative (ﬁlled symbols) and nonradiative (open symbols)
recombination rates for CdTe610 (a) and CdTe538 (b) series QDs
obtained at diﬀerent reﬂux times. Reproduced from ref 34. Copyright
2015 American Chemical Society.

will eventually be undermined by the indirect nature of the
recombination process. Changes in the strain during shell
growth may also drive a poorer trade-oﬀ between radiative and
nonradiative recombination.306 In addition, to suppress the
nonradiative processes, the shell outer surface must also not
present any increase in carrier trapping rates. It is important to
stress that, on its own, the fact that type II radiative
recombination is spatially indirect and therefore slower does
not reduce the PL QY, but in the presence of competing
nonradiative processes, slow emission is problematic.
Rawalekar et al.315 used a combination of PL and transient
absorption (TA) studies to investigate the eﬀect of electron
trapping in CdTe/ZnTe type II core/shell QDs. Evidence of
photocharging was seen in the long wavelength part of the TA
spectrum, and in addition hot carrier (electron) cooling rates
were reduced. The latter is consistent with the segregation of
the electrons and holes as ultrafast scattering between the two
types of carriers is normally responsible for increasing the
10676
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electron cooling rates. Segregation and surface trapping of
electrons would reduce the rate at which energy could be
transferred to holes for more eﬃcient cooling and are
consistent with the observed slowed cooling. These ﬁnding
suggest that, in this particular sample at least, electron trapping
at the shell surface was still likely to be a signiﬁcant factor in
limiting the PL QY, especially for thicker shells. Samanta et
al.306 saw similar behavior in their comparison of CdTe/CdS
and CdTe/CdSe core/shell QDs (they also subsequently added
a further ZnS shell to each of these; see section 4.3.8). In
addition to the divergence of radiative and nonradiative rates as
the shell thickness increased, the authors saw a higher radiative
rate for the CdTe/CdS case than for CdTe/CdSe. This was
attributed to the smaller CBO in the former case leading to
weaker localization of the electron over the shell region.
The need for type II core/shells stems from a requirement to
access NIR emission processes without necessarily needing to
use low band gap materials and also to obtain carrier
segregation and possibly the need to be able to access one of
the two photogenerated carriers in the shell of the
heterostructure. If NIR emission without surface accessible
carriers is required (e.g., for tissue transparency region
biolabeling applications), a simple solution is to wrap the
type II structure in a further type I shell, ensuring the carrier
localized in the inner shell is then isolated from the outer shell
exterior surface. Examples of such double shell structures are
given in section 4.3.8. Simple single shell materials may be
useful for FRET or charge transfer applications, e.g., as the basis
for biological and other sensing devices.
4.3.5. Inﬂuence on FRET. Zhu et al.662 demonstrated timeresolved FRET between Mn-doped ZnS/ZnO type II
structures and sulforhodamine 101 labeled avidin which was
coupled with biotinylated surface ligands on the ZnO surface.
The functionalized doped core/shell QDs acted as a long-lived
energy donor as a consequence of the QD sensitized excitation
of the Mn dopant emission which itself had a millisecond
emission lifetime. In the presence of the dye labeled avidin,
energy transfer occurred to the latter with a persistence on the
millisecond time scale. This allowed time gating of images
where the FRET system was used as a ﬂuorescent label so that
faster emission processes and scattering backgrounds could be
removed. The demonstration of FRET in a core/shell QD
structure demonstrates the fact that the type II shell (provided
that it is not too thick) is not a barrier to resonant energy
transfer processes.
4.3.6. Charge Transfer. The nature of the type II carrier
localization means that applications involving charge transfer
processes are more often encountered, since they may take
advantage of the localization of one of the carriers in the shell.
Charge transfer processes can be observed via the quenching of
PL signals and changes in the PL decay kinetics. The kinetics
on the femtoseconds to picoseconds time scale is also routinely
studied using transient absorption and other related forms of
ultrafast pump−probe spectroscopies.
Type II core/shell QDs are of interest for QD sensitized
solar cell applications since they may be paired with wide band
gap oxide substrates or nanoparticles such as ZnO. Shi et al.663
showed exciton quenching consistent with electron transfer
from CdTe/CdS core/shell QDs to ZnO nanoparticles. For
large diameter CdTe NCs (3 nm) they saw only weak
quenching, while for small diameter CdTe cores (1.5 nm) the
PL quenching was much stronger (Figure 39). The authors
describe the larger diameter as type I, although updated natural

Figure 39. PL and absorption spectra of CdTe/CdS core/shell QDs
with CdTe core diameters of 3.0 (a) and 1.5 nm (b) in aqueous
solution after addition of ZnO NCs with diﬀerent concentrations of 0,
0.22, 0.44, 0.66, 0.88, 1.10, 1.32, 1.54, and 1.76 mM. Reproduced with
permission from ref 663. Copyright 2011 Elsevier.

VBO calculations by Li et al.364 would suggest the structure is a
weak type II (small CBO) neglecting strain eﬀects. Factoring in
the latter would make both structures type II, but the larger
core material would certainly have a smaller type II VBO. The
diﬀerence in quenching rates then reﬂects the magnitude of the
CBO.
Charge transfer eﬀects also form the basis for some bioassay
applications. For example, Shen et al.664 made use of electron
transfer from a core/shell QD to sanguinarinea naturally
occurring alkaloid pharmaceutical drug and good electron
acceptor by virtue of a positively charged heterocyclic nitrogen
site. The electron transfer mediated quenching formed the basis
of a ﬂuorescence detection system with sensitivity approaching
the 100 ng/mL level.
Maity et al.665 investigated hole and electron transfer
processes in charge transfer complexes formed between both
CdS and CdS/CdTe hole/electron core/shell QDs and the
organic molecule bromo-pyrogallol red (Br-PGR). In both
cases the organic compound eﬃciently quenched the QD
luminescence with the eﬃciency and change in PL decay
kinetics being most pronounced for the core/shell NCs. TA
measurements of the bleach and charge transfer state kinetics
were used to derive a model (as shown in Figure 40) for hole
transfer between the CdS core, via the CdTe shell (due to the
type II band alignment), and then in a further step to the
HOMO level of the dye. With the dye LUMO level lying above
the conduction band of the CdTe shell, electron transfer in
cascade through the CdTe shell to the core was also identiﬁed
as one of several competing pathways. In the case of the core/
shell, recovery via the back electron transfer from the CdS
conduction band to the dye HOMO level was considerably
slowed in the presence of the CdTe shell.
4.3.7. Relation to Auger Recombination. Optical
measurements such as pump−probe transient absorption
spectroscopy, single dot emission spectroscopy, and optical
blinking experiments are all used to monitor ultrafast carrier
dynamics in QDs. Auger recombination processes and eﬀorts to
control and mitigate these using heterostructures such as type
II core/shells lies at the heart of work to improve the
10677

DOI: 10.1021/acs.chemrev.6b00041
Chem. Rev. 2016, 116, 10623−10730

Chemical Reviews

Review

Figure 40. Schematic diagram illustrating the electron and hole
transfer processes in the (a) CdS QD and (b) CdS/CdTe type II
core/shell QD sensitized by Br-PGR. Process 1 shows the excitation of
the CdS QD, and process 2 shows the photoexcitation of Br-PGR.
Process 3 indicates the direct transfer of an electron from the HOMO
of Br-PGR to the conduction band of CdS. Process 4 shows the
indirect photoexcitation of an electron from the valence band of the
CdTe shell QD to the conduction band of the core CdS QD. Process
5 shows the photoexcitation of the CdTe shell QD. Process 6 indicates
the direct transfer of an electron from the HOMO of Br-PGR to the
conduction band of the CdTe shell. The electron injection and hole
transfer reaction in both composite materials are shown. The dotted
line in both schemes indicates the charge recombination reaction
between an electron in the CdS QD and the Br-PGR cation radical.
The BET (back electron transfer) process is slower in the case of the
CdS/CdTe/Br-PGR composite system. Reproduced with permission
from ref 665. Copyright 2015 The Royal Society of Chemistry.

performance of QDs in optoelectronic devices. For instance,
Piryatinski et al.666 suggested that, in type II structures with
sharp boundaries between core and shell, strong biexciton
repulsion should be able to suppress Auger biexciton
recombination and may be signiﬁcant enough to shift the
absorption spectra of optical transitions so that single exciton
emission would experience virtually no absorption. Suppressed
Auger recombination would substantially slow the recovery of
transient absorption signals from QDs with multiexciton
occupancy, with recovery then being pushed onto the radiative
recombination time scale (nanoseconds and longer). A
consequence of this is then that PL decays (measured with
nanosecond resolution) may show a pump power dependence
due to the initial exciton occupancy. This was observed by
Dennis et al.573 in their study of blinking and Auger
recombination suppression in type II InP/CdS QDs,573 most
noticeable for thicker CdS shells (Figure 41). Blinking
suppression, indicative of reduced Auger recombination, was
also observed by Deng et al.271 in the previously mentioned
work on magic core/thick shell CdTe/CdS type II QDs.
4.3.8. Other Variations on Type II Heterostructures.
For some applications (such as those involving charge transfer,
carrier extraction, or injection) the type II core/shell structure
is ideal. For other applications it is useful to add a further shell
which itself may have either a type I or a type II band alignment
relative to the intermediate shell. The two combinations of
double shells can be termed types II/I and II/II. Type II/I
double shells combine the carrier separation characteristics of
the type II inner heterostructure, but a suﬃciently thick enough
outer shell will prevent the segregated outermost carrier wave
function from having much contact with surface traps on the
outer surface of the whole structure. Therefore, addition of a
second shell in type II/I QDs should not introduce much
further shift to the emission spectrum but may further improve
the PL QY. Any wavelength shift that does occur may be
mainly due to additional changes in the strain in the core and

Figure 41. Biexciton lifetimes. (a) Spectrally integrated transient-PL
measurements for a 5.2 nm diameter InP/CdS core/shell QD sample
(InP/4CdS) in dilute toluene solution at diﬀerent 3.1 eV pump
ﬂuences (1−170 μJ/cm2). Traces normalized at 1.8 ns show that all
multiexciton signals have decayed within less than 500 ps. The inset
shows the extracted multiexciton decay component as well as a single
exponential ﬁt (red line) with a 99 ± 4 ps biexciton decay. (b) For an
8.3 nm diameter core/shell QD sample (InP/10CdS), pump-intensitydependent transient-PL measurements normalized at 48 ns do not
fully converge until ∼30 ns, indicating long-lived multiexcitons. A
single exponential ﬁt (red line) to the extracted multiexciton
component (shown in the inset) reveals long-lived multiexcitons. (c)
Fitted biexciton lifetimes extracted from time-resolved PL data show a
large lifetime increase as a function of shell thickness and total particle
diameter. Reproduced from ref 573. Copyright 2012 American
Chemical Society.

inner shell introduced by lattice mismatch between the outer
shell and the already strained inner shell. A further small shift in
the band gap may arise due to the change in the conﬁnement
potential due to replacing the surrounding medium by the
second shell of semiconductor. Compared with the large
valence and conduction band potentials of most solvents,
additional semiconductors will lower the conﬁning potential,
but this will mostly aﬀect whichever of the two carriers is
localized in the inner shell. The eﬀect will be to dilate the wave
function of that carrier slightly.
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Type II/II double shell materials are sometimes used when
an outer shell is desired that has a large lattice mismatch with
the core. Making a single shell type II with such a combination
of core and shell may be problematic, leading to defect
formation at the interface. Making the transition between the
core and outer shell with an intermediate shell with a lattice
parameter lying between the two allows the strain to be
accommodated in two steps and the mismatch distributed over
a larger volume, reducing the risk of defect formation. The
outer shell of double core/shells may also be selected to have
properties such as low cytotoxicity, and in this respect ZnS and
ZnO are popular choices. The study of PbSe/CdSe/CdS
heterostructures described by Lee et al.667 (based in part on
earlier work by Pietryga et al.668) is an example of the use of II/
II double core/shells. The strong diﬀerences in localization and
the passivation of the outer surface with CdS, putting surface
traps beyond the reach of the electron wave function, leads to
the observation of very long radiative lifetimes in the tail of the
PL decay (of the order of 80 μs). During the growth of the
outer CdS shell the authors observed an initial blue shift of the
emission which was attributed to shrinkage of the PbSe core
due to slight alloying at the CdS growth temperature (240 °C),
but as the CdS shell thickened this was counteracted by the
CdS passivation and reinforcement of the quasi type II
alignment. The PL QY of the double shell structure only
reached around 20%, though this may reﬂect the great
challenge as the radiative rate decreases of matching that
decreases with a similar reduction in the nonradiative
recombination rate.
The behavior of the absorption spectra, PL, and PL lifetimes
during the formation of type II/I double core/shells of CdTe/
CdS/ZnS and CdTe/CdSe/ZnS are well illustrated by the
results from Samanta et al.306 On application of the ﬁrst shell,
the type II structures show a substantial red shift in the PL
peaks (>100 nm). Adding the second shell of ZnS provides a
further but smaller red shift (around 50 nm for CdTe/CdSe/
ZnS, and around 25 nm for CdTe/CdS/ZnS). The double shell
QDs show PL QYs of around 44 and 38% respectively, while
the PL lifetimes increase with components in the 60−80 ns
range for the completed structures. On the addition of the ﬁrst
shell the radiative rate eventually decreases while the nonradiative rate initially drops, beneﬁting from surface passivation,
and then remains relatively constant. On addition of the second
layer the nonradiative rate is further reduced, presumably as the
electron wave function is pushed further from the outer ZnS
surface. The radiative rate also falls a little possibly as a result of
further reduction in the electron−hole overlap as the electron
wave function is slightly dilated by the presence of ZnS in place
of the much wider band gap solvent, etc.
Table 3 lists some further examples of the synthesis and
application of double core/shell type II/I and II/II QD
heterostructures:
Another distinct class of variation on the core/shell theme
are heterostructures where the inner core is very small, i.e., of a
few atoms in extent. Here we term these as small-core core/
shells. Both Franzl et al.676 and then Avidan and Oron677
synthesized and characterized CdSe QDs doped at low levels
with Te ions. These corresponded eﬀectively to very small
CdTe cores in CdSe shells, but the Te content could be
reduced to just a few Te ions per dot. At such low Te levels the
optical properties were seen to be quite diﬀerent from those of
the larger core CdTe/CdSe QDs described earlier. Two distinct
types of emission could be observed: band edge CdSe emission

Table 3. Examples of Core/Shell/Shell QDs with Type II
Inner Core/Shell Structure from the Literature
core/shell
CdTe/CdS/ZnO
CdTe/CdS/ZnS
CdTe/CdSe/ZnS
CdTe/CdSe/ZnSe
CdTe/ZnTe/ZnS
InAs0.82P0.18/InP/ZnSe

PL range (nm)

ref

526−651, 564−615
660, 530−615, 525−567, 650−
660, 600−620, 720−800
540−825
530−670
585−610
805

669, 670
294, 321, 671,
293, 297, 672
625
673
674
675

and lower energy transitions which were described as being due
to Te trap states lying close to the valence band of the CdSe
QD. Single dot spectroscopy676 showed that individual QDs
showed only one type or the other of these emission processes
but did not switch between them, consistent with some dots
being undoped with Te. Both groups676,677 and later Zhang et
al.678 in theoretical modeling of the same system determined
that photoexcited holes are very strongly bound to Te sites
within the QD, with the hole wave function being even more
tightly localized for low Te doping than in the larger, regular
type II CdTe/CdSe QDs described above. Avidan and Oron677
observed time gated emission from CdSe:Te QDs and at short
times (less than the biexciton Auger nonradiative lifetime)
found a pump dependent emission spectrum which included
contributions from a biexciton emission peak at higher
excitation powers. The core size dependent single exciton−
biexciton blue shift determined from these measurements could
be as large as 300 meV, which could in principle form the basis
by which reabsorption of emitted photons in QD gain media
could be achieved. The Stokes shifts of the single exciton
emission peaks are also large (200−300 meV678) in these small
core based core/shell QDs.676 Zhang et al.678 also modeled the
splitting of the lowest energy dark state from the ﬁrst bright
state, which directly aﬀects the measured single exciton
radiative lifetimes. Faster recombination rates were predicted
where the splitting was largest, i.e., for small overall diameters.
4.4. Emissive Doping

Doping the crystalline lattice of semiconductor QDs with
impurities such as transition metal ions and rare earth ions can
extend the range and nature of their properties, most notably
with new and distinct dopant emission features. The new
dopant energy levels have their own carrier dynamicssome of
the important optical transitions associated with the d and f
levels of dopant ions are forbidden (in a regular bulk crystalline
environment at least) and thus have much longer emission
lifetimes than most QDs. The dopants may eﬀectively assume
the role of the dominant emission process, with the QD
eﬀectively functioning as a means of improving the excitation of
the dopant (i.e., extending the excitation cross-section and
excitation wavelength range). In other cases the emission
properties arise from a combination of the dopant and QD
energy levels, and the recombination process has a ﬂavor of
both the QD host and the dopant. In such cases the emission
retains some inﬂuence from the QD size (as discussed in
section 4.4.2).
4.4.1. Mn Doping. Mn2+ doping of semiconductor QDs has
been an attractive means of constructing new luminescent
materials with fascinating photophysical properties that are of
potential technological importance.378,379,386 For Mn2+ doped
QDs, the emission is dominated by the dopant’s ∼2.1−2.2 eV
internal 4T1−6A1 transition of Mn2+ d10679
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states.386,397,398,409,411,417,679 The excitation for this recombination process arises from energy transfer from QD band-edge
excitons to the upper level of the ligand ﬁeld 4T1 Mn2+ states
after QD photoexcitation. Here the term “ligand” (ﬁeld) is used
in the sense of transition element energetics and spectroscopy
and does not explicitly refer to the stabilizing ligands around
the QDs. When the Mn2+ ligand-ﬁeld states are located within
the band gap of the host QDs, the dopant reaps the beneﬁt of
the large absorption cross section and broad absorption spectral
range of the semiconductor host to improve the eﬃciency with
which it is excited.386 When this is combined with rapid transfer
of energy from the QD exciton states to the dopants, it can
result in strong Mn2+ dopant PL. This ﬂuorescence is generally
very stable and accompanied by a large Stokes shift. In addition
the emission energy shows almost no dependence on the QD
host size and composition (the only caveat being that the Mn2+
excited state and ground level fall within the QD band
gap).402,680 The low overlap between emission and absorption
spectra that this typically brings is desirable for biomedical
imaging applications as it allows the easy diﬀerentiation of
ﬂuorophore emission from the background autoﬂuorescence of
biological samples.
Strong Mn2+-dopant emission relies on eﬃcient exciton−
Mn2+ energy transfer.471,681 Generally, in undoped QDs, the
photogenerated exciton can decay radiatively yielding excitonic
emission with radiative lifetimes typically ranging from a few to
hundreds of nanoseconds. However, nonradiative recombination (or weaker, broader emission from trap levels) may occur
if either carrier is (or both carriers are) trapped before they can
combine radiatively. Nonradiative relaxation processes of this
type can involve either internal or surface QD states. In
homogeneous QDs the latter is more generally the main culprit
for nonradiative recombination, but in core/shell heterostructures, internal defects (in the vicinity of interfaces between
diﬀerent layers) may also make a strong contribution. Where
the QDs are doped, the extent of the dopant−charge carrier
interaction strongly inﬂuences the photophysical process. The
interaction can drive energy transfer from the host NC to the
ionic dopant, or the dopant presence may create new defects
that may also function as further carrier trap sites that may lead
to excitonic emission quenching. Therefore, Mn2+-doped QDs
may exhibit modiﬁed exciton radiative recombination similar to
that in the host QD, partial or substantial quenching due to
new nonradiative trapping channels, or exciton−Mn2+ ion
energy transfer. It has been demonstrated that the host band
gap,386 radial doping location,470,471 and doping concentration470,471 can strongly aﬀect exciton−Mn2+ ion energy transfer
and thus the Mn2+ dopant emission behavior.
QDs such as ZnS, ZnSe, and CdS have relatively wide band
gaps such that the lowest Mn2+ ligand-ﬁeld excited states reside
in the band gap and QD excitation readily leads to rapid energy
transfer to the Mn2+ dopants. Dopant radiative recombination
between the (Mn2+) excited state and the ion’s ground state can
then occur. This situation therefore results in quenched QD
excitonic PL, while at the same time Mn2+ dopant impurity
emission is eﬃciently sensitized. This is seen in the majority of
cases for Mn2+ doped Zn(S,Se) and CdS QDs, as shown in
Figure 42.386,682
Apart from requiring a suitably wide and appropriately
aligned host band gap, strong PL QY of the Mn dopant
emission sensitively depends on the dopant’s spatial location
within the QD and the dopant concentration as well. Mndoped hosts, including ZnS, ZnSe, and CdS, with wide band

