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1. Introduction

Colloidal semiconductor nanocrystals (NCs) are crystalline particles with di-
ameters ranging typically from 1 to 10 nm, comprising some hundreds to a few
thousands of atoms. The inorganic core consisting of the semiconductor material is
capped by an organic outer layer of surfactant molecules (“ligands”), which provide
sufficient repulsion between the crystals to prevent them from agglomeration. In the
nanometer size regime many physical properties of the semiconductor particles
change with respect to the bulk material. Examples of this behavior are melting
points and charging energies of NCs, which are, to a first approximation, proportional
to the reciprocal value of their radii. At the origin of the great interest in NCs was
yet another observation, namely the possibility of changing the semiconductor band
gap — that is the energy difference between the electron-filled valence band and the
empty conduction band — by varying the particle size. In a bulk semiconductor an
electrone™ can be excited from the valence to the conduction band by absorption of a
photon with an appropriate energy, leaving a hole h in the valence band. Feeling
each other’s charge, the electron and hole do not move independently from each other
because of the Coulomb attraction. The formed e —h™ bound pair is called an
exciton and has its lowest energy state slightly below the lower edge of the
conduction band. At the same time its wave function is extended over a large region
(several lattice spacings), i.e. the exciton radius is large, since the effective masses of
the charge carriers are small and the dielectric constant is high [1]. To give examples,
the Bohr exciton radii in bulk CdS and CdSe are approximately 3 and 5nm.
Reduction of the particle size to a few nanometers produces the unusual situation
that the exciton size can exceed the crystal dimensions. To “fit” into the NC, the
charge carriers have to assume higher kinetic energies leading to an increasing band
gap and quantization of the energy levels to discrete values. This phenomenon is
commonly called “quantum confinement effect” [2], and its theoretical treatment is
usually based on the quantum mechanical particle-in-a-box model [3]. With de-
creasing particle size, the energetic structure of the NCs (also termed guantum dots)
changes from a band-like one to discrete levels. Therefore, in some cases a
description by means of molecular orbital theory may be more appropriate, applying
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the terms HOMO (highest occupied molecular orbital) and LUMO (lowest un-
occupied molecular orbital) instead of conduction band and valence band. This
ambiguity in terminology reflects the fact that the properties of semiconductor NCs
lie in between those of the corresponding bulk material and molecular compounds.
The unique optical properties of semiconductor NCs are exploited in a large variety
of applications essentially in the fields of biological labeling and (opto-)electronics.

Initiated by pioneering work in the early 1980s [4—7], the research on semicon-
ductor NCs went through a remarkable progress after the development of a novel
chemical synthesis method in 1993, which allowed for the preparation of samples
with a low size dispersion [8]. The physical properties of NCs, and in particular the
optical ones, are strongly size-dependent. To give an example, the linewidth of the
photoluminescence (PL) peak is directly related to the size dispersion of the NCs, and
thus a narrow size distribution is necessary to obtain a pure emission colour. It is
common practice to term samples whose deviation from the mean size is inferior or
equal to 5-10% as “monodisperse”. The method developed by Murray et al. [8] was
the first one to allow for the synthesis of monodisperse cadmium chalcogenide NCs
in a size range of 2-12nm. It relies on the rapid injection of organometallic
precursors into a hot organic solvent. Numerous synthesis methods deriving from
the original one have been reported in literature in the last 15 years. Nowadays a
much better understanding of the influence of the different reaction parameters has
been achieved, allowing for the rational design of synthesis protocols.

The goal of this chapter is to give a representative overview of the state of the art
concerning the chemical synthesis of semiconductor NCs/quantum dots in organic
solvents with a special emphasis on recent developments. Surface functionalization
as well as applications of semiconductor NCs go beyond the scope of this chapter.
Several reviews on NCs’ synthesis have appeared in the literature during the last 5
years [9—12]. In addition, the synthesis of core/shell (CS) structures, comprising a
NC of a first semiconductor (core), surrounded by an epitaxial, generally 0.5-2-nm
thick layer of another semiconductor (shell) is discussed. Core/shell systems are
intensively studied due to their superior optical properties and higher stability as
compared to core NCs. On the other hand, differing synthesis methods, such as the
preparation of NCs in aqueous media [13, 14], in microemulsions [15], at the oil-
water interface [16], in ionic liquids [17] or in supercritical fluids [18] are not treated
here. Concerning the shape control of NCs, the preparation of core/multishell
structures, or the synthesis of NCs or heterostructures comprising other types of
materials than semiconductors (e.g. oxides or metals), the interested reader is
referred to other chapters of this book.

The text is organized as follows:

Succeeding this introduction (Sect. 1), a brief description of the basic optical and
structural properties of semiconductor NCs is given (Sect. 2). In addition, the general
principles of the synthesis of core and core/shell NCs in organic solvents at elevated
temperature are outlined.

In Sect. 3, the current state of the art concerning the synthesis of core NCs of
different families of elemental and compound (binary and tertiary) semiconductors is
reviewed. Section 4 deals with the preparation of core/shell structures comprising
two different semiconductors. At the same time, the consequences of the band
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alignment, i.e. the relative positions of the electronic energy levels of both con-
stituents, on the optical properties of the NCs are discussed. Finally, it is attempted to
sketch some perspectives concerning the development of this domain in the near
future (Sect. 5).

2. Basic properties of nanocrystals

2.1 Optical properties of semiconductor nanocrystals

2.1.1 Absorption. Asithas already been stated in the introduction, absorption
of a photon by the NC occurs if its energy exceeds the band gap. Due to quantum
confinement, decreasing the particle size results in a hypsochromic (blue-) shift of
the absorption onset [19]. A relatively sharp absorption feature near the absorption
onset corresponds to the excitonic peak, i.e. the lowest excited state exhibiting a large
oscillator strength (cf. Fig. 1). While its position depends on the band gap and,
consequently, on the particle size, its form and width is strongly influenced by the
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Fig. 1. Absorption and normalized photoluminescence spectra of a size series of CdSe NCs (spectra
vertically shifted for clarity) [21]
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distribution in size, as well as the form and stoichiometry of the NCs. Therefore
polydisperse samples typically exhibit only a shoulder in the absorption spectrum at
the position of the excitonic transition. Less pronounced absorption features in the
shorter wavelength range correspond to excited states of higher energy [20]. As arule
of thumb, it can be asserted that the larger the number of such spectral features and
the more distinctly they are resolved in the absorption spectrum, the smaller is the
size dispersion of the sample. In Fig. 1 the absorption and photoluminescence spectra
of a series of CdSe NCs differing in size are depicted.