Figure 42. Two possible relaxation mechanisms realized in Mn2+doped semiconductor QDs with a wide (a) and a narrow (b) band gap.
(a) In the wide-band-gap material, eﬃcient energy transfer from the
QD host to Mn2+ quenches their excitonic emission and sensitizes the
Mn2+ 4T1 → 6A1 emission. (b) In the narrow-band-gap material, Mn2+
excited states are located outside the band gap and above the lowest
conduction level so that the NCs show the excitonic emission of the
host. Reproduced from ref 682. Copyright 2008 American Chemical
Society.

gaps can also include higher energy surface trap states such as
those arising from thiol groups, which lead to related hole
trapping. This results in the competition between exciton−Mn
energy transfer and charge carrier trapping that may then
inhibit the energy transfer process of host to Mn d-states.471
Overcoating with a high band gap shell around the doped host
cores embeds both the dopant and the exciton hole wave
function deeper inside the QD and makes them more isolated
from the QD surface defects. This can then favor eﬃcient
energy transfer from the host to the dopant Mn, and Mndopant emission can be eﬃciently enhanced, as observed for
aqueously synthesized ZnS:Mn/ZnS, 431,432 ZnSe:Mn/
ZnS,433,434,472 ZnSe:Mn/ZnO,435 CdS:Mn/ZnS,389,437,440 etc.
Nonaqueously grown Mn-doped CdS/ZnS, with the dopant
incorporated at diﬀerent positions in the heterostructure, has
been used as a model system to investigate the eﬀect of location
on the dopant emission, i.e., inside the core, at the core/shell
interface, and within the shell.397 The location inﬂuence was
attributed to the Mn−Mn interactions and the local crystal-ﬁeld
strain acting upon the Mn dopants.397 Very recently, the
dopant location-dependent dynamics of exciton−Mn energy
transfer and its eﬀects on dopant emission in Mn-doped CdS/
ZnS were comprehensively studied by Son and co-workers.471
The dependence of the PL properties of Mn2+-doped II−VI
semiconductor QDs on dopant concentration has also been the
subject of recent extensive investigation. While an increase of
the Mn2+ concentration per QD may initially bring enhancement of the Mn2+ emission, beyond some point Mn doping
could enhance Mn−Mn interactions and/or create greater
crystal-ﬁeld strain. In both cases increased nonradiative decay of
the Mn excited state may arise, and thus lead to a quenching of
the Mn-emission QY.397 In the ﬁrst case, when the Mn2+
concentration exceeds a particular threshold, eﬃcient nonradiative energy transfer between neighboring Mn2+ dopant
ions reduces or even annihilates the Mn2+ emission
completely.416,430 This same ion quenching process is wellknown in ion doped glasses683 and in the early stages of rareearth doped optical ﬁber development led to limitations in the
maximum doping level and therefore optical gain coeﬃcient
that could be obtained. The studies on doped QDs also
indicated that not only is the concentration of dopant
important but that the ion oxidation state plays an important
role in determining the emission properties in doped ZnS QDs.
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located above the QD valence band in the same NC. As a
result, since the Cu HOMO to QD conduction band energy
diﬀerence is linked to the location of the latter and that in turn
is size dependent, tunable emission wavelengths and lifetimes
could be achieved by changing the QD size or by manipulation
of the QD composition; e.g., the PL of Cu doped NCs red
shifts as the size of the host increases. The lifetime of the
dopant emission should be longer than that for the band edge
transition since the related dopant transition is optically
forbidden. Therefore, this form of doping also shows great
potential as a strategy to minimize the particle size (for a given
transition energy) and tune the PL lifetime of NIR-emitting
QDs eﬀectively. Since the emission of the Cu dopant strongly
depends on the band gap of the host and the emission peak
should be tunable by varying the band gap of the host QDs, it
should be possible to also capture all the advantages of typical
dopant emission, such as low self-absorption, outstanding
thermal stability, and improved chemical stability.692 Cu-doped
QDs can therefore be used as potentially color tunable emitters
with ﬂuorescence colors spanning a wide spectral range
dependent on the nature, size, and composition of the host
QDs. For example, NIR emission of the Cu dopant was found
for CdS,426,448,693 InP,692 or surface alloyed ZnS/Zn1−xCdxS455
QDs, while in other cases such as Cu-doped ZnS441 and
ZnSe445,694 blue-green and greenish yellow emissions were
obtained.
As with Mn doped QDs the redox state of the dopant can
furnish further ﬂexibility in the optical properties. Both Cu2+
and Cu+ doped QDs have been investigated, and the diﬀerence
in optical behaviors of Cu+ and Cu2+ impurities have been
described by the Klimov695 and Gamelin groups.383 As for Cu+
doped QDs, upon photoexcitation of the host, the photogenerated hole rapidly and nonradiatively localizes from the
valence band to a Cu+ dopant to form a Cu2+-like ion. Radiative
recombination of the photogenerated electron from the
conduction band with the copper-localized hole can then
occur. In the majority of cases of Cu doped QDs in the
presence of thiol ligands as addressed in section 3.5, the Cu
dopant emission and its tunability can readily be achieved by
varying the host band gap or doping concentration.344,443−446,449,451,475 The Cu ions doped in QDs assume
a +1 oxidation state due to the presence of thiol groups, which
favors photogenerated charge carrier transfer from the host to
the Cu+ d-state, thus leading to dopant emission (Figure 43).

On this basis, redox-tuned dopant emission was realized in
ZnS:Mn by Chattopadhyay and co-workers.684 It was observed
that when Mn2+-doped ZnS NCs were treated with potassium
peroxodisulfate as an oxidizing agent, Mn dopant emission was
remarkablely reduced. This quenching could be reversed
following reaction with NaBH4 as a reducing agent.684
Mn-dopant emission with a limited range of tunability has
been reported, 432,468,472,685−687 although generally Mn2+
emission for Mn-doped QDs is located around ∼585 nm,
irrespective of the size, shape, and the host QD materials (ZnS,
CdS, and ZnSe). The Mn dopant ﬂuorescence is essentially a
d−d state transition, whose wavelength is primarily determined
by Coulomb direct and exchange interactions between levels in
the Mn d multiplets. The splittings of the latter are strongly
inﬂuenced by the strength of the local crystal (ligand) ﬁeld.399
It was previously found that aqueously grown Mn-doped ZnS
QDs showed a monotonic behavior of Mn2+ emission
wavelengths against the particle size; i.e., 591, 588, 581, and
570 nm peak emissions were observed for QD sizes of ∼10,
∼4.5, ∼3.5, and ∼1 nm.688 The Mn emission shift was
attributed to phonon coupling, where the phonon frequency is
also itself inﬂuenced by conﬁnement eﬀects (though phonon
frequency shifts are rather less size sensitive than the exciton
band gap) and the surface modiﬁcation of the NCs. Phonon
size conﬁnement eﬀects are much weaker than exciton size
conﬁnement eﬀects, but phonons may interact with surface
states, particularly where charges are involved (e.g., surface
trapped carriers) to form polaron states. It was claimed that the
crystal ﬁeld strength was decreased with decreasing particle size,
but this change did not contribute signiﬁcantly to the emission
shift of Mn2+. In contrast, as observed in Mn-doped ZnSe by
Peng, the PL peak was controllably tuned over a surprisingly
large optical window from 565 to 610 nm.399 This was
explained in terms of the lattice ﬁeld around a given Mn center
becoming more symmetric as the ZnSe shell became thicker.
Nag et al. reported that the Mn emission wavelength in
Mn:CdS QDs could be changed from 575 to 620 nm
corresponding to host particle diameters from 1.9 to 2.6
nm.689 Comparison of ab initio theoretical calculations with
experimental results showed that locating the dopant Mn2+ at
diﬀerent points (e.g., core and surface) led to diﬀerent emission
energies due to subtle change in the crystal ﬁeld. In addition, it
was reported that introducing the lattice strain could also make
the crystal-ﬁeld splitting of the Mn 3d orbitals smaller and thus
produce Mn-dopant emission at 650 nm.690
Band edge excitonic transitions in QDs are strongly size
dependent, whereas the energy of the Mn2+ ligand-ﬁeld
transition is not (or at least, where phonon conﬁnement
eﬀects are involved, the dependence is much weaker). For this
reason, when the host QD band gap becomes suﬃciently small,
QD host to Mn dopant energy transfer may be prevented,
leaving the original QD emission intact (Figure 42).682 In CdSe
QDs for example, there was no Mn2+ dopant emission with QD
diameters above 3.3 nm. For QDs of larger diameter the lowest
host QD conduction level lay below the upper level Mn2+
manifold of excited states. Consequently, with energy transfer
from the CdSe QD host to Mn2+ blocked, host excitonic
emission with high eﬃciency prevailed.
4.4.2. Cu Doping. In contrast to the energy transfer
mechanism in Mn-doped QDs, the Cu dopant emission of Cudoped QDs originates from charge-transfer recombination of
the QD conduction-band electrons with holes localized in the
d-orbital levels of Cu dopant centers.383,463,691 The latter are

Figure 43. Diﬀerence in optical behaviors of Cu+ and Cu2+ impurities.
The Fermi level is indicated by a green line and labeled “FL”. The
Cu1+ state corresponds to the completely ﬁlled 3d10 shell (the Fermi
level is above it) and is optically passive (left). It can participate in
radiative transitions only after capturing a hole from the valence band
(a sequence of events leading to emission of a photon is indicated by
numbers 1 and 2); only the t-level of the Cu impurity is shown. On the
other hand, the Cu2+ state corresponds to the 3d9 conﬁguration (right)
and is optically active as it contains a hole which can radiatively
capture a conduction band electron (step 1); the electron is then
transferred nonradiatively to the valence band (step 2). Reproduced
from ref 695. Copyright 2011 American Chemical Society.
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A Cu2+ dopant has a 3d9 outer electron conﬁguration which
can be thought of as a Cu+ ion with a 3d10 conﬁguration
combined with a localized hole. The latter can readily
recombine with a QD CB electron generated by photoexcitation to yield dopant luminescence. The electron then
transfers nonradiatively to the valence state. Cu in the +2
oxidation state acts as having a permanent optically active hole,
implying Cu emission can be activated in the absence of a
photogenerated hole.695 Nevertheless, since this dopant
emission is known to be several orders of magnitude slower
than the band edge transition, the emission would still be
dominated by the band edge transition,695 unless photogenerated holes are lost, e.g., to surface hole traps. Therefore,
the intensity ratio of dopant to QD band edge emission and
lifetime decay studies of the Cu emission can give important
information regarding the presence of surface electron and hole
traps. These measurements can be used to study the inﬂuence
of the surface electronic structure of the NC, contributing to
better understanding of the role and the energetics of various
ligands in passivating the surface.696 Improvement of copperdoped QD PL upon the addition of thiol ligands, known to trap
QD valence band holes for some of the wider band gap QDs,
has been interpreted in terms of the elimination of the
competing excitonic recombination channel.695
The Cu dopant’s sensitivity to the redox environment has
been probed in Cu2+-doped ZnS QDs stabilized by chitosan.442
Changes in the emission were observed after treatment in
chemical or cellular reducing environments as shown in Figure
44. As-prepared Cu2+-doped ZnS NCs exhibited weak host
emission with a peak at 420 nm (Figure 44b). After treatment
with NaBH4, the appearance of a new emission peak at 540 nm
with PL QY as high as 10% was observed and attributed to a
change in the oxidation state of Cu2+ to Cu+ ions. This green
emission could vanish upon treatment with an oxidizing agent.
ESR measurements also supported the change of oxidation
state of the copper ions. In addition further emission control via
the redox chemistry was demonstrated by doubly doping Mn2+
and Cu2+ ions into ZnS.686 The codoped ZnS:Mn,Cu QDs
exhibited redox-tuned three color emission (i.e., host, Cu
dopant, Mn dopant emission) and reversible PL characteristics
as shown in Figure 44c,d. For example, as-prepared aqueous
doped QDs showed orange emission with peaks at 460 and 592
nm with QY of 3% from the host and Mn2+ dopant,
respectively. However, upon treatment with NaBH4, a new
peak around 520 nm appeared and was accompanied by an
increase in the intensity of all of the peaks as shown in Figure
44c. The codoping approach is another promising avenue for
obtaining doped materials with emission covering a wide
spectral range, especially when used in combination with band
gap engineering of the host QDs.697,698 However, there remains
more work to be done to not only enhance the optical stability
of the resulting doped QDs, but also to further understand the
interplay of the multiple dopant emission channels coexisting
inside the same NC and map out how these are inﬂuenced by
the host band gap.
4.4.3. Lanthanide Doping. Though sections 4.4.1 and
4.4.2 have focused on Mn and Cu doping, rare-earth
(lanthanide, Ln) elements which bring outstanding magnetic
and optical properties arising from their f-electron energy levels
(e.g., Gd3+, Dy3+, Ho2+, Yb3+, Eu3+), may likewise be of strong
interest as dopants for dual-modal or multimodal probes and
have been the subject of a number of original studies and
reviews.143,162,699−702 Their electron conﬁgurations generate a

Figure 44. (a) Absorption spectra of chitosan-stabilized (i) ZnS QDs,
(ii) Cu2+-doped ZnS QDs, and (iii) NaBH4 treated Cu2+-doped ZnS
QDs. (b) Time evolution of the emission spectra of chitosan stabilized
Cu2+-doped ZnS QDs treated with 12 mM NaBH4. The time sequence
is as follows: (i) as-synthesized QDs, and incubation for (ii) 10, (iii)
20, (iv) 30, (v) 40, and (vi) 60 min. Reproduced with permission from
ref 442. Copyright 2014 The Royal Society of Chemistry. (c) Time
evolution of the emission spectrum of Mn2+ and Cu2+ (double) doped
ZnS QDs: (i) as-synthesized QDs and at (ii) 5, (iii) 10, (iv) 20, (v) 30,
(vi) 40, and (vii) 60 min following addition of NaBH4. (d) Time
evolution of the emission spectrum when potassium peroxodisulfate
was added 60 min after addition of NaBH4 (subsequent to pH
adjustment) and again incubated for (viii) 0, (ix) 5, and (x) 10 min;
(xi) 12 mM NaBH4 was added ﬁnally to check the reversibility. Arrows
labeled with (a), (b), and (c) indicate the direction of changes in
emission spectra following addition of appropriate redox reagents.
Reproduced from ref 686. Copyright 2014 American Chemical
Society.

rich variety of electronic levels, which gives rise to unique PL
properties for almost all Ln3+ except for La3+ and Lu3+, and this
has been the reason for their widespread use as phosphors and
in the optoelectronics industry for many years. The radiative
intra-4f transitions and 4f−5d transitions, covering the
spectrum range from the UV to the NIR, are characterized
by extremely narrow emissions, large Stokes shifts, and
remarkably long emission lifetimes (from microseconds to
milliseconds) due to the forbidden nature of the emitting
transitions.143,702 For these reasons many of the lanthanides
have found applications in lasers and optical gain media, steady
state population inversion being relatively easy to obtain, even
by relatively crude wide-band ﬂashlamp pumping, though
recent commercial devices use more robust solid state diode
excitation.
Due to the “buried” nature of the f orbitals, the absorption
band of Ln3+ is very narrow, which in phosphor applications
gives rise to high spectral purity and helps to give wide coverage
of the CIE chromaticity plane. Since the transitions of electrons
between 4f orbitals are forbidden by the Laporte selection rule,
the absorption coeﬃcients of Ln3+ are very low, typically
around 1−10 M−1 cm−1. Therefore, a very useful approach for
more compact optoelectronic devices or to fabricate imaging,
lighting, or display materials with intense optical properties is to
team the emitters with the enhanced absorption properties of
QDs to improve the overall eﬃciency and other aspects of the
luminescence. Thus, to overcome the limitations of the Ln3+
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small oscillator strength and the consequent inability to
compete with faster nonradiative relaxation pathways, Ln3+
ions must be incorporated into QDs in the same manner as
Mn and Cu ions. Inclusion of the ions in core/shell structures
in optimum locations seems to be the best strategy to follow in
this regard in the longer term. Some simple doped core
demonstrations have already been shown to improve the
absorption cross section limitations and more eﬃciently excite
the Ln3+ ions, using ZnS QDs as a semiconductor host material
sensitizer to absorb incident photons and transfer the excitation
energy nonradiatively to excite the Ln3+ ions.460 As with Mn
doping, with appropriate QD host band gaps the indirect
excitation of Ln3+ ions can nonetheless be eﬃciently achieved
but at the same time the dopant’s well-deﬁned and long-lived
ﬂuorescence can be retained.699,703−707 While doping of Ln3+
ions into a QD provides an excellent means to sensitize the
Ln3+ emission, it may also protect the PL QY by shielding the
emission center from high frequency overtone and combination
bands of −OH, −NH, and −CH vibrational modes in the
surrounding material, e.g., solutions or tissues in bioapplications
or any encapsulant that might be used to form optical
composites in optoelectronic applications, which can strongly
quench IR and NIR luminescence.459,708 The beneﬁts of
increasing the excitation eﬃciency and decreasing the nonradiative rates in order to optimize the PL QY are well
understood. With appropriate design, the incorporation of
lanthanide ions in QD hosts oﬀers the scope to exploit the
strong and size tunable absorption of QDs to oﬀer eﬃcient
narrow line lanthanide ion emission in the visible or IR
regions.458,461,462

Figure 45. (a) Illustration of apoferritin from a 3-fold channel with (b)
a cross-sectional view depicting the 72 glutamate residues on the
interior surface as a yellow space-ﬁlling model. (c) PL spectra of
apoferritin (blue) and CdS@ferritin (red). (d) CPL spectra of CdS@
ferritin before (red) and after (green) laser photoetching. Illustration
of wavelength modulation and preservation of circular polarization of
CPL emission by laser irradiation: (e) CdS NCs emitting from direct
transition band, and (f) that after laser irradiation with emission from
surface-trapping sites. The gLum values in (e) and (f) are very similar.
Kuhn’s anisotropy factor (gLum) as a function of wavelength is deﬁned
as gLum = 2(IL − IR)/(IL + IR), where IL and IR indicate the output
signals for left and right circularly polarized light. Reproduced with
permission from ref 714. Copyright 2010 Wiley-VCH Verlag GmbH &
Co. KGaA.

4.5. Optical Chirality

Chiral molecules lack any symmetry plane and a center of
inversion symmetry. This leads to them having two
enantiomeric states (R/S or D/L) or, commonly, right-handed
and left-handed forms. These two distinct types of material
interact diﬀerently with left- or right- handed circularly
polarized photons (randomly polarized light being equivalent
to an equal mixture of both these polarization states) and so
exhibit an optical circular dichroism (CD) eﬀect.709 For more
information on basic concepts related to molecular chirality, we
refer the readers to recent comprehensive review articles.710,711
In early work on chiral Au nanoparticles712 the manner in
which the chiroptical response came about was discussed
according to three diﬀerent mechanisms and the same
categorization can be applied to semiconductor NCs: (I)
chirality occurs because the whole inorganic core is inherently
chiral; (II) the core can be achiral but the nanoparticle surface
might be subjected to some chiral distortion and/or the
adsorption of chiral molecules (e.g., ligand binding); (III) both
the core and surface would be achiral, and the chiroptical eﬀects
would be induced by electronic interaction between the
capping molecules and the inorganic core.
4.5.1. Case I: Chiral Cores. The ﬁrst mechanism by which
semiconductor NCs adopt a chiral response is by the whole
inorganic nanoparticle being encouraged to crystallize with a
chiral space group.713 Naito synthesized (nominally) cubic CdS
NCs with a chiral crystal structure utilizing the interior cavity of
apoferritin (a helix-rich rhombic dodecahedral protein) as a
template as seen Figure 45a,b.714 The resulting CdS@ferritin
aﬀorded a broad emission band with peak at ∼780 nm and a
shoulder peak at ca. 498 nm as shown in Figure 45c. Chiral
conﬁgurations of the chelating amino acids in the ferritin cores

may be transferred to the QD crystal lattices during an
anisotropic crystal growth process. The CdS NCs exhibited a
circularly polarized luminescence (CPL). The CPL of CdS@
ferritin showed an intense band at 498 nm from the band gap
transition and a broad band at 780 nm from surface-trap related
transitions as shown Figure 45d (red). To examine if the
chirality was a surface or NC core feature, the particles were
brieﬂy photoetched in order to slightly reduce their diameters
and due to the size contraction remove the surface from direct
contact with the ferritin internal amino acid groups. After
photoetching, CPL bands from surface trap sites as seen in
Figure 45d (green) were observed being blue-shifted at a gLum
value of 8.0 × 10−3 (Figure 45f), close to the value of 4.4 ×
10−3 from the direct transition band of single-crystalline CdS
NCs before laser photoetching as shown in Figure 45e).
Meanwhile, CPL of the direct transition band disappeared. The
enhancement in CPL from surface-trapping sites was mainly
attributed to the surface-trapping sites of the single-crystalline
CdS NCs generated by laser photoetching, implying that a
circular polarity in CPL emission from the direct transition
band may be conserved in the surface-trapping sites in the
single-crystalline CdS@ferritins through photoetching. The
ferritin had therefore templated the chirality onto the whole
NC during growth.715
In the bulk form α-HgS can be found as a chiral mineral
(cinnabar). Markovich and co-workers grew chiral α-HgS NCs
using either D- or L-penicillamine enantiomers as the growth
ligand.715 The strong chiroptical response of the α-HgS NCs
was several orders of magnitude larger than the CD response of
achiral semiconductor NCs (CdS, CdSe, CdTe, ZnSe) coated
with the same (or similar) chiral surfactant molecules, so the α10683
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penicillamine dianion bonding at the surface at the thiolate,
amine, and carboxylate sites, using ab initio density functional
theory. With the bulky ligands competing for space on the
surface, the net result was for them to transmit the interligand
strain into the surface of the CdS particle as a surface layer
distortion with a chiral fashion as seen from Figure 46b,c. Also
building on their early work on chiral CdS QDs, Gun’ko et
al.718 extended this surface distortion mechanism approach
further by synthesizing chiral luminescent CdS nanotetrapods
with chiral penicillamine as the ligand. The PL spectra of the
samples showed a very broad emission band between 400 and
700 nm, which as before was indicative of surface defect
emission. PL QY was 12.8% for the D-Pen samples, 24.5% for
the L-Pen, and 17% for rac-Pen samples. The D- and L-Pen
stabilized samples displayed mirror image CD spectra involving
the band-edge region.
Gun’ko and co-workers also synthesized CdSe QDs with
penicillamine as ligand.717 The spectral location of the CD
band correlated with band edge transitions in the visible and
near-UV spectral regions. The CdSe QDs showed a very broad
distribution of PL, which again originated from surface defect
states. The same surface distortion mechanism as in their
previous work on CdS stabilized with D- or L-penicillamine was
suggested.
In the work of Kotov and co-workers, another mechanism of
surface bonding induced NC chirality was identiﬁed arising
from the use of chiral forms of cysteine to stabilize tetrahedral
CdTe QDs.102 It was found that chiral stabilizers can inﬂuence
the NC growth rate; i.e., the growth rate of CdTe QDs
stabilized by D-cysteine was slower than for those stabilized by
L-cysteine because of diﬀerent grafting density and adhesion
energy as shown in Figure 47a. Moreover, CdTe QDs were
shown to prefer to adopt the R form when L-cysteine was used
and the S form when D-cysteine was used in order to form the
most energetically stable enantiomers. They suggested that the
apical positions on the CdTe tetrahedra could reasonably be
bonded to three diﬀerent types of atoms and a cysteine

HgS NCs were formed with high enantiomeric excess and were
themselves the primary and dominant contributor to the CD
response. The strength of the CD response in comparison with
that of other semiconductors with achiral crystal structures
excluded any electronic induction mechanism (superposition of
the ligand CD onto the (bare) NC response via a purely
electronic interaction) or any chirality arising from purely
surface-distortion eﬀects. All these ﬁndings led the authors to
conclude that the mechanism for the very strong chiroptical
activity was directly related to the crystal core.
4.5.2. Case II: Surface Chirality by Distortion or Chiral
Surface Bonding. These surface mechanisms can be used to
explain the results by Gun’ko and co-workers.556,716,717 In work
that marked the ﬁrst observation of chiral QD synthesis, they
reported a CD signal in CdS QDs capped with the chiral
molecule penicillamine (Pen).557 They exhibited broad white
trap related emission around 495 nm with PL QY of 20% and
several strong CD features in the range 200−390 nm as shown
in Figure 46a. However, no CPL activity could be observed. In
their following work, a more detailed study supported a “chiral
shell and achiral core” model of CdS.716 They computed the
atomic and electronic structures for wurtzite CdS QDs with the

Figure 46. (a) CD scans of D- (blue), L- (green), and rac-Pen (red)
stabilized CdS QDs. Reproduced with permission from ref 557.
Copyright 2007 The Royal Society of Chemistry. (b) View of the
proposed bonding of D-Pen to the (101̅0) surface of wurtzite (Cd,
brown; S, yellow; C, gray; O, red; N, blue; H, white balls, topmost
atoms). (c) View of (101̅0) face of the optimized cluster model of QD:
(left) stick representation with PenH−Pen−Pen bonding pattern
along one face highlighted in the side view; (right) Pen ligands in
space-ﬁlling representation, with non-S parts of each ligand colored
diﬀerently. Note that D-Pen ligands form fragments of a left-handed
helix about the QD core. Reproduced from ref 716. Copyright 2008
American Chemical Society.

Figure 47. (a) Temporal evolution of particle size of CdTe NCs
stabilized by chiral cysteine. (b) CD spectra of L-cysteine (red line)
and D-cysteine stabilized CdTe NCs (black line) after 16 h of
synthesis. Insets present the corresponding UV−vis spectra. (c) Ideal
tetrahedron of CdTe NCs used in calculations and (d) model of the
chiral tetrahedral apex: Cd (green); Te (brown); O (red); S (cyanine).
Reproduced from ref 102. Copyright 2010 American Chemical
Society.
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molecule given the high reactivity of those positions (Figure
47c,d). This is entirely analogous to the formation of chiral
centers in organic molecules. They postulated that a surface Cd
atom at an apex could be attached to four diﬀerent substituents
forming a chiral center (Cd−Te, Cd−O, Cd−S, Cd−Cys).
Molecular modeling computations showed that the chirality of
the ligand molecule had an impact on the growth kinetics of the
inorganic cores and their optical properties. Cysteine is a much
smaller ligand than penicillamine and so was not expected to
bestow chirality upon the NCs according to the Gun’ko et al.557
ligand crowding induced surface distortion mechanism.
Zhou synthesized chiral CdS QDs by the assembly of an
achiral thiol molecule (TGA) and a chiral ligand (arginine)
coupled together to form a larger, bulkier ligand retaining the
original chiral center from the arginine enantiomer as shown in
Figure 48a. The bridging between the two molecules was via
both hydrogen bonding and electrostatic interactions.719 The
bulky bridged chiral ligand again bestowed chirality on the CdS
QDs by surface induced distortion as before. The resulting
rac-/D-/L-Arg-TGA−CdS QDs exhibited PL between 382 and
665 nm with the broad emission due to surface defects or
trapped states, and CD features in the 240−370 nm range
(Figure 48b,c). The surface thiol of the TGA moiety of the
bridged ligand was one of the binding sites with the CdS QD
sublattice as is usually the case. The chiral arginine moiety
could be stripped from the TGA by cation-exchange column
chromatography leaving the achiral mercaptoacid ligand as the
QD stabilizer (Figure 48a). However, the QD chirality
ingrained during the synthesis remained when only the achiral
ligand was left on the NC surface. Other reversible achiral/
chiral bridging strategies were also described by the authors.
4.5.3. Case III: Achiral QDs with Chiroptical Eﬀects
Induced by Electronic Interactions with Chiral Ligands.
Induced chirality in NC optical responses (CD and CPL

spectra, etc.) via electronic coupling mechanisms has recently
received much attention. For QDs there are two plausible
coupling modes (represented schematically in Figure
49a):720,841 at an atomistic level the chirality of the surface
molecule may be transferred via orbital hybridization with the
QD excitons; alternatively, QD excitons may become coupled
via a short-range dipolar Coulomb interaction with the chiral
molecule’s transitions (Figure 49b,c).720 In the case of orbital
hybridization, Govorov et al.720,841 point out that new features
should appear in the CD spectra due to mixing of the two
energy level systems. In the case of Coulomb dipolar induced
chirality, the CD spectrum should carry features corresponding
to the QD absorption spectrum since the CD spectral response
will be multiplied by a scaling function proportional to the QD
absorption spectrum (or more strictly the absorption cross
section as a function of the optical frequency).
Tang and co-workers studied the optical coupling between
chiral biomolecules and CdTe or CdSe QDs as a function of
nanoparticle size.101 The CD signals of chiral glutathione and
cysteine stabilized CdTe QDs spanned the range 400−700 nm.
With the increase of QD sizes, a gradual red shift of the CD
signal along with the UV−vis absorption peaks was observed
for both (D- and L-) cysteine stabilized CdTe and CdSe QDs.
The appearance of multiple new CD peaks for the former types
of chiral CdTe QDs was attributed to an orbital hybridization
type electronic coupling mechanism linking the QD state with
the molecular states of cysteine.
Ben Moshe et al. also studied the size dependence of the
chiroptical activity of CdSe and CdS QDs721 using penicillamine enantiomers as ligands. They found the CD band
coincided with the band edge transitions of the dot and red
shifts with size as expected for absorption and emission of QDs
(Figure 50). With increasing size, the dissymmetry factor (εL −
εR)/ε (where εL and εR are the extinction coeﬃcients for leftand right-handed circularly polarized light) strongly decreased,
possibly scaling exponentially with the inverse QD diameter.
The size dependence mitigated in favor of an electronic
induction mechanism for the QD chirality rather than a surface
distortion eﬀect during growth. The correspondence of CD
features to band edge transitions furthermore implicates dipolar
Coulombic interactions, though the authors were hesitant to
make such an outright declaration, suggesting that further
detailed exploration was required since the scaling did not
exactly match the expected 1/r4 dependence. Taken together
with literature results for CdTe QDs, the authors suggested that
the ordering for the circular dichroism intensity in such
penicillamine QDs was CdTe < CdSe < CdS.
4.5.4. Chiral Memory. Nakashima et al. synthesized CdS,
CdSe, and CdTe NCs with enantiomers of a cysteine derivative,
cysteinemethylester hydrochloride (MeCys), as the ligands.722
In their studies the CD proﬁles of D- and L-MeCys-capped
CdTe NCs showed symmetrical mirror images with peaks at
approximately 320, 270, 255, 235, and 220 nm. In contrast to
the ﬁndings of Kotov et al.,102 Nakashima et al. attribute the
chirality in their CdTe NCs to a distorted Cd−S−ligand
surface. The chirality persisted almost unaltered after replacing
the chiral ligand with achiral dodecanethiol (DT). As seen in
Figure 51, after ligand exchange the CD features above 260 nm
still existed.722
In contrast to surface induced chirality, Tohgha et al.723
found that initially achiral CdSe QDs grown using the TOPO/
OA hot injection synthetic method could exhibit induced
chirality after ligand exchange into aqueous solutions with D- or

Figure 48. (a) Growth of chiral CdS QDs capped immediately after
synthesis with an achiral thiol that was linked to the chiral ligand via a
reversible guanidinium−carboxylate salt bridge. (b) Absorption (left)
and PL (right) and (c) CD spectra of CdS QDs capped with TGA and
D-Arg (red), L-Arg (blue), or rac-Arg (green). Reproduced with
permission from ref 719. Copyright 2011 The Royal Society of
Chemistry.
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Figure 49. (a) Electronic coupling mechanisms transferring ligand chirality to QDs. (b) Model of a complex composed of a coupled CdTe NC and a
chiral molecule. (c) Calculated CD signals for this model: NC radius = 2 nm; angle between μ12, the dye transition moment between states 1 and 2,
and ẑ is 45°. Reproduced from ref 720. Copyright 2010 American Chemical Society.

Figure 51. (a) Schematic illustration of ligand-exchange reaction. (b)
UV−vis absorption spectra of D-MeCys-capped CdTe NCs (dotted
line) and DT-capped CdTe NCs (solid line) after ligand exchange
from D-MeCys. (c) CD spectra of D-MeCys (red) and L-MeCys (blue)
capped CdTe NCs (dotted lines) in water and DT-capped CdTe NCs
(solid lines) in chloroform ligand exchanged from D-MeCys (red) and
L-MeCys (blue) capped CdTe NCs. Reproduced from ref 722.
Copyright 2009 American Chemical Society.

image CD spectra in the visible region (350−550 nm). It was
deduced that the chirality induction mechanism was via
electronic coupling since the chiral molecules were not present
during the synthesis (and so no surface eﬀect was possible), but
the CD bands of the chirally capped QDs were sensitive to the
NC size (over the range 2.5−3.3 nm) implying interaction
between the ligands and the QD exciton.
In a further ligand exchange step, Tohgha et al. removed the
enantiomeric ligands and replaced them with achiral dodecanethiol (DDT), on transfer back into organic solvent. Removal
of the chiral ligands completely erased the chiral response of
the QDs. This again supports the assumption of an electronic
induction eﬀect for the chirality observed in the intermediate
aqueous phase.

Figure 50. Absorption (a), CD (b), and dissymmetry factor (c)
spectra of three CdSe QD samples of diﬀerent sizes determined by
absorption peak wavelength: 1.2 nm (sample 8), 1.7 nm (sample 9),
and 1.9 nm (sample 10), respectively. Reproduced from ref 721.
Copyright 2011 American Chemical Society.
L-cysteine

as the water-soluble ligand. Whereas chiral CdSe
QDs synthesized in water had broad spectral features associated
with the band gap, optically active D- and L-cysteine−CdSe
QDs obtained by extraction from TOPO/OA displayed a
narrow emission band (fwhm = 31 nm) with the same emission
maximum wavelengths as the original TOPO/OA−CdSe (548
nm). The D- and L-cysteine capped CdSe QDs had mirror
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4.5.5. Application to Biolabeling. Li et al.724 studied the
eﬀects of QDs capped with diﬀerent chiral forms of GSH on
cytotoxicity and induction of autophagy (cell death). They
found L-GSH-QDs inducing more dramatic autophagy than DGSH-QDs, regardless of QD size. L-GSH is a naturally
occurring form of the glutathione while D-GSH is not
encountered as a natural biomolecule. Size-dependent eﬀects
were also observed, with L563 QDs demonstrating the
strongest eﬀects and D622 QDs showing the weakest eﬀects
on stimulation of autophagy. While other mechanisms for
inducing cell death due to the QDs could not be excluded, the
chiral nature of the ligands was observed to be the major factor
in this work, and indicated a possible signiﬁcant and fruitful
focus for the future design of biocompatible ﬂuorophores.

the model must be continuous, and outside the dot as r goes to
inﬁnity, the wave functions must tend to zero in a regular
manner. Solving the associated boundary value problem354,640,654 leads to the wave function and energy level for
each carrier as a result of forming the conﬁned heterostructure.
This can be repeated for a number of diﬀerent wave functions
with higher principle and angular momentum quantum
numbers to build up a set of excited state energy levels.
Electron−hole Coulomb interactions are added as a further
perturbation after the conﬁned energy levels are calculated. The
eﬀect of strain on the initial bulk energy level values can be
included if the strain can be determined experimentally (e.g.,
from HRTEM measurements of the lattice parameters). Strain
(either compressive or tensile) arising from lattice mismatch
between the core and shell may shift the bulk conduction and
valence band levels and can in some cases change the alignment
type (e.g., type I to II). The shifts can be calculated from the
measured strain and calculated deformation potentials,34 and a
modiﬁed starting band structure used. The ways in which strain
is incorporated into other types of models are described further
in section 5.2.
In core/shell heterostructures the alignment may be type I,
type II, quasi type II, or inverted type I. Type I alignment
ensures stronger conﬁnement of both carriers to the core of the
QD, while type II alignment forces either the hole or the
electron to become localized in the shell while the other
remains predominantly in the core. Quasi type II structures
diﬀer in that only one of the two carriers is strongly localized in
the shell, but the electron−hole overlap is reduced relative to
that in the type I case. In inverted type I heterostructures both
carriers are forced into the shell leading to drastically reduced
ﬂuorescence.
Efros and Rosen735 developed an eight-band Pidgeon−
Brown model (based on the EMA for a spherical particle)
which showed the beneﬁt of allowing the mixing of the
degenerate valence band states (light hole, heavy hole) and the
split-oﬀ levels at the band edge to obtain a more accurate
description of the energy level spacings and transition strengths
in QDs. This multiband approach allowed the calculation of the
oscillator strengths and the correct relative ordering of the
energy levels, especially when these are aﬀected by the QD size
and shape and crystal lattice asymmetry, which in turn allowed
the transition strengths and lifetimes to be calculated. Zhong et
al.736 made low temperature (9 K) measurements of the PL
excitation spectra of a number of diﬀerently sized zincblende
CdTe QDs and extracted the size dependent energy level peak
positions for a number of transitions (up to nine), from which
the ﬁrst six excited states could be assigned in reasonable
agreement with Efros and Rosen’s calculations.
Jaskólski and Bryant737 similarly used a more complex
description of the band edge states to describe the valence band
situation in their k·p calculations for CdS/HgS/CdS QDQW
heterostructures, taking six valence bands for the Luttinger−
Kohn Hamiltonian. Again, this allowed valence band mixing of
the diﬀerent hole states (light, heavy, and split-oﬀ) across the
whole heterostructure rather than treating light and heavy hole
states separately.
Atomistic semiempirical pseudopotential calculations641 have
been used by many groups to model QD energy levels and
transition rates. Although computationally intensive, these
methods have the appeal that details such as surface passivation,
dangling bonds, trap states, and geometry can be incorporated
into the models at speciﬁc sites. Califano et al.738 examined the