2.1.2 Photoluminescence. Photoluminescence, i.e. the generation of lumi-
nescence through excitation by photons, is formally divided into two categories,
fluorescence and phosphorescence, depending upon the electronic configuration of
the excited state and the emission pathway. Fluorescence is the property of a
semiconductor to absorb photons with an energy hv, superior to its band gap, and
— after charge carrier relaxation via phonons to the lowest excited state — to emit light
of a higher wavelength (lower energy hvy) after a brief interval, called the fluores-
cence lifetime (Fig. 2). The process of phosphorescence occurs in a similar manner,
but with a much longer excited state lifetime, due to the symmetry of the state.

The emitted photons have an energy corresponding to the band gap of the NCs and
for this reason the emission colour can be tuned by changing the particle size. It
should be noted here that efficient room temperature band edge emission is only
observed for NCs with proper surface passivation because otherwise charge carriers
are very likely to be trapped in surface states, enhancing non-radiative recombina-
tion. Due to spectral diffusion and the size distribution of NCs, the room temperature
luminescence linewidths of ensembles lie for the best samples of CdSe NCs in the
range of 20-25 nm (full width at half maximum, FWHM). As can be seen in Fig. 1,
the maxima of the emission peak are red-shifted by ca. 10-20 nm as compared to the
excitonic peak in the absorption spectra. This phenomenon is usually referred to as
Stokes-shift and has its origin in the particular structure of the exciton energy levels
inside the NC. Models using the effective mass approximation show that in bulk
wurtzite CdSe the exciton state (153,,1S,) is eight-fold degenerate [22]. In CdSe NCs,
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Fig. 2. Fluorescence in a bulk semiconductor
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Fig. 3. Schematic representation of the exciton states of CdSe NCs involved in absorption and
emission processes

this degeneracy is partially lifted and the band edge state is split into five states, due to
the influence of the internal crystal field, effects arising from the non-spherical
particle shape and the electron—hole exchange interaction (see Fig. 3). The latter term
is strongly enhanced by quantum confinement [23].

Two states, one singlet state and one doublet state, are optically inactive for
symmetry reasons. The energetic order of the three remaining states depends on the
size and form of the NC. In the case of weak excitation on a given state, absorption
depends exclusively on its oscillator strength. As the oscillator strength of the second
and third excited (“bright”) states is significantly higher than that of the first (“dark”)
one, excitation by photon absorption occurs to the bright states. On the opposite,
photoluminescence depends on the product of oscillator strength and population of
the concerned state. Relaxation via acoustic phonon emission from bright states to
the dark band edge state causes strong population of the latter and enables radiative
recombination (Fig. 3). This model is corroborated by the experimental room
temperature values of the Stokes-shift, which are consistent with the energy
differences between the related bright and dark states.

2.1.3 Emission of single nanocrystals, blinking phenomenon. Spectro-
scopic investigation of single semiconductor NCs revealed that their emission under
continuous excitation turns on and off intermittently. This blinking is a common
feature also for other nanostructured materials, involving porous Si [24] and
epitaxially grown InP quantum dots [25], as well as chromophores at the single
molecule level such as polymer segments [26], organic dye molecules [27] and green
fluorescent protein (GFP) [28]. However, the origin of the intermittence is com-
pletely different for NCs and single dye molecules: in the latter resonant excitation
into a single absorbing state takes place. Due to spectral shifting events the excitation
isno longer in resonance and a dark period begins. NCs, on the other hand, are excited
non-resonantly into a large density of states above the band edge. While their
emission statistics and its modelling is the issue of a large number of publications,
detailed understanding of the blinking phenomenon has not yet been achieved. The
sequence of “on” and “off” periods resembles a random telegraph signal on a time
scale varying over several orders of magnitude up to minutes and follows a temporal
statistics described by an inverse power law [29]. Transition from an “on” to an “off”
state of the NC occurs by photo-ionization, which implies the trapping of a charge
carrier in the surrounding matrix (dangling bonds on the surface, solvent, etc.).
A single delocalized electron or hole rests in the NC core. Upon further excitation this
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gives rise to fast (nanosecond order) non-radiative relaxation through Auger
processes, i.e. energy transfer from the created exciton to the delocalized charge
carrier [30]. Mechanisms for a return to the “on” state are the recapture of the
localized charge carrier into the core or the capture of an opposite charge carrier from
traps in the proximity. Both pathways can be accompanied by a reorganization of the
charge distribution around the NCs. As a consequence the local electric field
changes leading to a Stark shift of the photoluminescence peak [31, 32].

2.1.4 Efficiency of the emission: fluorescence quantum yield. The emis-
sion efficiency of an ensemble of NCs is expressed in terms of the fluorescence
quantum yield (Q.Y.), i.e. the ratio between the number of absorbed photons and the
number of emitted photons. As a consequence of the blinking phenomenon (vide
supra) the theoretical value of 1 is hard to observe because a certain number of NCs
are in “off” states. Furthermore the Q.Y. may be additionally reduced as a result of
quenching caused by surface trap states. As both of these limiting factors are closely
related to the quality of the NC surface, they can be considerably diminished by its
improved passivation. This can be achieved by changing the nature of the organic
ligands, capping the NCs after their synthesis. To give an example, after substitution
of the trioctylphosphine oxide (TOPO) cap on CdSe NCs by hexadecylamine (HDA)
or allylamine, an increase of the Q.Y. from about 10% to values of 40-50% has been
reported [33]. In this case better surface passivation probably results from an
increased capping density of the sterically less-hindered amines as compared to
TOPO. Very recently the influence of thiol and amine ligands on the PL properties
of CdSe-based NCs has been studied in further details by Munro et al. [34]. Jang et al.
obtained cadmium chalcogenide NCs with Q.Y.s up to 75% after treatment with
NaBH, and explained the better surface passivation by the formation of a cadmium
oxide layer [35]. In the case of III-V semiconductors, Mici¢ et al. and Talapin et al.
reported an enhancement of the PL Q.Y. of InP NCs from less than 1% to 25-40%
upon treatment with HF [36, 37]. Here the improved emission properties have
been attributed to the removal of phosphorus dangling bonds under PF; elimination
from the NC surface.

However, in view of further NC functionalization, it is highly desirable to provide a
surface passivation, which is insensitive to subsequent ligand exchange. This is
obviously not the case with the described procedures for Q.Y. enhancement. A
suitable and widely applied method consists of the growth of an inorganic shell on the
surface of the NCs. The resulting core/shell systems will be described in detail in
Sect. 2.3.

2.2 Structural properties of nanocrystals. Most binary octet semiconduc-
tors crystallize either in the cubic zinc blende (ZB) or in the hexagonal wurtzite (W)
structure, both of which are four-coordinate and vary in the layer stacking along
(111), showing an ABCABC or an ABAB sequence, respectively (Fig. 4).

The room temperature ground state structures of selected II-VI, III-V and IV-VI
semiconductors are given in Table 1 (Sect. 2.4.1). In cases of relatively low
difference in the total energy between the ZB and the W structure (e.g. CdTe,
ZnSe), the materials exhibit the so-called W—ZB polytypism [38]. Depending on the
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Fig. 4. a Zinc blende, b wurtzite crystal structure

experimental conditions, nucleation and growth of the NCs can take place in either
structure and also the coexistence of both structures in the same nanoparticle is
possible. Lead chalcogenide NCs crystallize in the six-coordinate rocksalt structure
(cf. Table 1, p 46), and it has been shown that also CdSe NCs can exist in this crystal
structure at ambient pressure, provided that their diameter exceeds a threshold size of
11 nm, below which they transform back to the four-coordinate structure [39].

2.3 Core/shell structures. Surface engineering is an important tool to control
the properties of the NCs and in particular the optical ones. One important strategy is
the overgrowth of NCs with a shell of a second semiconductor, resulting in CS
systems. This method has been applied to improve the fluorescence Q.Y. and the
stability against photo-oxidation but also, by proper choice of the core and shell
materials, to tune the emission wavelength in a large spectral window. After
pioneering work in the 1980s and the development of powerful chemical synthesis
routes in the end of the 1990s [40—42], a strongly increasing number of articles have
been devoted to CS NCs in the last 5 years. Nowadays, almost any type of core NC
prepared by a robust chemical synthesis method has been overgrown with shells of
other semiconductor materials.

Depending on the band gaps and the relative position of electronic energy levels of
the involved semiconductors, the shell can have different functions in CS NCs.
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Scheme 1. Electronic energy levels of selected III-V and 1I-VI semiconductors using the valence band
offsets from [43] (VB: valence band, CB: conduction band)
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Scheme 1 gives an overview of the band alignment of the bulk materials, which are
mostly used in NC synthesis. Two main cases can be distinguished, denominated
type I and type Il band alignment, respectively. In the former, the band gap of the shell
material is larger than that of the core one, and both electrons and holes are confined
in the core. In the latter, either the valence band edge or the conduction band edge of
the shell material is located in the band gap of the core. The resulting staggered
band alignment leads upon excitation of the NC to a spatial separation of the hole and
the electron in different regions of the CS structure.

At this point, it is important to stress that the type I/type II distinction must not be
mistaken for the difference between direct and indirect semiconductors. In the first
case, type | heterostructures experience optical transitions between electron and hole
states, whose wavefunctions are localized in the same region in the real space,
whereas for type II heterostructures, the electron and hole lie in different regions
(here, the core and shell of the NCs). In the second case, the distinction between
direct and indirect semiconductors concerns transitions between electron and hole
states located at the same (direct) or at different (indirect) points in the reciprocal
(wavevector) space. Indirect optical transitions involve the simultaneous emission
or absorption of a phonon, thus having a much lower probability than direct
transitions. A typical example of an indirect semiconductor is silicon, consequently
exhibiting a very low fluorescence Q.Y. in its bulk form.

In type I CS NCs, the shell is used to “passivate” the surface of the core with the
goal to improve its optical properties. The shell separates physically the surface of
the optically active core NC from its surrounding medium. As a consequence, the
sensitivity of the optical properties to changes in the local environment of the NCs’
surface, induced for example by the presence of oxygen or water molecules, is
reduced. With respect to core NCs, CS systems exhibit generally enhanced stability
against photo-degradation. At the same time, shell growth reduces the number of
surface dangling bonds, which can act as trap states for charge carriers and reduce
the fluorescence Q.Y. The first published prototype system was CdSe/ZnS [40].
The ZnS shell significantly improves the fluorescence Q.Y. and stability against
photo-bleaching. Shell growth is accompanied by a small red shift (5-10 nm) of the
excitonic peak in the UV-vis absorption spectrum and the PL wavelength.
This observation is attributed to a partial leakage of the exciton into the shell
material.

In type II systems, shell growth aims at a significant red shift of the emission
wavelength of the NCs. The staggered band alignment leads to a smaller effective
band gap than each one of the constituting core and shell materials. The interest of
these systems is the possibility to tune the emission colour with the shell thickness
towards spectral ranges, which are difficult to attain with other materials. Type II NCs
have been developed in particular for near infrared emission, using for example
CdTe/CdSe or CdSe/ZnTe. In contrast to type I systems, the PL decay times are
strongly prolonged in type II NCs due to the lower overlap of the electron and hole
wavefunctions. As one of the charge carriers (electron or hole) is located in the shell,
an overgrowth of type I CS NCs with an outer shell of an appropriate material can be
used in the same way as in type | systems to improve the fluorescence Q.Y. and
photo-stability.
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2.4 Chemical synthesis of semiconductor nanocrystals

2.4.1 Synthesis methods. Historically the synthesis in aqueous media was the
first successful preparation method of colloidal semiconductor NCs. Therefore, it
is briefly described in this paragraph, even though the present chapter is dedicated
to the synthesis in organic solvents. The topic is addressed in details in the Chapter
of Gaponik and Rogach. Initially developed procedures comprise NC formation in
homogenous aqueous solutions containing appropriate reagents and surfactant-type
or polymer-type stabilizers [44, 45]. The latter bind to the NC surface and stabilize
the particles by steric hinderance and/or electrostatic repulsion in the case of charged
stabilizers. In parallel to this monophase synthesis, a bi-phase technique has been
developed, which is based on the arrested precipitation of NCs within inverse
micelles [5, 7, 46]. Here nanometer-sized water droplets (dispersed phase) are
stabilized in an organic solvent (continuous phase) by an amphiphilic surfactant.
They serve as nanoreactors for the NC growth and prevent at the same time from
particle agglomeration. Both methods provide relatively simple experimental ap-
proaches using standard reagents as well as room temperature reactions and were of
great importance for the development of NC synthesis. Furthermore, for some
materials (e.g. mercury chalcogenides) [47—49] the aqueous synthetic technique is
the only successful preparation method reported today. On the other hand, the
samples prepared by these synthetic routes usually exhibit size dispersions at least of
the order of 15% and therefore fastidious procedures of NCs separation into “sharp”
fractions have to be applied in order to obtain monodisperse samples.