5. THEORETICAL ASPECTS OF OPTICAL/ELECTRONIC
PROPERTIES OF QDS AND HETEROSTRUCTURES
5.1. Modeling Methods

There are several diﬀerent approaches to modeling the
electronic structure of QDs with varying levels of complexity,
but also varying degrees of accuracy and insight into the ﬁne
structure of the energy levels and symmetries of excited charge
carriers within these NCs. The most basic approach in
widespread use is the eﬀective mass approximation (EMA)
method34,354,654 and variations upon it which can give
information on not only the relative energy level spacings in
QDs and heterostructures but also their quantum numbers and
therefore whether transitions are allowed based on the regular
transition selection rules as used in atomic or molecular
systems. Other methods include the k·p method and more
computationally complex approaches including the following:
density functional theory (DFT), empirical and semiempirical
approaches such as pseudopotential methods (EPM),725,726 and
atomistic modeling using tight binding (TB).641,727−734
In a simple 2 band EMA model for a core/shell QD as shown
in Figure 52, the starting point is the band alignment of the
bulk band edge levels of the core and shell, taken together with
the carrier eﬀective masses, and permittivities for each layer.
The bulk valence bands may include light and heavy holes.
The core and shell levels are aligned according to the
calculated valence band oﬀsets from the literature.363,364 The
wave functions ψe,h i of both electrons and holes along with the
probability current

ke,h i
ψ
me,h i e,h i

at the boundary of each region in

Figure 52. Typical set of EMA conduction band and valence band
potentials for a type II core/shell QD calculation (based on a CdTe
core/CdS shell surrounded by water). Also shown are the calculated
QD conduction band and heavy hole and light hole valence bands and
wave functions associated with each. Replotted ﬁgure from ref 34.
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unstrained case based on measured band gap energies and
natural valence band oﬀsets,363,364 measurements of lattice
parameters can be used to determine the strains in the core and
shell and with deformation potential data365 modiﬁed band
alignments can be calculated. This was done in a relatively
simple manner for thin CdS shells on CdTe QDs,34 and the
change in band alignment from very weakly type II to a far
more pronounced type II was linked to changes in the spatial
overlap of electron and hole wave functions, which had a
marked eﬀect on radiative recombination rates (Figure 53). In
some cases it is quite feasible for the addition of a strongly
compressive shell to force a transition from a type I to type II
heterostructure as additional shell layers are added.632
Smith et al.655 have studied strain in detail for a number of
ZnS, ZnSe, ZnTe, and CdSe compressive shells on CdTe cores,
showing how type I to type II and enhanced type II behavior
could develop with increasing compressive strain in the core
due to the existence of shell. For thicker shells they developed a
continuum elasticity model to investigate the distribution of the
strain through the heterostructure and to take into account
departures from the ideal concentric spherical core−shell
geometry, such as may arise in the growth of CdSe shells where
there may be a tendency to start to favor wurtzite-like growth
even on zincblende cores. They also make the important
observation that in some cases the bulk deformation potentials
may not be strictly applicable for some materials though size
dependencies have not yet been extensively studied for many
materials.
Grazia Lupo et al.741 modeled the band alignment using an
EMA method in CdSe dot in CdS nanorods where the shell
symmetry is very clearly cylindrical and compared the results
with ultrafast pump−probe measurements. In that case the
interest was in the conduction band oﬀset as a function of the

inﬂuence of an unpassivated surface anion site on spherical
CdSe QDs. They found that the low temperature radiative
recombination rates were strongly aﬀected by the mixing of
dark and bright states brought about by the presence of the
surface state and that the dark state lifetimes could be
drastically reduced. Bright exciton lifetimes were found to be
far less sensitive to such states. In later work the same modeling
approach has been used to study the inﬂuence of surface traps
on CdSe581 and CdTe739 QDs on the PL decay kinetics and
single dot emission blinking rates where Auger processes are
involved in the hole trapping mechanism at unpassivated Se or
Te sites.
Ab initio methods such as the local density approximation
(LDA) based model used by Li and Wang726 also have the
appeal of atomically identiﬁed sites which can be used to
identify diﬀerent layers in heterostructures or diﬀerent types of
surface passivation, etc. Li and Wang also used this method to
directly calculate the natural band oﬀsets in the core/shell
structures and to take into account the eﬀect of lattice strain on
the location of atoms in the strained region near the interfaces
between core and shell. Other ﬁrst-principles approaches
include DFT methods which in their basic form tend to
underestimate the calculation of the band gap.657 Notwithstanding that limitation, however, it is often used to follow
relative trends in the electronic structure of QDs and
heterostructures and can be very useful to relate the origin of
these trends. Khoo et al.657 for example investigated the
inﬂuence of strain in CdS/ZnS and the inverted ZnS/CdS
core/shell QDs and found that for thin shells both strain and
conﬁnement strongly inﬂuenced the band gap and band gap vs
QD diameter trends, but in thicker shells the conﬁnement
contribution dominates; i.e., away from the interface layer,
strain eﬀects tend to saturate out after three or so shell
monolayers.
The tight binding (TB) method has been applied to low
band gap structures such as PbSe and HgTe QDs by Allan and
Delerue731,740 and has been used to determine the electronic
structures, full frequency dependent dielectric functions, and
rates for a number of transitions and transition types (e.g.,
absorption, ﬂuorescence and Auger). In many respects this
approach sits between the k·p and atomistic methods. It is less
computationally intensive than ab initio methods and can be
used on larger sized QDs, whereas charge patching methods are
needed to extend the former to larger systems. Surface sites are
still identiﬁed on an atomic level, whereas they are not an
explicit feature of the k·p method. The application of TB
methods to core/shell structures sometimes presents problems
in the choice of model parameters at the interface where some
average of the values for the bulk forms of the two materials
must be taken.
5.2. Strain Eﬀects

5.2.1. Strain and Various Modeling Methods. In regard
to core/shell and also gradient composition structures, it is
often important that strain eﬀects can be included in the model
and the ease with which this can be done may dictate the choice
of one approach over another. Here we introduce a few
examples of each type of electronic structure modeling method
and illustrate how the eﬀects of strain can be incorporated into
the calculations.
As mentioned earlier, the eﬀects of lattice strain in core/shell
and other strained QDs can be included in EMA model
calculations relatively easily. Taking the band alignments for the

Figure 53. Calculated band alignments for CdTe/CdS core/shell QDs
based on corresponding bulk band gap values and strain-induced band
shifts for CdTe610 QDs (a) and CdTe538 (b) series QDs based on
strain measurements at diﬀerent reﬂux times (middle, right) and for
comparison with those in the absence of strain (left). Reproduced
from ref 34. Copyright 2015 American Chemical Society.
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Figure 54. Radially projected density of states of fully relaxed CdS/ZnS NCs (a−c) and nonrelaxed CdS/ZnS NCs having two shell layers (d).
Dashed lines indicate the radial position of the core/shell interface. Panels are cross-sectional HOMO and LUMO density plots through NC center,
and the red circle denotes the core/shell interface. Reprinted with permission from ref 657. Copyright 2011 American Physical Society.

The eﬀect of including not only strain but also piezoelectric
eﬀects induced as a consequence of strain were examined
theoretically by Park and Cho,743 who used an eight band k·p
model for type I wurtzite CdSe/CdS core/shell QDs. In this
particular case the strain (deformation potential) changes to the
band gap have the opposite sign to the piezoelectric
polarization induced changes but the former still dominates,
leading to a net blue shift. For smaller QD sizes the
piezoelectric eﬀect becomes less signiﬁcant.
Tight binding methods, coupled with valence force ﬁeld
modeling to obtain bond lengths under the inﬂuence of strain,
have been used by Sukkabot744,745 to follow the inﬂuence of
core diameter and shell thickness for constant volume core/
shell InAs/InP and CdSe/ZnS QDs. Although for complete
dielectric function calculations an sp3d5s* basis set is most often
found to be necessary, for the calculation of changes in
parameters close to the band gap, a more simple sp3s* basis was
chosen. Again the progressive segregation of electron and hole
as the core/shell diameter ratio increased resulted in a
reduction in their wave function overlap and a lengthening of
radiative lifetimes.
First-principles pseudopotential density functional theory
calculations on CdS/ZnS and the inverted ZnS/CdS core/shell
QD structures have been made by Khoo et al.657 In this case
the model was set up using bulk bond lengths and bond
orientations for each layer and then atomic sites were allowed
to relax to minimum energy conﬁgurations. The authors
comment that DFT methods in general underestimate band

dot and rod diameters and the inﬂuence that strain might have
as these were varied. For smaller dots the core and shell were
found to be almost perfectly aligned leading to the electron
wave function becoming delocalized over the structure, whereas
for larger dot diameters with lower curvatures the reduced
strain allowed a greater conduction band oﬀset and greater
electron localization.
Very high PL QY (>80%), low temperature synthesized,
zincblende CdSe/CdS core/shell structures have been
extensively studied by Gong et al.742 Here again the unstrained
core/shell band alignment is relatively smallliterature values
give a range of 0−0.3 eV whereas Gong et al. determined a
value of 0.047 eV for their materials by taking the valence band
oﬀset as a free parameter constrained over the range of
literature values, eﬀectively ﬁtting model simulations to
experimental band gap data. An EMA model along with strain
calculated via continuum elasticity theory resulted in an
absorption (excitonic) peak vs core diameter and shell
thickness map. In addition the radiative lifetime dependence
on the band edge absorption peak wavelength was compared
with calculated values according to the model/map (band gap
vs core and shell dimensions), and for the relatively delocalized
electron wave function in these core/shell QDs, a trend similar
to the size dependent trend in CdSe cores (i.e., no shell) was
observed. This is in contrast to the case for type II CdTe/CdS
core/shell QDs where the progressively larger conduction band
oﬀset leads to comparatively longer lifetimes as the shell
thickness is increased and the carrier overlap is reduced.
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determination and Williamson and Hall’s extension of the
Debye−Scherrer formula

gaps but make the point that their study aimed to follow trends
and to establish the impact of (relaxed) strain without needing
to introduce any further ﬁtting parameters. The major ﬁnding
was that while adding thin shells had a major impact in the
strain conﬁguration (e.g., radial proﬁle), the strain tended to
saturate with the addition of further layers. This led to two
regimes: for thin shells both strain and conﬁnement eﬀects due
to the shell are important for the band gap energy trends, while
for thicker shells only changes in the conﬁnement contribution
remain important. Including lattice relaxation in CdS/ZnS
core/shell QDs showed that while unrelaxed structures with 2
monolayer ZnS shells would demonstrate type II behavior,
allowing the stress to drive structural relaxation would switch
the band alignment to type I (Figure 54).
The inﬂuence of nanoparticle shape and the associated
variation in the fraction of undercoordinated atoms on edges,
facets, and vertices has been considered by Zhang et al.746
building on earlier related work by Ouyang et al.747 The
changes in bonding relative to the bulk lattice structure due to
the undercoordinated surface results in a lattice strain which
redistributes the atomic potential over the atoms in the
nanostructure. Zhang et al. established a link between the
absorption coeﬃcient and band gap with the strain induced
bond contraction and changes in the bond coordination
numbers for the surface atoms.
5.2.2. Strain and Lattice Parameters. The experimental
determination of the lattice strain via measurements of the
lattice parameters is important for comparison and validation of
modeling studies such as those given above. There are many
examples in the literature where lattice parameters are routinely
derived from HRTEM images and departures from bulk values
are used to give an indication of strain. A few examples of such
determination for core/shell and alloy composition QDs are
given below.
The Zn−Se bond lengths for zincblende ZnSe QDs grown at
80 °C in water were measured “in situ” by Song et al.748 during
their QD synthesis and growth process. QD solution was
circulated from the main reaction ﬂask through a ﬂow
measurement cell on an EXAFS station on a synchrotron
radiation source so that the Zn−Se bond lengths could be
followed during the reaction. The initial bond lengths were
found to be strongly contracted, but as the particle diameters
increased in size the lengths approached the values for the bulk
crystal (0.2455 nm). It was suggested that a thin shell of ZnS,
with the sulfur originating from slight deterioration of the GSH
ligand used, might be responsible for the introduction of
compressive strain, which is more readily resisted (strain
relaxed over a larger volume) as the QDs become larger.
Sung et al.749 grew zincblende ZnSe/ZnS core/shell QDs
and determined lattice parameters as a function of the
concentration of precursor used to form the shells in the
second stage of their core/shell synthesis, ﬁnding a critical shell
thickness at which the average compressive strain saturated (at
around 1.75%). Band gap shifts and PL intensities also showed
minima and maxima around this critical value, which the
authors interpreted as being due to the onset of stacking faults
with thicker shells. Evidence for the latter was also seen in
HRTEM images.
The eﬀect of strain in ternary ZnxCd1−xS alloyed QDs (both
nominally homogeneous and radial gradient types) has been
investigated by Sadhu and Patra750 and Ouyang et al.,751
respectively. Sadhu and Patra determined the lattice strain in
their QDs from a combination of HRTEM particle size

β cos θ /λ = 1/D + η sin θ /λ

(18)

where β is the full width at half-maximum of a given diﬀraction
peak, θ is the diﬀraction angle, D is the eﬀective particle size, λ
is the X-ray wavelength, and η is the eﬀective strain.
The strain values for each composition were correlated with
the estimation of the number of traps per QD derived from PL
decay proﬁle ﬁts with the traps increasing in number as the Cd
content increased. Both radiative and nonradiative recombination rates were also seen to increase with the Cd content.
Ouyang et al.’s study considered the cation distribution and
bonding radial proﬁles but did not include any strain analysis,
assuming the variation in (radially averaged) lattice parameters
to be due to composition eﬀects alone.
5.2.3. Eﬀects of Strain. The strain induced switch from a
type I to a type II band alignment in CdTe/ZnS core/shell
QDs has been shown by Maiti et al.752 to result in slowed
electron cooling. The hot carrier cooling mechanism in QDs,
particularly those with hole eﬀective masses signiﬁcantly heavier
than the electron eﬀective masses, is believed to be mediated
strongly by an Auger-like transfer of the electron’s excess
energy (relative to the band edge conduction level) to the hole,
thereby cooling the electron. The hole can then cool quite
eﬀectively by interacting with phonon states in the more
densely distributed valence band levels. Reducing the electron−
hole overlap by strain induced dilation of the electron wave
function into the ZnS shell reduces the eﬃciency of the
electron to hole energy transfer and so slows the electron
cooling rate. The latter is the main contribution to the ground
state bleach rise time for these materials, and comparison with
bare (no shell) CdTe QDs of a matching size shows a slightly
under 2-fold reduction in cooling rate due to the presence of
the shell.
The beneﬁts of softening the interface in ZnTe/ZnSe core/
shell QDs by purposefully introducing a gradual alloyed
transition between the two layers has been explored by
Fairclough et al.753 The graded transition substantially removes
the compression in the core leaving the conduction band oﬀset
close to that of an unstrained core−shell, while the valence
band oﬀset is a gradual transition between core and shell
(Figure 55).

Figure 55. Schematic crystal structure and band structure diagrams for
(a) an unstrained NC with no interaction between the core/shell and
(b) a strained and (c) an alloyed NC. The unstrained model has an
uncompressed core and noninteracting unstrained shell. The strained
core has a sharp compositional core/shell interface that compresses
the core and strain relaxation within the shell. The alloyed sample
shows no compression of the core and illustrates how the lattice
mismatch is mitigated by the alloyed interface. Reproduced from ref
753. Copyright 2012 American Chemical Society.
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The motivation for the controlled synthesis of such graded
core/shell QDs is to retain the carrier segregation beneﬁts of
type II or quasi type II heterostructures (e.g., slowing electron
cooling, slowed/reduced Auger recombination processes
resulting in reduced emission intermittency) but avoiding an
abrupt interface which may undermine such beneﬁts by
providing a region where the carriers may become localized
(at traps/defect sites) in practice.
The eﬀect of lattice mismatch induced strain on blinking
statistics in CdSe/CdxZn1−xS core/shell QDs synthesized with
graded alloy shell compositions has been studied by Veilleux et
al.754 Increasing the Zn content (varying the lattice mismatch
between core and shell) led to an eventual splitting of the ﬁrst
exciton, while the exciton lifetime peaked around 4.9 ns for x =
0.5 in their structures. This systematic strain tuning uncovered
a gradual departure from regular blinking statistical behavior
with a pronounced exponential cutoﬀ related to the Zn content
of the shell, and this was interpreted as a signature of diﬀusion
controlled electron transfer between two parabolic surface
potentials related to trap states.
Continuum elasticity modeling of the strain combined with
EMA analysis in spherical type II core/shell CdTe/ZnTe and
core/shell/shell CdSe/CdS/ZnS (type I) and ZnTe/ZnSe/ZnS
(type II) heterostructures have been used by Cheche et al.755
and Pahomi and Cheche756 respectively to derive oscillator
strengths, band gap energies, and the respective hole and
electron energies for levels near the band gap. In the core/
shell/shell case, type I structures localized both electron and
hole within the core, while type II localized the hole in the core
and the electron in the inner shell. The purpose of the second
(outer) shell (with a “type I” alignment relative to the middle
shell) was to reduce the contact of the electron wave function
with the outer surface of the heterostructure in the type II core/
shell/shell QDs. In addition the contact of the hole with the
inner interface could be minimized by optimization of the two
shell thicknesses. The ability to manipulate the contact of the
carrier wave functions with surface or interface located traps
was suggested as a reason for lower Auger recombination and
reduced emission blinking in these structures. While the
authors conceded that more computationally complex quantum
mechanical treatments could be applied, the main rationale for
their approach was to develop a continuum modeling method
for the strain ﬁeld in such multilayer QDs.
There are a number of examples of the use of strain in QDs
as the basis for a sensing mechanism and, in reverse, using
strain dependent emission spectra as a method to map the
radial distribution of strain within QDs themselves. Ithurria et
al.757 doped CdS/ZnS core/shell QDs with Mn2+ ions at the
ion per dot level with the ions located at diﬀerent monolayer
locations in shells up to 7 monolayers thick and for a range of
diﬀerent CdS core diameters. The characteristic orange Mn2+
emission around 2.12 eV was shifted according to the local
pressure around the ion. Increasing the number of ZnS
monolayers increased the red shift of the emission, and locating
the ion at the core/shell interface increased the sensitivity.
From known hydrostatic pressure tuning of Mn2+ ions in bulk
ZnS, the local pressure at diﬀerent depths in the ZnS shell
could be estimated, eﬀectively making the dopant ion a local
strain pressure sensor (Figure 56).
The temperature coeﬃcient of the strain in Mn2+ doped
CdS/ZnS core/shell QDs was exploited by Park et al.758 to
produce a thermal mapping ﬁlm by coating such QDs onto the
surface of a test plate. The temperature distribution over the

Figure 56. Pressure diﬀerence between the ﬁnal shell of 7.5 ML
(monolayers) of ZnS and intermediate shell deposition. The symbols
are the measured values for Mn2+ located at x = 0−6 ZnS ML from the
CdS core as 1 to 7.5 − x ML of ZnS are deposited. The horizontal
error bars are estimated to be <1 ML (0.27 nm), and the vertical error
bars are the symbol size. The bold line is the result from the spherical
continuum elasticity model. Reprinted with permission from ref 757.
Copyright 2007 American Institute of Physics.

plate could be imaged over a 200 K range by monitoring the
ratio of the emission intensities of two wavelength points (600
and 650 nm) within the Mn2+ emission band at points over the
plate surface.
Strain dependent emission of CdSe/CdS QDs, nanorods,
and tetrapods was investigated by Choi et al.759 There were
signiﬁcant diﬀerences in the emission behavior when the NCs
were subjected to external hydrostatic (isotropically distributed) strain ﬁelds and nonhydrostatic (directional) strains. In
the former case increasing external strain resulted in a blue shift
of emission spectra due to uniform compression of all bonds in
core and shell (seed and arms in the tetrapod case). Under
nonhydrostatic pressure the net result was a red shift and
ensemble broadening due to the combination of the
directionality and the random orientation of the NCs with
respect to the deviations in the applied strain at each particle
(Figure 57). In later work Choi et al.760 used the strain
sensitivity of the CdSe/CdS tetrapod ﬂuorescence to monitor
the local stress distribution in single ﬁlament polyester ﬁbers
under uniaxial strain after solution doping the ﬁber by
immersion in a toluene/tetrapod solution. Images of the local
stress distribution along a length of ﬁber could be resolved.
5.2.4. Strain Theory and Limits to Coherent Shell
Growth. In addition to the continuum elasticity models and
valence force ﬁeld structure relaxation in the case of some of
the atomistic modeling theories already mentioned, other more
detailed mechanical models of strain in QDs and core/shell
QDs have also been proposed. Duan et al.761,762 and Yi et al.763
have developed a comprehensive continuum elasticity modeling
approach based on the Eshelby tensor formalism that is
speciﬁcally tailored for spherical nanostructures (and nanoinhomogeneities in general) that can also take into account the
presence of an embedding medium. The method allows full
inclusion of misﬁt strains at interfaces, thermally induced
strains, surface stresses (e.g., surface tension eﬀects), and
externally applied pressure. The approach has been applied to
multishelled spherical core/shell heterostructures and furthermore may be extended to graded (radially alloyed) multilayer
QDs. The direction and symmetry of the source of any external
stress need not be constrained in any way and can be arbitrarily
aligned. Radial stress and strain distributions can be obtained
for multilayer core/shell QDs. The authors make the point that
often surface stresses are ignored in the analysis of QD strain
whereas in some cases they may make a signiﬁcant contribution
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Figure 57. Schematic of proposed PL transitions for CdSe/CdS NCs under ambient, hydrostatic, and nonhydrostatic pressure. Crystal structures
and band diagram schematics for CdSe/CdS (a) dots (wurtzite−CdSe core), (b) rods (wurtzite−CdSe core), and (c) tetrapods (zincblende−CdSe
core) at ambient pressure (left), under hydrostatic pressure (center), and under nonhydrostatic pressure (right). Under hydrostatic pressure, the
bonds between all atoms are compressed, resulting in a blue shift of the energy gap. Dots are sensitive to slight deviations from hydrostaticity, leading
to a few observed optical transitions under hydrostatic pressure depending on the orientation of the dot with respect to the small deviatoric stresses.
Under nonhydrostatic pressure, deviatoric stresses induce stretching in some bonds, resulting in an energy gap red shift. Because the particles may be
oriented in any direction within the diamond anvil cell deviatoric stress results in diﬀerent crystallographic strain of the particles, broadening the
ensemble electronic band structure. Reproduced from ref 759. Copyright 2009 American Chemical Society.

critical concentration of ZnSe precursor used in their synthesis.
Below this critical value their core/shell QDs exhibited a red
shift and an increase in PL intensity with increasing shell
thickness. Above this range the PL shift is reversed due to
compressive strain and the PL intensity is reduced due to the
formation of traps at stacking faults.
5.2.5. Strain Measurement and Mapping. Although
HRTEM may allow the observation of lattice defects and the
measurement of lattice parameters, it is often diﬃcult to
directly diﬀerentiate between the core and shell (due to
similarities in the electron scattering cross sections of the
constituent materials) and to resolve very small scale interface
related changes, especially in structures that are themselves
already very small (e.g., <5 nm in diameter). Raman
spectroscopy on the optical phonon modes of heterostructures
however can give a great deal of insight into the structure,
interface composition proﬁle, and strain distribution in core/
shell and related QDs. Phonon spectra of multicomponent NCs
contain a richesse of features: typically each heterostructure
constituent may exhibit LO, SO, and TO lines each with higher
energy overtones, and additional weaker features on both the
low energy and higher energy sides of the LO phonon line
which can supply further insight into the interfacial
composition. In multicomponent particles there may be
frequency mixing between the diﬀerent (constituent) sets of
fundamental and overtone lines, and in the event of alloying,
new sets of lines may emerge with frequencies reﬂecting the
alloy composition. On top of all of these features, strain and
phonon conﬁnement eﬀects due to the small diameter of core
and shell regions also perturb the phonon features relative to
those of the equivalent bulk crystals of the individual
component materials.
Phonon conﬁnement is usually accounted for by applying a
Gaussian weighting function, with a width related to the QD
diameter, to the phonon wave function and then numerically
calculating the Raman spectrum to provide a ﬁt to experimental
data for a given (e.g., LO) line. Lange et al.767 determined the

to the radial compression, and that the full inclusion of the
elastic constants of the diﬀerent layers may likewise have a
signiﬁcant inﬂuence upon the overall calculated strain
distribution.
Where strain induced misﬁt dislocations arise during the
synthesis of core/shell QDs the shell growth is termed
noncoherent. The dislocations relieve stress locally as the
shell thickness exceeds some critical value, leading to defects
that may act as trap sites limiting the beneﬁts of adding the
shell, or at least of thickening it further. Chen et al.764 found
that when growing CdSe/CdS core/shell QDs, at a point just
below 2 monolayers of CdS, the formation of misﬁt dislocations
set in, and the PL QY that had initially improved with growing
shell thickness until that point underwent a reversal and
declined with further shell growth. They correlated this
behavior with the critical layer thickness for dislocation-free
coherent growth from planar thin ﬁlm semiconductor growth
predicted by the Matthews−Blakeslee theory which gives a
value of <1 nm (<2 epitaxial layers of CdS).
Baranov et al.765 used a combination of Raman spectroscopy
and PL and absorption studies to determine the degree of
crystallinity of ZnS shells deposited on CdSe core QDs. They
concluded that as the shell thickness was increased from 0.5 to
3.4 ML the ZnS changed in nature from an amorphous shell to
a partially crystalline one. This led to increased Raman
scattering by phonons at the core/shell interface and a red
shift of the scattered phonon band. The authors proposed that
the line shape of the Raman band was a good metric to
determine the shell crystallinity, and that the latter was as
important a factor as the shell thickness (for thinner shells) in
determining the eﬀectiveness of the ZnS in the improvement of
the PL QY.
Lee et al.766 similarly observed the onset of stacking fault
formation in thicker shell hexagonal CdSe/ZnSe core/shell
QDs along with an elongation of the c-axis. They did not
quantify the onset of stacking fault formation in terms of the
number of shell monolayers but quantiﬁed it in terms of a
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Figure 58. (a) Calculated strain, averaged over the core region and the three diagonal components of the strain tensor, compared to the
experimentally derived values of the lattice constant change. (b) Angular strain components, tangential to the interface and experimentally derived
values of the lattice constant change. (c) Schematic of a CdSe/CdS QD without considering any strain. The CdSe core, CdS shell, and also the
Cd(Se,Se) interface alloy layer are indicated. Reproduced from ref 768. Copyright 2012 American Chemical Society.

a new peak at 203−206 cm−1 (depending on the shell
thickness) sitting between the CdSe LO and SO modes. This
was tentatively assumed to be due to an interface Cd(Se/S)
layer.
Silva et al.273 have studied aqueously grown magic sized
wurtzite CdSe core/CdS shell QDs and further extended the
model for the interface layer, accounting for changes also to the
SO as well as LO lines. In their synthesis they used temperature
control to regulate not only the shell thickness but also the
width of the alloyed interface layer. They used a modiﬁed
phenomenological Gaussian phonon conﬁnement model that
allowed diﬀerences in phonon conﬁnement in the core and
shell to be incorporated.
Larger wurtzite CdSe/CdS spherical core/shell QDs and also
dot-in-plate heterostructures have also been studied by
Dzhagan et al.,769 and as in the previous studies clear
indications of a thin anion alloying layer were observed.
Diﬀerences in the core compressive stresses for the two types of
heterostructure were observed on the basis of the LO phonon
line shifts, with slightly lower core compression for the dot-inplate geometry at higher shell thickness.
While regular HRTEM characterization may not be able to
reveal the details of the strain distribution at the interfaces in
small heterostructures, there are more sophisticated variants
such as nanoprobe dark ﬁeld scanning TEM (DF-STEM) and
(HRTEM)/STEM imaging which can be coupled with image
reconstruction (geometric phase analysis) methods to reveal
atomic level strain distributions. Shin et al. 770 used
reconstructed STEM and TEM images of zincblende CdSe/

conﬁnement related shift in CdSe nanorods and found size
dependent shifts of around −2 to −7 cm−1 for rod diameters of
9−3 nm, these being typical of few nanometer diameter II−VI
particles. Putting the CdSe nanorods under compression by
adding a ZnS shell also introduced a further additional shift in
the LO phonon frequency Δω due to strain:
−γ
⎛
Δω
Δa ⎞
= ⎜1 + 3 ⎟ − 1
⎝
ω
a ⎠

(19)

with γ as the Grüneisen parameter related to the eﬀect of the
hydrostatic strain induced changes of the phonon frequency
and a is the lattice parameter.
The strain Δa/a (assuming simple uniaxial compression in
the core) was evaluated for a number of diﬀerent ZnS
thicknesses (−0.5% for 1 monolayer and −0.7% for 2
monolayers of ZnS). Similarly, Tschirner et al.768 determined
the compressive strain in zincblende CdSe/CdS core/shell
QDs for a number of CdS shell monolayers (2, 3, and 5
monolayers), and since the CdS fundamental LO phonon lines
were easy to separately resolve, they could also calculate the
tensile strain in the shell. It should be pointed out that the latter
is a uniaxial approximationin reality spherical compressing
shells with greater than a single monolayer thickness will
experience both tangential tension and radial compression. This
point is made in Tschirner et al.’s768 continuum mechanical
modeling which was compared with their experimental results
(Figure 58).
Evidence of anion alloying at the CdSe/CdS interface was
suggested from the changes in the relative intensity of the LO
phonon mode and a low energy shoulder and the appearance of
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Figure 59. Strain mapping images of (c, d, g, h, k, and l) simulated using HRSTEM (a) and TEM images (e, i) of CdSe/ZnS core/shell QDs. These
show the strain ﬁeld at the core/shell interface due to lattice mismatch between CdSe and ZnS. Reproduced with permission from ref 770. Copyright
2014 Springer.

ZnS core/shell QDs to generate strain ﬁeld maps of the strain
components at the CdSe/ZnS interfaces (Figure 59).
5.2.6. Strain Reduction. Although the eﬀects of strain may
sometimes make a useful adjustment to band alignments in
some fortuitous cases, strain is generally a complication that
often leads to a reduction in performance even if it is coherent
and to an outright reduction in NC epitaxy if lattice mismatch
and thickness are suﬃciently large enough to introduce defects
and associated carrier trap sites. In certain cases nature is kind
and a few pairs of semiconductors share almost the same lattice
parameters while having diﬀerent band gaps and band
alignments (e.g., zincblende CdTe and HgTe). It may also be
possible to make heterostructures by pairing a shell binary
semiconductor with a ternary alloy core, for example, that is
also a close epitaxial match. However, such pairings may result
in a greater restriction in the other parameters (valence band
oﬀsets, band gaps, etc.) than are desired. In some cases when
designing heterostructures it is possible to use graded alloy
compositions across interface regions to soften the transition
(relieve strain) and this may be especially useful in tackling
other unwanted issues such as Auger recombination.
There are however other approaches that can be used to
reduce the impact of strain, by making use of double shell
heterostructures. The ﬁrst method involves the use of staged
strain relief as demonstrated by Talapin et al.771 The use of ZnS
as a shell on CdSe is highly desirable because the wide band gap
shell can keep the electron and hole wave functions eﬃciently
isolated from the surface and surroundings of the QD.
However, direct growth of ZnS, especially as a thick layer,
can result in defect formation inside the shell which oﬀsets the
beneﬁt. Insertion of a thin layer of ZnSe or CdS was shown to
greatly improve the outer ZnS shell epitaxy. These layers have
lattice parameters intermediate between those of the core and
ZnS shell, reducing the strain present in the shell. In the case of
CdS the intermediate shell was also found to promote
anisotropic growth, allowing shape control and resulting in
emission polarization also. CdSe/ZnSe/ZnS core/shell/shell
QDs showed PL QY up to 85% for an optimum thickness of
shell layers (typically 2 monolayers of ZnSe, 2−4 monolayers of

ZnS). The double shell materials also exhibited improved
photostability when compared with CdSe/ZnSe core/shell
QDs.
For electroluminescent device applications Lu et al.772
compared strain relief in the same manner as Talapin et al.771
with strain compensation. In the ﬁrst case they used CdSe/
ZnxCd1−xS/ZnS core/shell/shell QDs, and in the latter the
outer layers were reversed, i.e., CdSe/ZnS/ZnxCd1−xS. The
lattice mismatch between CdSe and ZnS is about 12%, while
thermal expansion coeﬃcients diﬀer by 30%. The latter is an
important factor when operating devices without active cooling
and also bearing in mind that the multishells may be
synthesized at high temperatures by hot injection. Sandwiching
the ZnS layer (typically up to 3 monolayers) between the more
closely matched core and outer ternary shell strongly mitigated
the mismatches between the CdSe and ZnS layers, improving
PL QY (by 40%), spectral purity, and luminance versus current
density characteristics (28% improvement) relative to the strain
relief multilayer QDs (Figure 60).

Figure 60. Evolution of the PL QY of CdSe core/shell and core/shell/
shell QDs during shell growth. Filled squares, CdSe/ZnCdS core/shell
QDs; open squares, CdSe/ZnCdS/ZnS core/shell/shell I QDs; ﬁlled
circles, CdSe/ZnS core/shell QDs; and open circles, CdSe/ZnS/
ZnCdS core/shell/shell II QDs. Reprinted with permission from ref
772. Copyright 2013 American Institute of Physics.
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5.3. Radiative Lifetimes, Oscillator Strengths, Carrier
Localization, and Other Transition Rates

fosc =

Regardless of the method chosen to model the excited states of
electrons and holes in QDs, once the eigenenergies and wave
functions are known, further calculations can be made to make
predictions of radiative lifetimes, transition oscillator strengths,
and the degree of carrier localization, the latter especially in
connection with the design of heterostructures. The starting
point for such calculations is the version of Fermi’s golden rule
1
for the radiative transition rate (γr = τ ) between two states,

fgap =

which can be written as

γr =

2

4π |d12|
ρ(ω)
3ℏεs(ω)

(20)

μi,gap =

2

(21)

where the QD permittivity
is the optical frequency
permittivity.
This type of Fermi’s golden rule approach may be used as the
starting point for other types of transitions, not simply the
radiative rate for electron/hole recombination. These transitions may compete with the radiative recombination for the
excited carrier population and can include resonant energy
transfer processes, either to other ﬂuorophores or to nonemissive trap states or molecular vibrational modes located
outside the QD, or multiexciton processes such as Auger
recombination. In these cases the dipole transition matrix
element d12 is replaced by an alternate form of transition matrix
element which requires a description of the wave function for
the ﬁnal state where this is not one of the QD eigenstates (e.g.,
for traps or coupling to external molecular transitions).
In the case of coupling electronic excitations to molecular
vibrational modes in surrounding ligands or other molecules,
Aharoni et al.529 derived a coupling rate
2
2
2πk(2/3) |μel | |μvib |
ΓR4
ℏr0 2n 4

(24)

3
2ε0nscme 1 πdQD
μi,gap
eπ ℏ |flf |2 6

(25)

Agap
A410

μi,410

(26)

where μi,410 is the intrinsic extinction coeﬃcient at short
wavelength.
A simple approximation is to make the absorbance
integration Agap (on an energy rather than wavelength scale)
from low energy until the excitonic peak maximum (where this
is a clear feature) and then double the area, assuming the peak
is symmetrical about the excitonic peak energy and that only
one transition contributes strongly over the energy integration
range.
The experimentally measured absorption spectrum will
include contributions from higher excited state transitions,
and these may be broadened by size dispersion and, in the case
of alloys, by compositional dispersion across the measured
ensembles. This tends to smear out individual transition
contributions to the absorption spectrum and may even lead to
band edge excitonic peaks becoming shoulder-like and less
distinct. However, where some vestiges of the underlying
absorption peaks remain in the overall spectrum, there are
analysis methods that can recover the individual constituent
Gaussian peaks. Smith et al.314 have developed a method that
ﬁrst estimates the transition energy location of the peaks by
looking for turning points in the fourth (or higher even order)
derivative spectra. These are then used as initial guesses with,
for example, a ±50 meV constrained ﬁtting window. To allow a
large number of peaks to be ﬁtted (e.g., 5−10 Gaussians), the
number of free ﬁtting parameters should be reduced as much as
possible (Figure 61). Using a result due to Klimov773 allows the
spectral width of all the peaks to be characterized by one single
width parameter, scaled for each peak by the energy diﬀerence
between the ﬁtted peak maximum and the bulk band gap
energy for that material.
The accuracy of Smith et al.’s method depends upon the size
(and concentration) dispersion, the QDs, and for higher energy
transitions also any truncation of the absorption spectrum at
short wavelengths. Errors in the peak location and amplitude
(or integrated area) become progressively worse for higher
order transitions, so unless clear spectral features are present at
short wavelengths, the technique is still realistically most suited
to discussions about the ﬁrst three to four states nearest the
band gap. However, even the relative strengths of the ﬁrst two

ε∞
QD

γEVET =

|d12|2

where ns is the solvent refractive index, me is the electron mass,
dQD is the QD diameter, and flf is the local ﬁeld factor. μi,gap can
be obtained from the energy integrated absorption (Agap) of the
band edge (excitonic) peak and the absorbance value at high
energy well away from any excitonic features where the
electronic structure is more bulk-like (e.g., A410 is the
absorbance at 410 nm which is appropriate for CdTe QDs):

where d12 is the dipole transition moment linking states 1 and
2, εs(ω) is the frequency dependent permittivity of the
surrounding (e.g., solvent) medium, and ρ(ω) is the photon
density of states. Screening eﬀects due to the diﬀerence
between the QD permittivity and the surrounding medium can
be accounted for by scaling eq 20 with a further local ﬁeld
factor, f lf
⎛
⎞
3εs
⎟
γr′ = γr |flf |2 = ⎜⎜
∞ ⎟
⎝ 2εs + εQD ⎠

3e 2ℏ

Experimentally, the oscillator strength is most often directly
determined from the strength of transitions in the absorption
spectrum. For QD band gap states Kamal et al.526 give an
expression allowing fosc at the band gap transition frequency,
fgap, to be determined from the energy integrated extinction
coeﬃcient μi,gap:

r

2

2m0ω

(22)

where n is the refractive index of the surrounding medium, k
and r0 are the number of accepting vibrational modes on the
surrounding molecules and their eﬀective radius respectively,
while Γ is the line width of the accepting vibrational modes. R is
the QD size plus the absorbing molecule layer thickness, and μel
and μvib are the dipole transition moments of the QD (as the
donor) and the molecule (as the acceptor), respectively. This
may be just one of several processes contributing to the total
nonradiative rate for the QD.
The radiative lifetime, τr, can be determined experimentally
from the average PL decay time τave and the PL QY:
τ
τr = ave
QY
(23)
The radiative transition oscillator strength is deﬁned as
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dipole moment matrix element can be expressed in terms of the
linear momentum matrix element (p12) as
|d12| =

transitions can reveal a great deal about the internal QD
structure, i.e., whether it is likely to be a core−shell or a
partially alloyed structure.
In their work on HgTe QDs, Lhuillier et al.525 obtained
estimates of the conduction and valence band energies at the
band gap and also the oscillator strength for the transition by
using a simple two band k·p parametrization. This was justiﬁed
as an approximation since spin−orbit coupling in HgTe is large,
so the band edge transition can be considered as eﬀectively
being between the heavy hole and the conduction band with a
band gap, EQD
BE , given analytically by
EG
+
2

EG 2
2 ℏ2k 2
+ EP
4
3 2m0

(27)

and an oscillator strength
⎛
⎞
Ec 2
EP ⎜
⎟
=
2 2 + 1⎟
⎜
ℏ
k
2E BE ⎜ 2/3E
⎟
P 2m
⎝
⎠
0

−1

fosc

flf

e2
|f |2 f
4ε0m0c 2n lf osc

2

⎛
⎞2
3εs
⎟
= ⎜⎜
∞ ⎟
⎝ 2εs + εQD ⎠

(32)

where strictly speaking ε∞
QD is a background dielectric constant
of the QD material (it takes into account all electronic
transitions excluding transition 1 → 2, which is considered
explicitly in the dipole transition element).
Typically, if we take a QD refractive index of 3.5, for an
aqueous solution with a refractive index of 1.33, f lf2 is 0.11,
while in an organic solvent with a refractive index of 1.5, f lf2 is
0.18.
For core/shell QDs the screening (local ﬁeld) factor can be
modiﬁed to take into account two semiconductor layers with
diﬀering permittivities:661,774,775

(28)

The latter can be related to the energy integrated absorption
cross section, σint
QD, via
int
σQD
=2

(31)

Within the EMA for a QD, p12 = KPcv, where K is the overlap
integral of the electron and hole envelope functions and Pcv is
the transition matrix element characteristic of the underlying
bulk material (Pcv = constant). For constant K then fosc ∝ ω−1
and γr ∝ ωF(ω). The assumption that the overlap integral does
not change markedly with size is generally reasonable over most
of the size range that is typically of interest for many visible
light emitting noncore/shell QDs but may be less so for
materials such as low band gap HgTe, PbSe, etc., where the
diameter range of interest may be quite large. In addition core/
shell QDs may have a much stronger size dependence for the
overlap factor. For heterostructures, changes in shell thickness,
and strain may lead to type II or quasi type II band alignments,
whereas the band structure may have originally been type I (or
vice versa). In such cases both the transition frequency and the
electron−hole wave function overlap will change. In type II
structures, the greater the segregation of the two carriers the
lower K becomes. This will weaken the transition strength and
extend the radiative lifetime.
Changes in the surrounding dielectric medium may also play
a role. Dispersion in the real part of the optical frequency
permittivity (as seen in the vicinity of absorption peaks), may
introduce a frequency dependent slowing down of the radiative
rate (though this is usually a relatively weak eﬀect for most
solvents or ligands of interest, even in the near-IR). Dielectric
screening (depolarization) due to the refractive index mismatch
between the QDs and the dielectric medium reduces the
radiative rate by a factor

Figure 61. Constrained least-squares ﬁtting is used to reconstruct the
original absorption spectrum from a sum of Gaussian peaks with initial
guesses (constraint ranges) for transition energies derived from
diﬀerential absorption spectroscopy analysis. Reprinted with permission from ref 314. Copyright 2014 Nature Publishing Group.