The introduction of a high temperature preparation method using organic solvents
in 1993 [8] constituted an important step towards the fabrication of monodisperse
CdS, CdSe and CdTe NCs. As demonstrated in classical studies by LaMer and
Dinegar [50], the synthesis of monodisperse colloids via homogeneous nucleation
requires a temporal separation of nucleation and growth of the seeds. The LaMer plot
(Fig. 5) is very useful to illustrate the separation of nucleation and growth by means
of a nucleation burst.

Supersaturation

Fig. 5. LaMer plot depicting the degree of supersaturation as a function of reaction time [50]
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Initially the concentration of monomers, i.e. the minimum subunits of the crystal,
constantly increases by addition from exterior or by in situ generation within the
reaction medium. It should be noted that in stage I no nucleation occurs even in
supersaturated solution ($>1), due to the extremely high energy barrier for
spontaneous homogeneous nucleation. The latter is overcome in stage II for a yet
higher degree of supersaturation (S>S.), where nucleation and formation of stable
nuclei take place. As the rate of monomer consumption induced by the nucleation
and growth processes exceeds the rate of monomer supply, the monomer con-
centration and hence the supersaturation decreases below S, the level at which the
nucleation rate becomes zero. In the following stage III, the particle growth
continues under further monomer consumption as long as the system is in the
supersaturated regime.

Experimentally, the separation of nucleation and growth can be achieved by
rapid injection of the reagents into the hot solvent, which raises the precursor
concentration in the reaction flask above the nucleation threshold (“hot-injection
method”) [51]. The hot-injection leads to an instantaneous nucleation, which is
quickly quenched by the fast cooling of the reaction mixture (the solution to be
injected is at room temperature) and by the decreased supersaturation after the
nucleation burst. Another possibility relies on attaining the degree of super-
saturation necessary for homogeneous nucleation via the in situ formation of
reactive species upon supply of thermal energy (“heating-up method”) [12]. This
method is widely used in the synthesis of metallic nanoparticles, but recently an
increasing number of examples of semiconductor NCs prepared by this approach
can be found, as will be shown in Sect. 3. In an ideal case all crystallization nuclei
are created at the same time and undergo identical growth. During the growth stage
it is possible to carry out subsequent injections of precursors in order to increase
the mean particle size without deterioration of the narrow size distribution as long
as the concentration corresponding to the critical supersaturation S. is not
exceeded. Crystal growth from solution is in many cases followed by a second
distinct growth process, which is referred to as Ostwald ripening [52, 53]. It
consists of the dissolution of the smallest particles because of their high surface
energy and subsequent redeposition of the dissolved matter onto the bigger ones.
Thereby the total number of NCs decreases, whereas their mean size increases. As
shown in early studies [54], Ostwald ripening can lead to reduced size dispersions
of micron-sized colloids. In the case of nanometer-sized particles, however,
Ostwald ripening generally yields size dispersions of the order of 15-20%
[13], and therefore the reaction should be stopped before this stage.

From a thermodynamic point of view, if diffusion is the rate-limiting step, the
size-dependent growth rate can be expressed by means of the Gibbs—Thompson
equation (Eq. 1) [55]:

L(r) = Loukexp(2yVm/rRT) (1)

L(r) and Ly, are the solubilities of a NC with radius r and of the bulk solid,
respectively. g is the specific surface energy, V,,, the molar volume of the solid, R the
gas constant and 7 the temperature. The validity of Eq. (1) and the focusing of size
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distributions during the diffusion-controlled NC growth have been confirmed
experimentally [56, 57]. Using the hot-injection or heating-up synthesis methods,
it is possible to obtain samples with 5-10% standard deviation from the mean size
without post-preparative size fractionation.

One of the main disadvantages of the initially reported preparation methods lies in
the fact that pyrophoric organometallic precursors were applied. Their use requires
special experimental precautions and their extremely high reactivity restricts the
batches to laboratory scale quantities. As a result, in recent years the development of
NC high temperature synthesis focused on the replacement of these organometallic
precursors by easy to handle standard reagents. To give an example, in the
preparation of cadmium chalcogenide NCs, dimethylcadmium has been successfully
substituted by cadmium oxide or cadmium salts of weak acids (cadmium acetate,
cadmium carbonate) after complexation with long chain phosphonic or carboxylic
acids [58, 59]. A further modification of the high temperature methods consisted of
the appropriate selection of coordinating and non-coordinating solvents, with the
goal to determine their influence on the nucleation and growth kinetics of the NCs
and to fine-tune the reactivity of the precursors aiming at obtain narrow size
distributions of the order of 5% [60]. More recently, studies have been undertaken
by means of NMR spectroscopy, giving important insight into the chemical reactions
occurring during the formation of CdSe NCs using the hot-injection method [61].
Concerning other materials, it can be concluded that the synthesis methods initially
developed for CdSe NCs have been adapted to the majority of II-VI and a few I1I-V
semiconductors in the last 5 years. The exponentially increasing number of pub-
lications proves that this research field is worldwide highly active.

2.4.2 Synthesis of core/shell systems. A general requirement for the synthe-
sis of CS NCs with satisfactory optical properties is epitaxial-type shell growth.
Therefore an appropriate band alignment is not the sole criterion for materials’
choice but, in addition, the core and shell materials should crystallize in the same
structure and exhibit a small lattice mismatch. In the opposite case, the growth of the
shell results in strain and the formation of defect states at the core/shell interface or
within the shell. These can act as trap states for photo-generated charge carriers and
diminish the fluorescence Q.Y. [62]. Table 1 lists structural parameters of selected
semiconductor materials.

Good precursors for shell growth should fulfill the criteria of high reactivity and
selectivity (no side reactions). For practical reasons, and in particular if an upscaling
of the reaction or industrialization of the production process is aimed, additional
properties of the precursors come into play. Pyrophoric and/or highly toxic com-
pounds require special precautions for their manipulation, especially if used in large
quantities. To give an example, for the synthesis of zinc sulfide shells on various core
NCs, first diethylzinc (pyrophoric) and hexamethyldisilathiane (toxic) have been
proposed. Even though widely used in laboratory scale syntheses, these compounds
are not very suitable for a large scale production of ZnS overcoated NCs. Further
criteria, which have to be taken into account for the choice of the precursors concern
the environmental risks related to the use of these compounds and eventually their
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Table 1. Structural parameters of selected bulk semiconductors [63, 64]

Material Structure (300 K) Type Egyp (eV) Lattice parameter (A) Density (kg/m3)
ZnS Zinc blende 1I-VI 3.61 541 4090
ZnSe Zinc blende 1I-VI 2.69 5.668 5266
ZnTe Zinc blende 1I-VI 2.39 6.104 5636
CdS Waurtzite II-VI 2.49 4.136/6.714 4820
CdSe Waurtzite 1I-VI 1.74 4.3/7.01 5810
CdTe Zinc blende 1I-VI 143 6.482 5870
GaN Waurtzite m-v 3.44 3.188/5.185 6095
GaP Zinc blende -v 2.27i* 5.45 4138
GaAs Zinc blende v 1.42 5.653 5318
GaSb Zinc blende m-v 0.75 6.096 5614
InN Wurtzite m-v 0.8 3.545/5.703 6810
InP Zinc blende 1-v 1.35 5.869 4787
InAs Zinc blende nm-v 0.35 6.058 5667
InSb Zinc blende -v 0.23 6.479 5774
PbS Rocksalt IV-VI 0.41 5.936 7597
PbSe Rocksalt IV-VI 0.28 6.117 8260
PbTe Rocksalt IV-VI 0.31 6.462 8219

#Indirect band gap

degradation products, their price and their commercial availability. As it is rather
difficult to satisfy all of these factors, the development of shell synthesis methods is
currently an active area of research.

The control of the shell thickness is a delicate point in the fabrication of CS NCs
and deserves special attention. If the shell is too thin, the passivation of the core NCs
is inefficient resulting in reduced photo-stability. In the opposite case, in turn, the
optical properties of the resulting CS NCs deteriorate as, driven by the lattice
mismatch of the core and shell materials, defects are created with increasing shell
thickness. CS systems are generally fabricated in a two-step procedure, consisting of
core NCs’ synthesis, followed by a purification step, and the subsequent shell growth
reaction, during which a small number of monolayers (typically 1-5) of the shell
material are deposited on the cores. The temperature used for the core NC synthesis is
generally higher than that used for the shell growth and the shell precursors are
slowly added, for example by means of a syringe pump. The major advantages over a
so-called one-pot approach without intermediate purification step is the fact that
unreacted precursors or side-products can be eliminated before the shell growth. The
core NCs are purified by precipation and redispersion cycles, and finally they are
redispersed in the solvent used for the shell growth. In order to calculate the required
amount of shell precursors to obtain the desired shell thickness, the knowledge of the
concentration of the core NCs is indispensable. In the case of cadmium chalcogenide
NCs, the concentration of a colloidal solution can be determined in good approx-
imation by means of UV-vis absorption spectroscopy thanks to tabulated relation-
ships between the excitonic peak, the NC size and the molar exctinction coefficient
[65]. An advanced approach for shell growth derived from chemical bath deposition
techniques and aiming at the precise control of the shell thickness, is the so-called
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SILAR (successive ion layer adsorption and reaction) method [66]. It is based on the
formation of one monolayer at a time by alternating the injections of cationic and
anionic precursors and has firstly been applied for the synthesis of CdSe/CdS CS
NCs. Monodispersity of the samples was maintained for CdS shell thicknesses up
to five monolayers on 3.5nm core CdSe NCs, as reflected by the narrow PL
linewidths obtained in the range of 23-26 nm (FWHM).

3. Chemical synthesis of core nanocrystals in organic solvents

3.1 1I-VI semiconductor nanocrystals. Table 2 gives an overview of the
combinations of precursors, stabilizers and solvents mainly used in the synthesis of
II-VI semiconductor NCs. As already stated in Sect. 2, the synthesis of NCs in
organic solvents can be divided into two principal groups, the hot-injection method
and the heating-up method. Due to the less restrictive experimental requirements,
the latter has significant advantages if the large scale production of monodisperse
NCs is aimed. Therefore, a gain of importance of this method is observed within the
last years.

3.1.1 Binarysystems. The pioneering work of Murray et al. [8] on the synthesis
of monodisperse CdSe, CdS, CdTe NCs via the hot-injection technique experienced a
number of modifications since its publication in 1993. The latter can be classified
into two groups, the first one aiming at the further improvement of the particles’ size
and shape control, and the second one at the simplification of the experimental
protocol. The addition of HDA to the TOPO/trioctylphosphine(TOP) mixed solvent
proposed by Talapin et al. [33] can be counted in the first group and led to an
unprecedented low size distribution of the as-prepared CdSe NCs of the order of 5%.
Concerning the second group, several contributions of Peng’s group in the last 7 years
have to be outlined. In a first time, the replacement of the pyrophoric Cd precursor
dimethylcadmium by much easier to handle compounds such as cadmium oxide,
cadmium acetate or cadmium nitrate was proposed [58, 59]. The latter are trans-
formed by phosphonic or fatty acids into reactive species prior to the injection of the
Se precursor. The next step concerned the substitution of the coordinating solvent
TOPO by the non-coordinating one 1-octadecene (ODE) [60]. This solvent offers a
number of practical advantages (liquid at room temperature, lower price and more
environmentally benign than TOPO). Moreover, the use of ODE allows for a better
fine-tuning of the reactivity of the Cd precursor, as the solvent does not have the
additional function of being the stabilizing ligand. Fatty acids accomplish this role
and it has been demonstrated that the mean size and size dispersion depend on the
length of the carbonaceous chain. While also applicable to CdSe and CdTe NCs, this
approach was the first one to yield monodisperse CdS NCs without additional size
sorting procedures. Very recently, the use of different alkylamines as stabilizing
ligands has been studied in detail, which allowed for the decrease of the reaction
temperature to 150°C, 100-200°C lower than in previously reported procedures
[91]. The last ingredient of the original CdSe synthesis to be replaced was the Se
precursor TOP-Se. Motivated by the fact that trialkylphosphines such as TOP or TBP
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Table 2. Precursors, stabilizers and solvents used in the synthesis of various II-VI semiconductor NCs