QD
E BE
=

e
|p |
m0ω 12

(29)

where EG is the bulk band gap and EP is the Kane energy.
If a Gaussian peak proﬁle is assumed, for example, the peak
absorption cross section and the peak width can be used to
determine σint
QD. The peak absorption cross section σpeak can be
calculated from QD ﬁlm absorption measurements using
η
αabs = σpeak
VQD
(30)

|flf |2 =

where VQD is the QD volume, η is the ﬁlling factor of the QDs
within the ﬁlm, and αabs is the measured absorption.
There are some basic expected behaviors for lifetimes and
oscillator strengths that arise from the Fermi golden rule
treatment. If it can be assumed that the electron−hole overlap
does not change strongly with QD size, then (in the absence of
any strong dielectric dispersion, or absorption in the
surrounding medium) within the EMA, the oscillator strength
and the radiative lifetime will scale inversely as the transition
frequency (or linearly with the transition wavelength). The

9εshεs
εshεa + 2εsεb

2

(33)

with
⎛
V ⎞
V
εa = εc⎜⎜3 − 2 sh ⎟⎟ + 2εsh sh
VQD ⎠
VQD
⎝

and
εb = εc
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Here εc, εsh, and εs are the core, shell, and solvent permittivities
and Vsh and VQD are the shell and the total QD volumes,
respectively.
The dielectric permittivity of the surrounding medium plays
a further role in the radiative rate since it determines the
photon density of states in the surroundings. In the case of a
purely refractive material without any signiﬁcant dispersion, the
density of states in the parabolic approximation is
ρ(ω) =

ω2
εs(ω)
π 2c 3

(34)

and the emission rate is then increased by a factor
ns(ω) = εs(ω) relative to the vacuum rate (ignoring the
local ﬁeld factor correction).
The form of the Fermi golden rule transition rate expression
is exactly the same whether we consider absorption or emission.
Experimentally we can determine the emission rate as the
inverse radiative lifetime, while the absorption rate can be
found from the integrated band edge absorption peak as
described above. These may also be converted to oscillator
strengths, and if the exciton states involved in both absorption
and emission are identical, then the two types of measurements
should lead to the same values. De Geyter et al.775 found this
not to be the case for quasi type II PbSe/CdSe core/shell QDs.
Comparing the absorption properties to those of similarly sized
PbSe QDs, they found the core/shell QDs to be very similar in
absorption, while in emission they showed a 4-fold reduction in
oscillator strength compared with the core-only reference. This
reduction was accompanied by an increased Stokes shift for the
core/shell QDs relative to PbSe core-only QDs, indicating that
the emission involved lower energy states in the core/shell case.
The tentative explanation without detailed theoretical modeling
of the exciton ﬁne structure was that the set of lower energy
states involved in emission had a diﬀering (lower) level of
degeneracy from those involved in emission in the core−shells
and in absorption in both PbSe/CdSe and PbSe QDs. In the
previous discussion above (e.g., eq 24), for simplicity, exciton
ﬁne structure (and level degeneracy) is not included.
Measurements of the magnetic ﬁeld and temperature
dependent radiative lifetime have been used as a method to
follow the energy splitting (due to electron−hole exchange
interaction) between the lowest exciton states in quasi type II
CdSe/CdS core/shell QDs as a function of shell thickness (for
a constant CdSe core size). Brovelli et al.776 used CdS shells
from 4 to 19 monolayers and found that the interaction energy
could be reduced from 1.8 to <0.25 meV in thicker shell
samples. Since the dark exciton is the dominant lower lying
state for thinner shell QDs at low temperatures, emission
lifetimes are long (860 ns at <3 K), but at higher temperatures
the bright state becomes thermally activated and consequently
the PL lifetimes are several orders of magnitude shorter. For
thicker shells (14−19 monolayers) the temperature dependence of the radiative lifetime is much weaker (116 ns at 1.5 K,
200−300 ns at 300 K) and this is correlated with a reduction in
the bright−dark exciton level splitting. The splitting was found
to vary with the shell thickness and to follow the changes in the
electron−hole overlap in a linear fashion (Figure 62).

Figure 62. Analysis of PL lifetimes using a variable-EI (electron−hole
exchange interaction) energy model. (a) Measured radiative lifetimes
at 1.55 K for increasing shell thickness. All NCs have the same CdSe
core radius R = 1.5 nm. Diﬀerent thicknesses of the CdS shell (H)
correspond to diﬀerent colors that are used to color-code data in two
other panels of the ﬁgure and in the inset of (c) (H = 1.6 nm, blue; H
= 2.8 nm, green; H = 3.6 nm, cyan; H = 4.4 nm, black; H = 5.6 nm,
orange; H = 7.6 nm, red). (b) Same as in (a) but as a product of τr and
χ plotted versus χ. A ﬁt of τrχ is shown by the solid line. (c) Dark−
bright energy splitting, ΔDB, as a function of shell thickness (expressed
in terms of the number of CdS monolayers) extracted from the
analysis of the PL dynamics and ﬂuorescence line narrowing spectra. A
very good agreement is observed between the ΔDB values obtained
with the diﬀerent methods. The inset shows the measured values of
ΔDB as a function of the measured electron−hole overlap integral
(θe−h) for increasing shell thickness. These data can be ﬁtted closely
using a linear relationship between ΔDB and θe−h (line). Reprinted
with permission from ref 776. Copyright 2011 Nature Publishing
Group.

Nie regarding the use of CdSe QD-based bioprobes46,47
triggered an exploration of the application of QDs in diﬀerent
biological and biomedical ﬁelds which has continued over the
ensuing two decades. Undoubtedly, QDs directly synthesized in
aqueous systems show remarkable potentials for bioapplications
owing to their compatibility with biological systems, in contrast
to the hydrophobic counterparts synthesized in organic
solvents. In 2002, Kotov et al. demonstrated the synthesis of
CdTe−protein probes by the covalent conjugation of two
diﬀerent sizes of CdTe NCs, one linked to bovine serum
albumin (BSA) and the other to anti-BSA antibody (IgG).777
Following an antigen−antibody recognition, resulting in BSA−
IgG immunocomplex formation, Förster resonance energy
transfer (FRET) was observed between the two types of CdTe
NCs.777 Since then, QDs directly synthesized in aqueous
solutions have largely been explored for high throughput cell
labeling, in vitro and in vivo imaging, and versatile sensing
applications.25,26,33,56,79,778,779

6. BIOAPPLICATIONS OF SEMICONDUCTOR NCS
QDs are regarded to be a very useful form of nanomaterials for
a wide variety of bioapplications due to their outstanding
optical properties. The independent reports of Alivisatos and

6.1. Conjugation of Biomolecules with QDs

Conjugation of biomolecules such as DNA,106 peptides,478 and
antibodies226 with QDs is an eﬀective measure to increase the
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functional groups such as amine, carboxyl, and thiol groups for
covalently attaching biomolecules onto the surface of QDs.
So far, the most commonly adopted strategy is amidationreaction-based conjugation mediated by 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC)/(sulfo-)Nhydroxysuccinamide (NHS).55 Typically, EDC and sulfo-NHS
in this approach ﬁrst react with the carboxyl group on QDs to
generate an active ester intermediate that subsequently reacts
with the amine group of biomolecules to establish an amide
bond.55 Following this protocol, proteins782 and oligonucleotides783 were covalently attached onto the surface of TGAcapped CdTe QDs, respectively. The resulting conjugates
exhibited excellent binding speciﬁcity to their targets in virus
detection,782,784 cancer cell labeling,785,786 and gene delivery.783,787
Similarly, the conjugation reaction between amine and thiol
groups can be realized through a two-step coupling reaction
mediated by N-succinimidyl derivatives such as N-succinimidyl
iodoacetate (SIA). For example, Cui and co-workers adopted
bovine pancreatic ribonuclease A (RNase A) as a biotemplating
agent to generate CdTe QDs in aqueous solution.490 For the
following cancer cell labeling, the amine group of the RNase A
capped on CdTe QDs was ﬁrst reacted with SIA, and then
through the reaction between iodoacetyl group and thiol group,
thiolated arginine-glycine-aspartic acid (RGD) peptide was
covalently attached to the surface of CdTe QDs to generate
gastric cancer speciﬁc ﬂuorescent probes.490
An alternative choice of the conjugation reaction between
amine-bearing QDs and thiol-bearing biomolecules is a
maleimide-mediated coupling reaction, which is also classiﬁed
as a click reaction.55,68 This coupling approach is in fact not
only suitable for coupling biomolecules with free thiol groups,
but also suitable for the majority of targeting molecules such as
antibodies since reactive thiol groups can be obtained through
partial reduction of their disulﬁde bonds. Although the binding
speciﬁcity of the antibody may be compromised, the above
approach remains very eﬀective for constructing highly speciﬁc
and ultrasensitive nanoprobes.55,68,701
Up to now, covalent conjugation remains the most popular
strategy for coupling QDs with biomolecules. However, as
already mentioned above, the conjugation reaction may reduce
the PL QY of the QDs and decrease colloidal stability leading
to particle aggregation.55 An interesting solution is to use the
targeting molecules directly as the surface ligand to synthesize
QDs in aqueous media.55 DNA is suitable to enable such
synthesis as it is thermally very stable and can survive the high
temperature conditions required for synthesizing highly
ﬂuorescent QDs without losing its biological functions.105,788
Nevertheless, the recognition ability of the DNA ligands may
still be compromised since the functional moieties, especially
the phosphate groups, readily interact with the surface metal
atoms of QDs. To circumvent this issue, Kelley and co-workers
carried out a series of studies.104−106 They designed a chimeric
DNA molecule with one domain responsible for capping the
QDs while the other domain carried out biorecognition, as
shown in Figure 64. One part of the phosphate (po) backbone
was transformed into phosphorothioate (ps) for ﬁrmly
anchoring DNA ligand onto the surface of the QDs because
phosphorothioate has a higher binding aﬃnity to Cd2+ than
phosphate. In this way, the interaction between the phosphate
group and the QDs is expected to be largely suppressed so as to
preserve the binding speciﬁcity of the targeting segment of the
DNA ligand. The PL QYs of the DNA-programmed CdTe

targeting ability of QD-based bioprobes. In general, biomolecules can form conjugates with QDs through electrostatic
interaction or covalent bonding, as shown in Figure 63.55 QDs
possess a large surface-to-volume ratio, and the charged surface
oﬀers the possibility to directly attach oppositely charged
molecules onto their surfaces.55,59,61,68,780 Although direct
adsorption is facile and does not involve chemical reactions,
it may decrease the ﬂuorescent intensity of QDs,781 or colloidal
stability due to the presence of additional chemical species. The
orientation of the attached molecules is diﬃcult to control, but
is very important for endowing the QDs with speciﬁc targeting
ability.781 In addition, the secondary structure of the absorbed
proteins may be aﬀected by the electrostatic interactions. For
example, a decrease in the activities of enzymes attached on the
surface of NCs was previously observed.780 Moreover, the
conjugates formed through electrostatic interactions may be
dissociated in a complex biological environment due to the
competition of diﬀerent types of charged biomolecules.781
In contrast, covalent attachment of biomolecules on QDs can
greatly increase the stability of the resulting conjugates,
eﬀectively controlling the orientation and quantity of the
biomolecules, and thus has become a widely adopted strategy in
constructing QD-based bioprobes.55 In addition, the indispensable thiol ligands of aqueous QDs also provide versatile

Figure 63. Routes for QD biofunctionalization. Decoration of QD
surface with bioligands can be achieved via covalent conjugation (a, b),
noncovalent coordination of thiol groups or polyhistidine tags with the
QD surface metal atoms (c), or electrostatic deposition of charged
molecules on the QD organic shell (d). Reproduced with permission
from ref 55. Copyright 2010 The Royal Society of Chemistry.
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coating of long DNA enables the QDs as a gene vehicle for
eﬀective gene transfection and controlled release, as shown in
Figure 65. The DNA plasmid coated QDs exhibited excellent
cellular uptake eﬃcacy and a relatively high gene transfection
eﬃciency up to 32%. Most importantly, the function of the
DNA plasmid was preserved for subsequently expressing EGFP
in transfected cells. The authors attributed the gene transfection
and expression to the reversible attachment of DNA on the
surface of the QDs, where the intracellular glutathione
molecules play a critical role in the release of the DNA
plasmids from the QD carrier.788
Similar to the aforementioned strategy, peptides and
proteins can in principal be used as surface capping ligands
to form bioprobes through one-step aqueous synthesis,484,486,493,784,789,790 as their functional groups such as thiol,
amino, and carboxyl groups readily coordinate with the surface
metal ions of QDs. Nevertheless, in contrast to DNAfunctionalized QDs, peptide and protein-functionalized NCs
have to be synthesized under mild conditions to avoid
denaturing of the peptide and protein ligands. Up to now,
peptides and proteins have been used as surface ligands to
synthesize QDs such as Ag2S,226,227,483 ZnSe,356 ZnS:Mn,484
Cd(S,Se,Te),478,479,481,482,486,491,492,497,609,784 PbS,493 HgS,790
and ZnxHg1−xSe488 under ambient conditions (more detail in
section 3.6). It was also claimed that the function of the
protein/peptide on the QDs could be retained, which makes
the above approach valuable for the facile formation of
biospeciﬁc nanoprobes based on QDs.
In connection with sensitive cell labeling applications, Ma
and co-workers reported a series of protein functionalized
ZnxHg1−xSe QDs with enhanced PL QYs using MPA as a
coligand.488 The optimal PL QY of the as-prepared QDs was as
high as 26%, approximately 1 order of magnitude higher than
that of the QDs mentioned above. Given that the ZnxHg1−xSe
QDs were prepared under ambient conditions showing high PL
QY,488 the defect emission of QDs costabilized by protein
could reasonably be expected to have been suppressed as well.
In addition, the authors attributed the high PL QY to the use of
MPA for its eﬀective surface passivation. Following this

Figure 64. Strategy for one-pot synthesis of DNA-functionalized
CdTe NCs: (a) Design of chimeric oligonucleotides with a ligand
domain (phosphorothioate, blue) and a recognition domain
(phosphate, red). (b) One-pot synthesis of DNA-functionalized
CdTe NCs using DNA, CdCl2, NaHTe, and glutathione (GSH) as
precursors. The phosphorothioate portion of the sequence (blue)
serves as a NC ligand, while the phosphate portion (red) of the DNA
sequence remains free to bind to biomolecular partners. Speciﬁc
binding of CdTe nanocrystals functionalized with a cell-binding
aptamer to cognate cells: (c) Schematic diagram of cell binding
aptamer-functionalized CdTe QD and its binding with the cell surface
receptor of a CCRF-CEM cell. (d) Comparison of cell binding for
CdTe QDs. (e) Confocal imaging of CCRF-CEM cells and Ramos
cells bound with cell binding aptamer-functionalized CdTe QDs (left,
ﬂuorescence image; right, diﬀerential interference contrast (DIC)
image). Reproduced with permission from ref 106. Copyright 2009
Nature Publishing Group.

QDs obtained through one-step aqueous synthesis reached
∼15%, and could eﬀectively be used to recognize target DNA,
proteins, and cancer cells depending on the recognition
domains.105 In addition to short DNA, long DNA plasmid
can facilely be used as a stabilizing agent for CdS QDs formed
in aqueous solution due to the multichelating eﬀect of
phosphate groups on the backbone of DNA. The surface

Figure 65. Schematic illustration of DNA plasmid templated CdS NC
growth. (a) CdS NC growth along DNA plasmid induced DNA
packing and GSH-mediated DNA unpacking. (b) Schematic
illustration of the double-stranded DNA CdS NC hybrid nanostructure. (c) Electrostatic interaction between phosphate backbone and
surface Cd2+ ions. Reproduced from ref 788. Copyright 2012 American
Chemical Society.
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6.2. Bioimaging and Theranostic Applications

approach, ZnxHg1−xSe QDs functionalized with diﬀerent
proteins such as BSA, lysozyme, trypsin, hemoglobin, and
transferrin were obtained as shown in Figure 66a. The
transferrin-coated QDs could be used for speciﬁcally labeling
HeLa cells overexpressing transferrin receptor, as shown in
Figure 66b,c. In a similar way, peptide-coated ZnxHg1−xSe QDs
were also used to demonstrate the possibility of building
biospeciﬁc probes to target the human breast cancer cell line
MDA-MB-435.488
Undoubtedly, the one-pot synthesis of biofunctionalized
QDs clearly exempliﬁes its advantages over conventional
approaches based on multistep processes for preparing QD
bionanoprobes, but to achieve high PL QY remains challenging
to date, in contrast to the classic aqueous synthesis of
ﬂuorescent QDs based on small thiol ligands. Nevertheless,
proper choice of semiconducting materials and their synthetic
chemistry may still oﬀer opportunities for aqueous synthesis of
biofunctionalized QDs with further improved PL QYs.