Material Precursors and stabilizers Solvent(s) Method®  References
CdS, CdSe, CdTe CdMe,/TOP, (TMS),Se or (TMS),S or TOPO HI [8]
(BDMS),Te
CdSe CdMe,/TOP, TOP-Se TOPO, HDA HI [33, 67]
CdSe, CdTe CdO, TDPA, TOP-Se or TOP-Te TOPO HI [58]
CdSe CdO or Cd(ac), or CdCO3, TOP-Se, TOPO HI [59]
TDPA or SA or LA
CdS, CdSe CdO, S/ODE or TBP-Se/ODE, OA ODE HI [60]
CdSe Cd(st),, TOP-Se, HH or BP HDA, octadecane  HI [68]
CdSe Cd(my),, Se, OA/ODE ODE HU [69]
CdSe CdO, Se/ODE, OA ODE HI [70]
CdSe CdoO, Se, OA Olive oil HI [71]
CdSe Cd(st),, TBP-Se, SA, DDA ODE HI [72]
CdS Cd(ac),, S, MA ODE HU [73]
CdS, ZnS Cd(hdx), or Cd(ex), or Cd(dx), HDA HU [74, 75]
or Zn(hdx),
CdS, ZnS CdCl,/OAm or ZnCl,/OAm/ OAm HU [76]
TOPO, S/OAm
CdTe CdMe,, TOP-Te DDA HI [77]
CdTe CdO, TBP-Te/ODE or ODE HI [78, 79]
TOP-Te/ODE, OA
CdTe CdO, TBP-Te, ODPA ODE HU [69]
ZnS Zn(st),, S/IODE ODE, Tetracosane HI [80]
ZnS ZnEt,, S HDA/ODE HU [81]
ZnSe ZnEt,, TOP-Se HDA HI [82]
ZnSe Zn(st),, TOP-Se Octadecane HI [83]
ZnTe Te and ZnEt, in TOP ODA, ODE HI [84]
HgTe HgBr,, TOP-Te TOPO HI [85]
Cd;_,Zn,Se ZnEt,/TOP, CdMe,/TOP TOPO, HDA HI [86, 87]
Cd,_,Zn,Se Zn(st),, Cd(st),, TOP-Se ODE HI [88]
Cd,_,Zn,S CdO, ZnO, S/ODE, OA ODE HI [89]
CdSe;_,Te, CdO, TOP-Se, TOP-Te TOPO, HDA HI [90]

* HI Hot-injection method; HU Heating-up method

CdMe, dimethylcadmium; ZnEt, diethylzinc; TMS trimethylsilyl; (BDMS),Te bis(tert-butyldimethyl-
silyl) telluride; TDPA tetradecylphosphonic acid; ODPA octadecylphosphonic acid; SA stearic acid; LA
lauric acid; OA oleic acid; MA myristic acid; ac acetate; my myristate; st stearate; hdx hexadecylxanthate;
ex ethylxanthate; dx decylxanthate; TOPO trioctylphosphine oxide; HAD hexadecylamine; DDA
dodecylamine; ODA octadecylamine; TOP trioctylphosphine; TBP tributylphosphine; ODE 1-octade-
cene; HH hexadecyl hexadecanoate; BP benzophenone

are air- and moisture-sensitive and relatively expensive compounds, the groups of
Cao and of Mulvaney proposed phosphine-free synthesis methods for CdSe NCs in
2005 [69, 70]. In the first case, elemental selenium was used as the precursor in a one-
pot reaction. It becomes soluble in ODE above 190°C and starts to react with the Cd
precursor cadmium myristate at higher temperatures. This procedure does not
require the injection of precursors into the hot reaction medium and is therefore
a typical example of the heating-up method. Remarkably, the as-prepared NCs
exhibit a size distribution of the order of 5% and zinc blende crystal structure. The
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Fig. 6. Temporal evolution of a the fluorescence (f) spectrum, b the absorption (A) spectrum, ¢ the
diameter (D) of the nanocrystals, d (and inset) the concentration (C) of the nanocrystals, e FWHM (W) of

the fluorescence spectrum during the phosphine-free synthesis of CdSe NCs using the heating-up
method. Reproduced with permission from [69]. © 2005, Wiley—VCH Verlag GmbH & Co. KGaA

evolution of the optical properties of the CdSe NCs during synthesis is shown
in Fig. 6.

In the protocol of Mulvaney et al. [70], Se powder is dissolved in ODE by 2h
heating at 200°C under inert atmosphere. After cooling to room temperature, this
mixture is injected to the cadmium precursor containing solution at 300°C. Another
recent modification of the CdSe synthesis was proposed by Sapra et al. who used
olive oil as the reaction medium in combination with CdO and elemental Se [71]. As
can be seen from these ingredients, this method is most probably the ultimate
simplification of the original protocol. The possibility to dissolve CdO in olive oil
comes from the fact that oleic acid (OA) is one of its natural components. The authors
used additional OA to synthesize larger-sized NCs and the obtained size range was
2.3-6.0nm. CdTe NCs with a size of 2.5-7.0 nm have been synthesized in dode-
cylamine (DDA) using the classical approach based on CdMe, and TOP-Te [77],
before protocols using non-coordinating solvents came up [69, 78, 79].

The synthesis of II-sulfide NCs (CdS, ZnS) differs somehow from those of the
selenides and tellurides in terms of the applied chalcogenide sources. Elemental
yellow sulfur occurs in discrete Sg molecules, while its heavier homologues form Se,
and Te, rings and chains, which are more difficult to solubilize. Therefore, in most
syntheses, elemental sulfur, dissolved for example in ODE or oleylamine, is used as
the S precursor. An illustrative example is the synthesis of a series of transition metal
sulfide NCs comprising CdS and ZnS described by Joo et al. (cf. Fig. 7) [76]. At the
same time, a number of appropriate monomolecular precursors, containing both the
metal and the S source, are commercially available or easy to prepare. In particular
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Fig.7. TEM images of ZnS NCs synthesized via the heating-up method: a before size-selection process;
b after size-selective precipitation. Inset: HRTEM image of a single ZnS NC. Reprinted with permission
from [76]. © 2003 American Chemical Society

Zn or Cd xanthates and dithiocarbamates have to be mentioned in this context: most
of these compounds decompose at temperatures below 200°C and are therefore
suitable precursors for the preparation of transition metal sulfide NCs. Efrima and
coworkers reported the use of Zn- and Cd-alkylxanthates for the synthesis of the
corresponding sulfide NCs [74, 75].

Concerning zinc selenide, a promising compound for emission in the near UV/
blue range, Hines and Guyot-Sionnest first reported the synthesis of ZnSe NCs show-
ing strong band edge fluorescence in the range from 365 to 445 nm with PL Q.Y.s of
20-50% [82]. Adapting the work on CdSe NCs by Murray et al. [8] they used an
organometallic zinc precursor (diethylzinc) and selenium powder dissolved in TOP
(TOPSe). The major difference, with respect to the case of CdSe was the use of HDA
as a solvent. TOPO turned out to bind too strongly to Zn and therefore an appropriate
balance between the nucleation and the growth crucial for good size control could
not be achieved. At the same time, the combination of HDA and TOP efficiently
passivated the NCs’ surface by removing trap states/dangling bonds, which resulted
in pure band edge fluorescence.

A very simple method for the preparation of a size series of monodisperse ZnSe
NCs was reported in 2004 by our group [83]. Here, pyrophoric diethylzinc was
replaced by an air-stable and easy to manipulate precursor (zinc stearate), while
keeping the established Se precursor (TOPSe) and using the saturated non-coordi-
nating solvent octadecane. In the growth process zinc stearate served not only as
the cation precursor but also as a source of stabilizing stearate ligands. The size of the
obtained ZnSe could be varied from 3 to 7 nm by adjusting the concentration of the
zinc precursor in the reaction mixture and/or varying the temperature, yielding
samples emitting in the range of 390440 nm (FWHM 12-17 nm).

Li et al. reported a similar route implying the use of a mixture of 1-octadecene and
tetracosane combined with the addition of a small amount of octadecylamine (ODA)
to the reaction mixture [80]. According to these authors, ODA was necessary to
activate the zinc carboxylate precursor, otherwise no NCs with low size distributions
could be obtained. Finally, Chen et al. used a shorter chain zinc carboxylate, namely
zinc laurate generated in situ from ZnO and lauric acid in HDA. Size control of the
obtained ZnSe NCs was achieved in a range of 2.5-6nm by varying the reaction
time [92]. ZnTe has been synthesized by injection of a solution containing ZnEt, and
elemental Te in TOP into a mixture of ODA and ODE at 270°C [84]. Concerning the
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mercury chalcogenides, HgTe is the only example to be prepared in organic
solvents to date via the reaction of HgBr, and TOP-Te in a mixture of TOPO and
ODA [85].

3.1.2 Ternarysystems (“alloys”). As aforementioned, by taking advantage of
the quantum confinement effect it is possible to tune, through size control, the
fluorescence wavelength of semiconductor NCs. The formation of a ternary
structure is an alternative way to influence the band gap of the NCs, not by
changing their size but their composition. Although the term “alloy” is, in its strict
sense, limited to solid solutions of two or more metals, it is also widely applied in
literature for the description of ternary systems comprising chalcogenide ions. A
typical example is Cd;_,Zn,Se, corresponding to ZnSe NCs, in which a fraction of
the Zn atoms is substituted by Cd ones in the crystal lattice. The band gap of the
resulting ternary alloy is in between those of pure ZnSe and of pure CdSe NCs of
the same size. In contrast to the crystal lattice parameters, which show, according
to Végard’s law, a linear evolution with composition, the curve describing the
corresponding evolution of the band gap shows a deviation from linear behavior.
However, this difference is not very pronounced for common anion systems such
as Cd;_,Zn,Se or Cd;_,Zn,S [88, 89]. A measure of this deviation is the so-
called bowing parameter, which depends on the difference in electronegativity of
the two end components, here CdSe and ZnSe [93, 94]. Consequently, common
cation alloys (CdS; _,Se,, CdSe,_,Te,) generally present larger bowing parameters
than common anion ones. Different methods of the Cd;_,Zn,Se NCs synthesis
were developed, deriving directly from those used for the binary compounds.
While the Se precursor was generally TOPSe, the use of different Cd and Zn
precursors has been explored. Organometallic approaches based on dimethylcad-
mium and diethylzinc were first applied [86, 87] before the recent development of
a method in which only air-stable precursors (cadmium stearate and zinc stearate)
were used [88]. In the case of CdSe;_,S, NCs, the influence of the nature of the
solvent on the sample properties was recently studied by Al-Salim et al. [95].
The narrowing of the band gap of CdSe NCs by forming a solid solution with
CdTe, further enhanced by the bowing effect, made the near IR emission range
accessible [90].

3.1.3 Doped nanocrystals. Doping — the introduction of a small amount of
“impurities” into the crystal lattice — is an attractive way to change the NCs’ physical
properties. An important example is the doping of II-VI semiconductors with
paramagnetic Mn” T ions (S =°/,), yielding materials denominated dilute magnetic
semiconductors (DMS), which exhibit interesting magnetic and magneto-optical
properties [96]. At the same time, the host NC can act as an antenna for the absorption
of energy (e.g. light) and excitation of the dopant ions via energy transfer. In this case,
mostly UV-absorbing NCs are chosen as the hosts, such as ZnS or ZnSe. Mn-doped
ZnSe is an instructive example for the development of doped II-VI semiconductor
NCs. Bulk ZnSe:Mn exhibits PL. at 582 nm (2.13eV), commonly assigned to an
optically forbidden d—d transition of Mn? " (*T; to °A) [97, 98]. This emission is
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sensitive to the crystal field splitting being itself dependent on the local chemical
environment.

A general problem encountered in essentially all attempts of NCs doping is the fact
that the host matrix tends to expel the dopant ions to the surface, in some sort of “self-
purification” process. Therefore, even in the favourable case of dopant ions, having
the same valence state and similar ionic radius as the corresponding host ions,
successful (volume) doping is difficult to achieve in a straightforward approach by
simply adding a small amount of dopant precursor during the synthesis of the host
NCs. Nevertheless, by adding dimethylmanganese [99] or manganese cyclohex-
anebutyrate [100] to the zinc precursor in the organometallic ZnSe synthesis [82],
successful Mn-doping has been achieved, even though some residual blue emission
from the ZnSe host matrix at low dopant concentrations indicated the co-existence of
both doped and undoped NCs. Similarly, the injection of TBPSe into a solution of
Zn- and Co-acetate in a mixture of ODE, HDA and oleic acid at 310°C led to the
formation of C02+—doped ZnSe NCs [101]. However, the obtained DMS NCs
contained no dopant ions in the central cores and therefore exhibited excitonic
Zeeman splitting energies significantly (40%) smaller than expected from the bulk
ZnSe:Co data. The same group reported recently the Co®" and Mn>" doping of
CdSe, CdS and CdSe/CdS NCs using well-defined Cd-chalcogenide clusters [102] as
starting materials [103].