With respect to biological applications, useful ﬂuorescence
features of QDs have been the major driving force over the past
decades. The early pioneering works of Alivisatos46 and Nie47
well demonstrated the potential of QD probes for cell labeling
and imaging purposes. In the study of Nie and co-workers, the
hydrophobic CdSe/ZnS QDs were ﬁrst transformed into watersoluble counterparts with the aid of MPA, and then via the
latter covalently conjugated to transferrin for ﬂuorescence
imaging of HeLa cells upon the recognition between transferrin
and its receptor on the cells.47 Their studies revealed that the
optical emission of the QD conjugates was nearly 100-fold
more stable than the well-known organic dye rhodamine 6G,
and the ﬂuorescence intensity of single CdSe/ZnS core/shell
NCs was comparable to the equivalent of approximately 20
rhodamine molecules. In the study of the Alivisatos group, two
silica encapsulated CdSe/CdS QDs with diﬀerent core sizes
and emissions were prepared for simultaneously imaging both
nucleus and F-actin ﬁlament of mouse embryonic ﬁbroblast
NIH 3T3 cells.46 In detail, the small QDs (2 nm) showing
green emission were coated with trimethoxysilypropyl urea and
acetate groups for staining the cell nucleus, while the large QDs
(4 nm) showing red ﬂuorescence were conjugated with
phalloidin, through biotin−streptavidin interactions, for staining the F-actin ﬁlament. Owing to the broad excitation,
diﬀerent parts of the optically stained cells were simultaneously
observed, which clearly highlighted the advantages of QDs over
conventional organic dyes.
In comparison with the hydrophobic QDs used in the above
studies, those synthesized directly in aqueous solution can more
readily be used,26,33 because the former QDs need to be
transferred into aqueous media prior to further surface
biofunctionalization. The phase transfer processes, independent
of the surface chemistry, often leads to signiﬁcant drops in the
PL QY of the QDs. In contrast, the PL QY of QDs obtained
through aqueous synthetic routes can be greatly improved
through diﬀerent approaches before the bioconjugation
process. Moreover, the versatile surface structures eﬀectively
meet the requirement for creating bionanoprobes based on
diﬀerent conjugation chemistries as mentioned above. Although
the binding speciﬁcity of a given nanoprobe is largely
dependent on the targeting molecule attached, it is often
compromised due to the nonspeciﬁc interaction with the
unintended targets. We have previously demonstrated that by
appropriately modifying with PEG the nonspeciﬁc interactions
of QDs with cancer cells can eﬀectively be suppressed. The
surface PEGylation of aqueous QDs can generally be realized
through ligand exchange with thiolated PEG for QDs initially
coated with a thiol ligand such as MPA,791 or through surface
grafting of PEG segments based on PEG derivatives of
orthosilicate for silica-coated aqueous CdTe QDs.785 In the
latter system, the antibiofouling function was well demonstrated through electrophoresis studies. Upon surface structure
optimization, anti-EGFR (epidermal growth factor receptor)
monoclonal antibody was covalently attached on the surface of
PEGylated CdTe@SiO2 through the carboxyl residue. The
resulting EGFR-speciﬁc ﬂuorescent probe presented excellent
targeting ability in staining human head and neck squamous cell
UM-SCC-22B that overexpresses EGFR, showing low background signals (Figure 67).
Apart from single target imaging, QDs are very suitable for
multiplexed cellular imaging in comparison with conventional
ﬂuorescent dyes as aforementioned. Ying and co-workers

Figure 66. (a) Schematic illustration of BSA-, lysozyme-, trypsin-,
hemoglobin-, and transferrin-functionalized QDs. ZnxHg1−xSe QDs for
cell imaging: (b) Bright ﬁeld and ﬂuorescence images of cells
incubated with ZnxHg1−xSe QDs. From left to right: ﬁxed HeLa cells
with MPA-QDs; live HeLa cells with MPA-QDs; live HeLa cells with
transferrin-QDs; live HeLa cells with BSA-QDs. (c) Bright ﬁeld and
confocal ﬂuorescence microscopy image of a singe HeLa cell incubated
with transferrin-QDs (red) and Lysotracker Green DND-26. The
overlay image shows a high colocalization between the QDs and
lysotracker. Reproduced with permission from ref 488. Copyright 2013
Nature Publishing Group.
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Figure 68. Confocal ﬂuorescence images of cells stained with CdTe
QDs. (a) Fixed HepG2 cells with nucleoli and cytoplasm stained by
GSH-CdTe517 QDs (green) and GSH-CdTe618 QDs (red). (b)
Fixed NIH 3T3 cells with actin immunostained using biotin-labeled
GSH-CdTe618 QDs. (c) Live MDA-MB-435 cells incubated with F3labeled GSH-CdTe618 QDs (red). (d) Live macrophage RAW264.7
cells incubated with GSH-CdTe618 QDs (red) and cell viability
calcein dye (green). Reproduced with permission from ref 609.
Copyright 2007 Wiley-VCH Verlag GmbH & Co. KGaA.

Figure 67. Confocal ﬂuorescence images (left), diﬀerential interference contrast images (middle), and their merged images right) of the
ﬁxed UM-SCC-22B cells labeled by D−GaHIgG conjugates (rows a
and b) or the CdTe@SiO2 particles in sample D (row c). (Note that
the cancer cells shown in rows a and c were pretreated with antiEGFR-mAb in contrast to those shown in row b.) The scale bars in all
micrographs correspond to 25 μm. Reproduced with permission from
ref 785. Copyright 2011 IOP Publishing.

tissue background, but also for increasing the penetration depth
for both excitation and emission.42,48,60,794 For in vivo imaging,
MPA-capped CdTe QDs with peak emission in the range 700−
800 nm were prepared with microwave-assisted aqueous
synthesis,792 but they largely accumulated in the liver after
intravenous injection. Although, through enhanced permeability and retention (EPR) eﬀect, the QDs can passively target
tumorous sites in living mice, the underlying targeting
mechanism limits their applications to further distinguish
tumors with diﬀerent phenotypes that can determine prognoses
and appropriate therapeutic strategies. In this context, an active
targeting strategy is important for tumor detection.67
Folic acid (FA) is one of the targeting molecules suitable for
constructing tumor-speciﬁc nanoprobes. Chen et al. synthesized CdTe/CdS core/shell QDs with PL QYs up to 65% for
emission centered around 700 nm in aqueous solution. Then,
FA was covalently conjugated to the surface of MPA-capped
QDs.276 The following in vivo imaging studies revealed that the
conjugate obtained could eﬃciently target FA receptor-positive
tumors in mice bearing human hepatocellular carcinoma
xenografts.276 Apart from FA, Arg-Gly-Asp (RGD) peptide
was also a reliable choice owing to its excellent binding aﬃnities
to αvβ3 and αvβ5 integrin on tumor cells. It was used to
combine with NIR CdTe QDs to make an active targeting
probe for imaging human glioblastoma U87MG tumors in a
mouse model.786 The above studies demonstrate that the QDbased nanoprobes can eﬀectively distinguish tumorous areas
from healthy tissue upon speciﬁc interactions between the
bioligands on QDs and their targets. Recently developed DNA
aptamers have also been employed to construct tumor-speciﬁc
probes. Concerning in vivo imaging applications, a mucin 1-

demonstrated multiplexed imaging of diﬀerent subcellular
features using GSH-capped CdTe QDs directly synthesized in
aqueous solution.609 For example, they prepared two diﬀerently
sized CdTe QDs showing emissions centered at 517 and 618
nm, respectively, and found particle size dependent interactions
with the HepG2 cell line. Small QDs could swiftly penetrate the
cellular matrix to bind with nuclei and stain these regions green,
as shown in Figure 68, while slightly larger CdTe QDs were
prone to stay in cytoplasms and stained those red.609,779 To
further show the feasibility of using GSH-capped CdTe QDs
for intracellular imaging, they covalently conjugated biotin and
F3 peptide (high-mobility group nucleosomal binding domain
2 (HMGN2) fragment 3) to the surface of CdTe QDs,
respectively. The resulting probes could selectively target
diﬀerent subcellular locations of mouse embryonic ﬁbroblast
NIH 3T3 and MDA-MB-423 cells. It was found that the QD−
biotin conjugates could penetrate into cells and selectively bind
with the skeleton of NIH 3T3 cells, while the F3 peptide
helped to deliver the QD−F3 conjugates into human breast
carcinoma MDA-MB-435 cells via a receptor-mediated process
for staining the cytoplasm.609
Besides in vitro cell labeling and imaging applications, in vivo
applications of QDs were also attempted.67,276,792,793 For the
latter applications, NIR emission is preferable not only for
reducing the interference of autoﬂuorescence background from
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Figure 69. (a) Illustration of synthesis of intrinsically radioactive [64Cu]CIS/ZnS RQDs for PET/CRET luminescence imaging. (b) Representative
whole-body coronal PET images of U87MG tumor-bearing mice at 2, 6, 18, 24, and 48 h after travenous injection of 100 μL (50 μg, 300 μCi) of
64
CuCl2, GSH-[64Cu]CIS/ZnS, and PEGylated GSH-[64Cu]CIS/ZnS RQDs (three mice each group). Arrow indicates location of the tumor. (c)
CRET images of U87MG tumor-bearing mice at 6 h postinjection of 100 μL (300 μCi) of [64Cu]Cl2, GSH-[64Cu]CIS/ZnS, and PEGylated GSH[64Cu]CIS/ZnS RQDs, respectively. Circle, tumor area (three mice each group). These luminescence images were acquired without excitation light
with open and red ﬁlter (>590 nm). (d) Total photon ﬂux in the corresponding tumor region obtained with open and red ﬁlter (∗, p < 0.05, n = 3).
(e) Percentage of photon ﬂux under red ﬁlter in the total photon ﬂux. Reproduced from ref 194. Copyright 2015 American Chemical Society.

scattering, the imaging resolution is tremendously increased in
comparison with the ﬂuorescence imaging based on emissions
at lower wavelength. All these advantages make the Ag2E QDs
not only attractive for disease diagnosis as well as therapeutic
monitoring studies, but also promising for drug translation
from basic studies to clinical applications, taking into account
their excellent biosafety proﬁles.187 In this ﬁeld, Wang and coworkers have achieved tremendous progress. They have
successfully employed Ag 2 S QDs for tracking human
mesenchymal stem cells (hMSCs) in liver failure repair in a
mouse model.795 In detail, Tat peptide as the targeting ligand
was conjugated to NIR-II Ag2S QDs to achieve Ag2S−Tat
conjugates that exhibited negligible inﬂuence on the viability of
hMSCs, both cellular and gene levels. Most importantly, the
diﬀerentiation capacity of hMSCs labeled with Ag2S−Tat
conjugates was well maintained in vitro, which is also very
important for tracking the stem cells in vivo. Moreover, owing
to the excellent optical properties of the Ag2S−Tat conjugates,
as few as 1000 subcutaneously injected Ag2S-labeled hMSCs
could still be detected and no signiﬁcant decrease in
ﬂuorescence intensity was observed for up to 30 days.
Encouraged by these results, they further employed Ag2S
probes to monitor heparin-mediated translocation of hMSCs
for acute liver failure repairation. Their studies revealed that
biodistributions of the hMSCs labeled with Ag2S QDs could be
dynamically tracked. In particular, the translocation of hMSCs
from lung to liver with the help of heparin was successfully
followed.795 Beneﬁting from the high spatial resolution and
optical stability of the NIR Ag2S QDs, the predominant
accumulation of transplanted Ag2S-labeled hMSCs in the lung
and liver could be clearly observed over 14 days.
Despite the high sensitivity, the spatial resolution of optical
imaging, based on visible and NIR signals, remains incomparable with computed tomography and magnetic resonance
imaging (MRI). Nevertheless, QDs oﬀer a ﬂexible platform to

speciﬁc DNA aptamer was designed and used to in situ modify
CdxZn1−xTe alloy QDs synthesized through a one-pot
hydrothermal route. The resulting aptamer-modiﬁed QDs
were used for actively imaging a mucin 1-positive human
lung adenocarcinoma tumor in a mouse model.793
Despite the useful optical features including high PL QYs
and tunable ﬂuorescence of QDs, the cytotoxicity of heavy
metal ions, especially cadmium, remains a major concern as
well as a huge hurdle ahead before eventually translating the
QDs into clinical imaging agents. Fortunately, some cadmiumfree QDs showing greatly reduced cytotoxicity and excellent
ﬂuorescence properties can be obtained through organic
synthetic routes, such as Ag2X QDs (X = S, Se, Te). Their
aqueous synthesis and in vivo applications have therefore
become one of the most attractive ﬁelds with respect to the
biomedical applications of QDs.218,244 In pioneering work by
Pang and co-workers, aqueously synthesized alanine-stabilized
Ag2Se QDs with peak emission at 820 nm were directly used in
the abdominal cavity imaging of nude mice. Although the PL
QY of the as-prepared QDs was less than 1%,218 the excitation
gave rise to low background autoﬂuorescence. To achieve active
targeting ability, Ag2S QDs were synthesized in aqueous
solution in the presence of BSA and the resulting BSAstabilized QDs were conjugated with the anti-VEGF (vascular
endothelial growth factor) antibody. The ﬂuorescence imaging
studies were carried out to show the targeted imaging of VEGF
positive tumors in nude mice.226 Probably due to the small size
of the probes, quick clearance of the intravenously injected
QDs was observed through whole body imaging.226
The band edge emission of Ag2E QDs can in principle be
tuned up to the second NIR (NIR-II) window of the body, i.e.,
1.0−1.4 μm, depending on the choice of E (S, Se, Te), where
the penetration depth of the emission is much higher than that
for emission in the ﬁrst NIR window, 650−950 nm.43,795
Moreover, due to greatly reduced autoﬂuorescence and light
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Figure 70. Dark and merged ﬁeld images of HeLa cells incubated with CdTe−ASON29 or CdTe−SON29 for diﬀerent periods of time. Reproduced
with permission from ref 783. Copyright 2011 Elsevier.

QDs to the antisense oligodeoxynucleotide (ASON) to target
the mRNA of telomerase, which was transfected into HeLa cells
with the aid of multiwalled carbon nanotubes as the carrier.805
As expected, the viability of tumor cells was inhibited by the
transfected ASON. At the same time, the localization of the
transfected ASON was observed via the luminescence of the
QDs. In another study, CdTe/CdS core/shell QDs were used
to label the liposome loaded with entire suicide genes,805 i.e.,
herpes simplex virus thymidine kinase (HSK-TK) gene that can
metabolize ganciclovir to ganciclovir monophosphate which is
further converted into ganciclovir triphosphate by cellular
kinases. As the resulting compound is an analogue of
deoxyguanosine triphosphate, inhibition of DNA polymerase
and/or incorporation into DNA will occur, leading to chain
termination and tumor cell death.806−808 Subsequent studies
demonstrated that the therapeutic functions of the transfected
HSK-TK genes were still preserved, while QDs oﬀered the
possibility to monitor and trace the intracellular traﬃcking for
up to 96 h.
QDs can not only be used for labeling the gene delivery
systems, but also serve directly as the carrier with no need of
additional transfection reagents. We showed this possibility by
covalently conjugating TGA-capped CdTe NCs with antisurvivin ASON to facilitate gene transfection and thereby allow
intracellular visualization of the transfected genes.783 Regardless
of the oligonucleotide base sequence and length, the CdTe−
oligonucleotide complexes were found to have eﬃcient cellular
uptake. Detailed studies revealed the macropinocytosis pathway
to be the route by which the negatively charged CdTe−
oligonucleotide was inserted into cells. Crucially, ASON
covalently bound at the CdTe NC surface continued to
perform its biological roles after cellular uptake; i.e., it could
induce apoptosis of the HeLa cells after speciﬁcally downregulating the survivin mRNA. As intended, the intracellular
location of ASON could be followed optically via emission of
the QD carrier. In contrast to the survivin sense oligonucleotides (SON) that were heavily accumulated in the nucleus and
arbitrarily distributed in cytoplasm, ASON mainly localized in
the cytoplasm though it tended to be found largely close to the
nucleus as shown in Figure 70. This was the ﬁrst direct
observation of the speciﬁc intracellular localization of antisense
oligonucleotides. These ﬁndings appear to infer that the
antisense regulation process probably occurs in the perinuclear
region. Since the apoptosis of HeLa cells follows the ASON
induced down regulation of surviving mRNA, the perinuclear

form multimodal imaging probes to compensate for this
drawback.388 For example, GSH-stabilized CdTe QDs were
prepared in the presence of Gd3+ following the classic synthetic
route.796 Although the postulated Gd-doping structure lacks
conclusive experimental conﬁrmation, the as-prepared QDs
presented strong ﬂuorescence at 640 nm with PL QY of 37%
and a relaxation rate (r1) value of 3.27 mM−1 s−1.796 The
resulting dual functional QDs were coupled with FA for
imaging of FA-positive tumors in vivo through both optical
imaging and magnetic resonance imaging. Chen and co-workers
reported radiolabeled cadmium-free QDstermed RQDs, i.e.,
64
Cu:CuInS/ZnS QDs.194 The decay of 64Cu gives rise to
Č erenkov luminescence in the UV-blue region, which can in
principle serve to excite the above QDs to emit red
ﬂuorescence around 700 nm, thus enabling in situ self-excited
luminescence from the QDs. The following optical and
positron emission tomography (PET) imaging studies revealed
that the PEGylated 64Cu:CuInS/ZnS RQDs could eﬃciently
target U87MG xenograft in mice models, as shown in Figure
69.194
Apart from imaging, QDs like most nanoparticles can also
serve as a drug carrier for theranostic studies. The large surfaceto-volume ratio and versatile surface chemistries oﬀer the
possibility to load various types of therapeutic cargos that are
trackable in vivo. Furthermore, the therapeutic eﬃciency may
potentially be evaluated through imaging in real time. Up to
now, a numbers of theranostic systems have been developed
based on organically synthesized QDs. In this ﬁeld,
Gao52,797,798 and Mattoussi799−801 have reported a series of
inﬂuential studies. In general, owing to the hydrophobic nature
of QDs synthesized via the organic synthetic route, further
surface modiﬁcations are largely achieved through encapsulation with cationic liposomes,802 various types of cationic
lipids,803 amphipol,797 polyethylenimine,798 dendrimers,190
peptides,804 etc. to enable the hydrophobic QDs as nano
drug carriers. Nevertheless, it does not necessarily mean the
aqueous QDs cannot fulﬁll the above applications. The falling
behind of QDs directly synthesized in aqueous systems in these
applications is probably due to the lack of commercially
available QD products.
Apart from in vivo applications, a large number of studies
have been carried out by using QDs as carriers to show the
cargo’s behaviors in vitro. Aqueously synthesized QDs were
used as ﬂuorescent labels to track the delivery of genes. For
example, Jia and co-workers conjugated TGA-capped CdTe
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ﬂuorescence from the accumulated CdTe−ASON may be a
speciﬁc indicator of the early stages of apoptosis induced by
survivin deﬁciency in that particular location. Additionally, the
delivery and tracking of the small-molecular antitumor drug
gambogic acid using aqueous CdTe QDs capped with positively
charged cysteamine have also been shown, further demonstrating the possibility of using aqueously synthesized QDs to
visualize molecular events at the cellular level.809
Apart from the remarkable in vivo application potential of
Ag2E (E = S, Se, Te) QDs due to low biotoxicities and NIR
emission,190,810,811 their applications as drug carriers tailored to
cancer theranostics were also explored. In a recent study by Gu
and co-workers,810 they covalently attached an antitumor drug
doxorubicin (DOX) to the surface of MPA-capped Ag2S QDs
along with RGD peptide (cRGD) to improve the therapeutic
eﬃcacy of DOX. It was found that the Ag2S−DOX−cRGD
probe delivered through the vena caudalis of MDA-MB-231
tumor-bearing mice started to accumulate at the tumor area 1 h
postinjection, and reached the optimal accumulation at 8 h
postinjection. In another study, Wang and co-workers
developed the DOX@PEG−Ag2S platform for both tumor
therapy and real-time imaging of the distribution of DOX in
vivo.811 In this study, DOX was loaded into PEG-coated Ag2S
QDs through hydrophobic−hydrophobic interactions. In
comparison with directly conjugated drugs on Ag2S QDs, the
DOX@PEG−Ag2S may exhibit improved drug loading
capability and long circulation times in blood.811
Although NCs can in principle be used as carriers for
targeted drug delivery, one should bear in mind that the
pharmacokinetic behaviors of molecular drugs are substantially
altered by the nano carriers. In addition, the eﬀective release of
loaded drugs is also an interesting subject awaiting further
studies.

Figure 71. (a) Time-resolved ﬂuorescence decay curves of Cu-doped
CdZnS QDs-720 in buﬀers with diﬀerent pH values: 5.5 (violet), 5.75
(blue), 6.0 (cyan), 6.25 (green), 6.5 (yellow), 6.75 (orange), and 7.0
(red). (b) pH response of QDs-720 in diﬀerent pH buﬀers based on
data from the time-resolved ﬂuorescence decay curves. (c) FLIM
images of microbeads equipped with QDs-720, dispersed in buﬀers
with diﬀerent pH values (left, pH 6.0; right, pH 7.0; scale bar 100 mm)
and together with PL lifetime histograms collected from the images.
(d) In vivo FLIM experiments of the background of the nude mouse
(left) and the QDs-720 injected into adjacent locations with diﬀerent
pH values (green, pH 6.0; red, pH 7.0) on the back of the nude mouse
(right), respectively (scale bar 10 mm). Reproduced with permission
from ref 451. Copyright 2015 The Royal Society of Chemistry.

6.3. Biolabeling and Biosensing

are often chosen to form speciﬁc probes in combination with
QDs. The immunoﬂuorescence assay is undoubtedly one of the
most reliable strategies to show the potential applications of
QDs.785 In direct immunoﬂuorescence assays, the QDs are
conjugated with a primary antibody to directly recognize the
targets, while in indirect immunoﬂuorescence assays, the QDs
are conjugated with a secondary antibody for indirectly
recognizing the targets through the primary antibody
combined.817 The latter approach is more commercially
meaningful for real applications. In addition, it is also possible
to amplify the signal via multiple binding of the ﬂuorescent
probes on the primary antibody, for example, through the
biotin−streptavidin interaction. To demonstrate the feasibility
of this approach, we synthesized denatured bovine serum
albumin (dBSA) capped CdTe QDs (CdTe@dBSA) and then
conjugated the QDs with streptavidin to detect the serum level
of IgA antibodies against Epstein−Barr virus (EBV) capsid
antigen (VCA-IgA) in nasopharyngeal carcinoma (NPC)
patients for early screening and diagnosis of EBV-associated
cancers.782 In detail, Raji cells were ﬁxed on a substrate and
upon activation, they expressed EBV that can capture the VCAIgA in a serum sample. By labeling biotinylated anti-IgA
antibodies with CdTe@dBSA−streptavidin conjugate, the
indirect detection of VCA-IgA was enabled. The serum level
of VCA-IgA from EBV positive NPC patients was detected with
the sera from healthy donors serving as negative control. As
shown in Figure 72, Raji cells incubated with the sera of EBV
positive NPC patients were heavily stained by CdTe@dBSA−
streptavidin conjugates, in huge contrast to the negative

Broadly tunable and eﬃciently ﬂuorescent QDs are generally
very attractive for both biosensing and biolabeling applications.
The metal ion adsorption induced ﬂuorescence variation of
QDs was often observed,812 and utilized for sensing biorelevant
metal ions, such as Cu2+ ion648,813,814 and Pb2+ ion814 with
CdSe,814 CdTe/CdS,648 and CdTe813 QDs. Nevertheless, the
attachment of unwanted species in complex biological systems
may induce unpredictable ﬂuorescence variation, which
challenges both selectivity and sensitivity for real sensing
applications.812 Apart from assays based on direct quenching
eﬀects on PL intensity, time-resolved ﬂuorescence has also been
employed for sensing the microenvironmental pH in vivo.451
For just such applications, Cai and co-workers prepared Cudoped CdZnS QDs in aqueous solution to obtain long lifetime
PL of up to 1 μs decay time. It was demonstrated that the PL
lifetime of these QDs was very sensitive to pH and exhibited a
linear response from pH 5.5 to 7.0 which is a biologically
relevant range, as shown in Figure 71a,b. In addition, the
possible interference of K+, Mn2+, Mg2+, and HCO3− ions was
negligible, because the variation of the PL lifetime was based on
the protonation/deprotonation of the carboxyl moiety of the
GSH ligand.815,816 This sensing approach was further
demonstrated in detecting the microbeads dispersed in buﬀers
with diﬀerent pH values (Figure 71c) and the diﬀerent
microenvironment pH values within living mice through
ﬂuorescence lifetime imaging (FLIM; Figure 71d).451
As the speciﬁcity is equally as important as the sensitivity
with respect to bioassays, bioligands such as antibody and DNA
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of molecular targets, but it is also possible to achieve high
throughput analysis on account of the fact that diﬀerently sized
QDs can simultaneously be excited on the same microﬂuidic
chip. Based on their previous studies, Fan and co-workers
successfully developed a QD-based microﬂuidic protein chip for
multiplexed detection of cancer biomarkers CEA and αfetoprotein (AFP).826 First they immobilized anti-CEA and
anti-AFP antibodies in diﬀerent microchannels, respectively.
Then, the detection antibody of CEA was coupled with red
emission QDs and the detection antibody of AFP was
conjugated to green emitting QDs to achieve simultaneous
detection of CEA and AFP present in the same sample. The
detection limit of 250 fM was realized for both CEA and AFP.
Apart from conventional ﬂuorescence sensing, QD-based
electrochemiluminescent (ECL) and photoelectrochemical
(PEC) sensing have recently generated technological interest.827−830 Aqueously synthesized QDs are particularly suitable
for such sensing applications because the short chain of
aqueous capping ligands is in favor of eﬃcient charge carrier
transfer as well as the access of coreactant to the surface of the
QDs.827 ECL biosensors convert electrochemical signals to
luminescence signals upon the recognition of the analytes
following the general annihilation and coreactant pathways.829
In annihilation type sensors, the QDs are electrically excited
through a combination of oxidization and reduction of QDs in
an electrolyte in rapid succession to generate pairs of oppositely
charged QD radicals that will subsequently generate light.828
The driving of eﬃcient annihilation ECL sensors is always
sophisticated as electrochemical potential sweeping or pulsing
is necessary to rapidly generate both oxidized and reduced QDs
and ensure that signiﬁcant enough populations of both survive
in solution long enough to interact, each with its oppositely
charged counterpart. In addition, high overpotentials are
needed to overcome the surface energy of the QDs to form
the charged radicals and these factors therefore restrict their
practical applications.
Coreactant ECL biosensors contain oxidized or reduced
coreactant species at the surface of the electrode, and either
oxidized or reduced QDs can react with radicals formed from
the coreactant to generate the QD excited states. In this type of
sensor only a single type of charged QD radical needs to be
generated with the coreactant supplying the oppositely charged
species. For this reason, only a unipolar pulse or potential
sweep is needed to generate light emission upon a onedirection potential scan, which simpliﬁes the operation. The
coreactant ECL biosensors are convenient to design, and
possess good solubility, stability, rapid kinetics, good electrochemical properties, and low ECL background.828,830 At
present, ECL biosensors based on aqueously synthesized
QDs have been used in immunoassay, DNA analysis,
aptasensing, and cytosensing.827
PEC sensing is based on the reverse of the ECL sensing
process, in which light is essentially required as the excitation
source and the changes of the photocurrent induced by the
presence of analytes are the basis for the detection of
bioanalytes. Under illumination, the QDs absorb photons
with higher energies than that of their band gaps and electrons
are excited from the valence band to the conduction band. The
photogenerated electron−hole pairs recombine either radiatively or nonradiatively through charge transfer from the QD to
the surrounding medium, leading to charge separation. There
are two possible current conﬁgurations. An anodic photocurrent occurs when electrons are ejected from the QD and

Figure 72. (upper panel) Schematic drawing for illustrating the
indirect immunoﬂuorescence detection of VCA-IgA. (lower panel)
Dark (left) and bright (right) microscopic images of Raji cells treated
by sera of NPC patients (a) and healthy donors (b), followed by
biotinylated antiIgA Ab and CdTe@dBSA−streptavidin. The scale bar
corresponds to 10 mm. Reproduced with permission from ref 782.
Copyright 2014 The Royal Society of Chemistry.

control, owing to the extraordinary antifouling property of
dBSA, which suggests that QDs can potentially be used for
screening and diagnosing of diseases through immunoﬂuorescence assays of serum.782
The QD-based sandwich immunoﬂuorescence assays were
developed to improve the selectivity and speciﬁcity of the
biodetections. In such approaches, one of the two diﬀerent
antibodies for binding with the same target at diﬀerent exosites
is labeled with QDs for sensing, while the other is used for
speciﬁcally capturing the molecular target. In this way, the
detection of human interleukin 6 (IL6) was demonstrated by
using aqueously synthesized CuInS2@ZnS QDs.191 Fan and coworkers further integrated the QD-based sandwich immunoassay into microﬂuidic chips.818 They claimed that the
microﬂuidic technology oﬀers convenient solutions for the
immobilization and the subsequent binding assays of proteins,
contrasting with conventional protein chip techniques.819−824
Simply passing through the microﬂuidic channels, the antibodies were immobilized on the aldehyde-activated channel
walls.825 The subsequent ﬂow of target proteins followed by
the second biotinylated antibody and avidin-coated CdTe/CdS
QDs in sequence enabled sensitive detections of the
carcinoembryonic antigen (CEA) with a detection limit down
to 500 fM, substantially lower than that achieved with systems
based on ﬂuorescein isothiocyanate (FITC). In studies, the
QDs were ﬁrst coupled with biotin with the aid of a DNA
bridge. Utilizing the multiple binding sites of streptavidin for
biotin, the biotinylated antibody was successfully labeled for
detecting CEA with a greatly decreased detection limit down to
50 fM,825 through the same chip technique as mentioned
above.
The advantage of such sandwich immunoﬂuorescence
analysis is that it is not only eﬀective for sensitive detection
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challenge to synthesize aqueous QDs exhibiting very narrow
size distributions without implementing subsequent size sorting
(e.g., selective precipitation) which is also probably likely to be
limited by batch size. Future work on aqueous QD synthesis
might usefully explore how to combine the beneﬁts of large
volume production or even ﬂow reactor based synthesis with
greater precision in size and size distribution control. An
example of a payoﬀ for such advances would be in the potential
improvements to devices such as QD solar cells. Band-like
carrier transport would beneﬁt from QD materials with narrow
size distributions and would allow longer charge diﬀusion and
depletion lengths in heterojunction photovoltaic cell designs,
improving solar absorption, short circuit currents, and overall
eﬃciencies.
A clear and accurate picture of the surface chemistry of QDs
is also required for the control of engineered energy and charge
transfer processes in QD-based composite materials. For charge
transfer, the physical composition of the QD surface is
important, moderating the charge extraction or injection
process. For energy transfer, linker molecules may be used to
control the spacing between the energy acceptor and donor
molecules/particles. How the linkers sit on the QD surface and
how they interact with any incumbent ligands will critically
aﬀect the donor/acceptor separation and the energy transfer
eﬃciency and most importantly the transfer rate. A knowledge
and control of charge and energy transfer rates is vital for many
applications. The realization of high QD LED performance in
the visible range has relied in large part upon obtaining and
maintaining good balance of the injected hole and electron
populations by judiciously controlling the injection rates. As
another example, if the beneﬁts of MEG or hot carrier
excitation in QDs is to be used to boost QD solar cell
performance, rapid energy or (crucially, balanced) charge
transfer out of the dots will need to be contrived, and this will
be a lot easier if the surface chemistry is properly understood.
The evolution of the colloidal chemistry underpinning these
synthetic methods has drawn tremendous support and feedback
from the understanding of how the QD physical and chemical
nature aﬀects the optical and other key properties of these
nanoparticles. This is thanks to the development of many
detailed spectroscopic characterization techniques, including
ultrafast and single QD spectroscopies, and theoretical models
of the electronic structure and the carrier dynamics governing
optical absorption and recombination and nonradiative
processes. Looking to the future, the challenge is to develop
optical and other analytical methods to shine further light upon
the detailed chemical nature of QD surface states to meet the
materials demands for novel applications predicted by theory.
The possible energy transfer from narrow band gap excitons
to solvent and ligand vibrational modes becomes far more
substantial in scale than for wider band gap materials with band
edges in the visible, and the transfer mechanisms are
fundamentally diﬀerent in nature. In the latter case, the
concern is the position of solvent and ligand electronic levels,
especially the HOMO levels, with respect to the QD band gap.
In these cases the details of the vibrational levels of the
surrounding material have little direct bearing. In the former
case, where exciton energies fall in the IR, energy transfer to
molecular vibrations may signiﬁcantly impact the spectral
response of QD optoelectronic devices. One such coupling
mechanism was highlighted by Aharoni et al.529 and Keuleyan
et al.530 and other mechanisms, e.g., involving phonon modes in
the QD interacting with surface trapped charges to form

transfer to the electrode. Subsequently an electron from an
electron donor D in solution is transferred to neutralize the
geminate hole in the QD. In the alternative arrangement, if the
photogenerated electron from the QD transfers to an electron
acceptor A, complementary electrons from the cathode will
neutralize the holes by transfer to the QDs, and in the process
yield a cathodic photocurrent. The electrochemistry of these
photocurrent devices is similar in operation to PEC photocatalysis devices, but the photocurrent is used to supply a
detection signal rather than to generate H2 gas, etc. So far, PEC
immunosensors, PEC cytosensors, and PEC bioassays have
been developed in QD-based PEC biosensing.828 Chen, Xu,
and co-workers have performed extensive studies on QD-based
ECL and PEC biosensors, and they have comprehensively
reviewed the recent advances in this ﬁeld.831−836

7. CONCLUDING REMARKS AND PERSPECTIVES
This review primarily focuses upon aqueous synthesis methods
to obtain high quality QD and QD-based materials. The polar
nature of water has enabled aqueous syntheses of semiconductor NCs that are quite distinct from those obtained by
alternative organic phase based methods. In this context, the
basic chemistry aspects including HSAB principles, solubility
product principles, and pH dependence are emphasized in the
review as they direct the appropriate selection of water-soluble
ligands, give an understanding of the QD growth kinetics
regarding particle size control, and are fundamental in achieving
the growth of QDs with core/shell structures, controlled
doping, and alloyed structures. The attractive feature of the
aqueous synthesis is the versatile choice of surface ligands such
as the phosphates and carboxylates used in the early studies,
water-soluble thiol alcohols adopted in later studies, followed
by the most successful mercapto acids widely used nowadays.
In addition, the use of biological molecules as QD ligands are
all beyond the reach of the organic route, but in water
nature’s solvent of choicethis leads to QDs with biocompatibility, biofunctionality, and even chirality. The immense range
of useful ligands endows QDs directly synthesized in aqueous
systems with a number of advantages with respect to the
applications of QDs in biological assays and biomedical
imaging. Apart from the green characteristics, recent studies
further suggest that the direct growth of QDs in the aqueous
phase can be extended to biologically driven synthesis within
cells, organisms, and even animals. Importantly, and in
common with the organic route, highly ﬂuorescent QDs
covering the UV to IR spectral range can be conveniently
synthesized in water. In addition, a wide variety of QD
structurescore/shells, QD alloys, and doped nanocrystals
can all be fabricated even though the chemistries involved are
sometimes more complicated.
Aqueously grown QDs have always had the beneﬁt of being
easy to scale up, whereas in the past organic phase synthesis
such as the hot injection approach was for many years
inherently limited to being carried out on small volumes of
solution per batch (few tens of milliliters). This has of course
changed somewhat nowadays: many QD materials can be
synthesized in organic solvents by hot injection methods in
larger volumes or in continuous ﬂow reaction systems, and the
thermal ramp or “heat-up” method has also contributed to the
better prospects for commercial scale manufacturing. In this
respect organic solvent based methods have caught up with
aqueous synthetic methods, though the latter has the beneﬁt of
using the ultimate green solvent. However, it remains a
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Biosynthesis in particular oﬀers the appeal of a green
biofactory for growing QDs under mild physiological
conditions, thereby rendering the NCs directly biocompatible
and biofunctionalized without any additional steps. In-depth
studies of reaction pathways leading to the formation of metal
chalcogenide QDs are still awaiting further detailed investigations. These will open up paths to biocompatible QDs with
tunable optical properties, especially combining the natural or
engineered biological functions of microorganisms to derive
biocompatible QD probes with speciﬁc targeting abilities. At
present the latter remains in its infancy; there is an immense
range of further studies ahead to capitalize on the potential
ability of such biofactories.
The development of QDs with chirality has the added
beneﬁts of circularly polarized luminescence and optical
rotation in the absorption spectrum. Enantiomeric QDs can
be conveniently grown directly in water owing to the versatility
of water-soluble chiral ligands. The chiral response in both
visible and IR ranges may also prove to have device application
beneﬁts in the future. Chiral materials can be said to show
negative refraction properties which can lead to many useful
types of optoelectronic components such as lenses limited only
by the material quality rather than the Abbe limit, etc. Negative
index materials based on QDs have also shown strong optical
nonlinearities that may ﬁnd applications in optical communications systems. Second order nonlinearities in particular
beneﬁt from the lack of a center of inversion symmetry in
chiral systems, thus removing the need to induce and lock in
polar noncentrosymmetric ordering of ﬂuorophores or
chromophores during device fabrication.
To conclude, the aqueous synthesis of QDs has been
developing for more than 30 years and shows itself as a robust
method especially for scalable and biocompatible NC
production. The involvement of water and hydroxyl and
other ions makes the synthetic system more complicated than
for other methods, but this is more than compensated for by
the versatility in both the chemistry of QD formation itself and
in how the QDs can be modiﬁed, incorporated into other forms
of hydrophilic structures, and assembled into QD superstructures. Working in aqueous medium challenges not only the
synthetic chemistry but also the understanding of QD surfacerelated physics. Mastering the application of these disciplines to
nanomaterials can bring great rewards by bringing forth both
improved materials and novel complex hybrid materials. Both
can lead to better and new QD-based devices and applications,
with the added appeal that the materials may also be
manufacturable economically, at scale, and with minimum
environmental impact, but also lead to technologies that may
make a positive contribution to reducing mankind’s burden on
the world’s resources.

polaron states, may also couple energy to the surroundings in a
nonadiabatic manner.627
Each of these coupling modes requires further experimental
investigation to formulate a structural solution to minimize
their eﬀect and to mitigate the impact of the QD surroundings.
Especially for narrow band gap QDs there remains a great deal
more to be learned in terms of both their physics and
chemistry, in particular the details of the surface of the NC
itself, and the precise nature of the near-surface environment
around the QDs. In general, being able to precisely engineer
the surface will allow for even more eﬀective control over
surface traps, and will help to improve the PL QY of an even
broader range of materials than are currently available and
minimize nonradiative recombination rates.
Very early, it was realized that Auger recombination in
conjunction with carrier trapping would present a substantial
barrier for light emissive applications. However, through the
persistence of chemists, theoreticians, device engineers, and
spectroscopists, the Auger roadblock is being patiently
dissolved. The development of core/shell QDs with softened
interfaces via composition gradients can lessen the inﬂuence of
Auger recombination even at room temperature. The
theoretical treatment of these heterostructures has been
followed by numerous practical examples where such QDs
have been synthesized and characterized, showing greatly
reduced luminescence intermittency and improved PL QY. The
use of heterostructures in general (core/thick shells as well as
gradients) has made a big impact in ﬁghting the Auger problem
as well as reducing the carrier surface trapping issue. However,
Auger recombination alone has not been the only barrier to
optoelectronic exploitation of colloidal QDs: there have been
many other physics and engineering problems to overcome.
Ultrafast spectroscopy and single dot blinking/single dot
spectroscopy have brought a great deal of insight into the
various types of Auger nonradiative recombination processes
(trion recombination, biexciton and multiexciton annihilation)
and Auger mediated carrier trapping mechanisms.837 This has
provided the feedback to allow chemists to produce QDs with
optimized structures for blocking these deleterious routes to
photocarrier recombination. There are many accounts where
QD intermittency has been shown to be almost completely
suppressed and Auger lifetimes extended to the extent that
biexciton and trion radiative838−840 recombination can be
observed. A future challenge is therefore to widen the ﬂexibility
of aqueous synthesis methods to allow the production of such
high quality heterostructures but at scale and with low
environmental impact.
Although it might have been assumed that Cd and other
heavy metal based QDs would have been completely replaced
in bioapplications, Cd chalcogenides continue to be very
actively worked upon in both fundamental biological research
areas and application areas in connection with biosensing, cell
labeling, and cell imaging studies, and they are ﬁnding
increasingly solid and near commercializable performance.
Even if CdTe QDs are never likely to be used in vivo, they
nevertheless have a key role in driving the work forward for
achieving low toxicity alternatives and improving PL QY,
especially in the NIR. The chemistry for aqueous synthesis of
Ag chalcogenides and CuInS2-based QDs has beneﬁted from
prior know-how from II−VI QDs, but these heavy-metal-free
QDs look much more plausible with respect to in vivo
applications.
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