A decisive step towards the understanding of the doping process was achieved by
Erwin et al. who first succeeded in doping CdSe NCs with Mn®* [104]. They
introduced a model of doping based on kinetics and concluded that the doping
mechanism is controlled by the initial adsorption of impurities on the surface of
growing NCs. Only impurities remaining adsorbed on the surface for a time
comparable to the reciprocal growth rate are incorporated into the NC. Three
main factors influencing this residence time were determined, namely the surface
morphology, NC shape and surfactants present in the growth solution. It has been
shown that (0 O 1) surfaces of ZB crystals exhibit much higher impurity binding
energies than the other two ZB orientations and than any facet of crystals with W or
rock-salt (RS) structures. These findings were fully corroborated by the state-of-
the-art, as all NCs successfully doped with Mn*" ions exhibited the ZB crystal
structure.

A new approach with the goal to achieve the doping of all NCs in a given sample
was explored by Peng and coworkers. In the so-called nucleation-doping strategy,
MnSe nuclei, formed from manganese stearate and TBPSe in octadecylamine at
280°C, were overcoated with ZnSe using zinc stearate or zinc undecylenate. No
residual ZnSe emission was observed and the doped NCs exhibited thermally stable
(up to 300°C) highly efficient (Q.Y. 40-70%) PL in a spectral window of
545-610 nm, depending on the ZnSe shell thickness and on the nature of the surface
ligands (charged or neutral) [105]. The same approach was extended to the doping of
ZnSe with Cu ions (Fig. 8) [106]. In conclusion, with exception of the comparably
broad PL peaks (>50nm at FWHM), their otherwise very interesting optical
properties make transition metal-doped ZnSe NCs promising “green” alternatives
to the widely studied II-VI semiconductor NCs for a number of applications
including biological labeling [107].
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Fig. 8. Photoluminescence of Cu- and Mn-doped ZnSe NCs at high temperature (left); stability of Cu-
doped ZnSe NCs in air (middle); PL spectra of ZnSe-based doped NCs. Reprinted with permission from
[105]. © 2005 American Chemical Society

3.2 llI-V semiconductor nanocrystals. Compared to most of the II-VI and
IV-VINC:s, IT1I-V compounds are generally referred to as “greener” NCs because the
group III elements such as In or Ga are more environmentally friendly than Cd, Pb or
Hg. Nevertheless, the studies and applications of III-V NCs are rather sparse as
compared to their II-VI analogues, principally caused by significant difficulties in
their synthesis. In fact, due to the stronger covalent bonding of the precursors
generally a higher reaction temperature and a longer reaction time are necessary.
These conditions favourize Ostwald ripening, leading to an increased size dispersion.
Therefore, highly reactive organometallic precursors or monomolecular precursors,
containing both the cation and anion already chemically bound in the same molecule,
are applied in a large number of protocols.

The following section focuses on recent developments in the synthesis of mono-
disperse III-V semiconductor NCs. For a more detailed description of the methods
published prior to 2002 the interested reader is referred to the reviews of Green [108]
and Wells and Gladfelter [109]. An overview of the different synthetic procedures is
given by means of Table 3.

Table 3. Precursors, stabilizers and solvents used in the synthesis of various III-V semiconductor NCs

Material Precursors and stabilizers Solvent(s) References
InP InCl; or InCl3/Na,C,04, P(TMS)3 TOPO or TOPO/TOP [110, 111]
InP, InAs In(ac);, P(TMS); or As(TMS);, MA ODE [112]
InP InMes, P(TMS)3;, MA MM or DBS, [113]
InAs InCl3, As(TMS); TOP [114]
GaP [C1,GaP(SiMe3),]» TOPO/TOP [115]
GaP Ga(PBu,); TOA, HDA [116]
GaP GaCl;, P(TMS); TOPO [117]
GaN, AIN, InN [M(H,NCONH,)6]Cl; (M=Ga, Al, In) TOA [118]

TMS trimethylsilyl; ac acetate; MA myristic acid; OA oleic acid; TOPO trioctylphosphine oxide; TOP
trioctylphosphine; ODE 1-octadecene; MM methyl myristate; DBS dibutyl sebacate; TOA trioctylamine;
HDA hexadecylamine
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Most of the reports concern the synthesis of indium phosphide NCs. These are
potentially an attractive alternative to CdSe or CdTe ones, due to their size-dependent
emission in the visible and near infrared spectral range combined with the lower
toxicity of indium with respect to cadmium. In initial synthetic routes [110, 111], the
method established for cadmium chalcogenide NCs [8] was adapted to InP, but
longer reaction times (3—7 days) were necessary to yield particles of good crystal-
linity. Interestingly, these approaches follow the heating-up method. Peng and
coworkers later reported a new protocol, which is based on fatty acids as stabilizers
in combination with the non-coordinating solvent ODE instead of TOPO/TOP [112].
The use of this medium provided a fast and controllable reaction, yielding high
quality InP NCs. Similar results were obtained when organometallic In precursors
were used in combination with ester type solvents [113]. However, to date the as-
prepared NCs exhibit in all cases size dispersions exceeding 10% and the use of the
expensive and pyrophoric phosphorus precursor P(TMS)j; (tris(trimethylsilyl)phos-
phine) is mandatory. NCs of the narrow band gap semiconductor InAs can be
synthesized using similar approaches as in the case of InP. Both the synthesis in
coordinating (TOP) [114] and non-coordinating (ODE) [112] solvent have been
reported.

The synthesis of GaP NCs was reported by Micic¢ et al. who decomposed in a
TOPO/TOP mixture a monomolecular precursor complex, [Cl,GaP(SiMejs),],, in
situ generated from GaCl; and P(TMS); in toluene [115]. Monodispersed 8 nm GaP
NCs have been synthesized from the monomolecular precursor Ga(PfBu,); in a
mixture of trioctylamine (TOA) and HDA [116]. Depending on the concentration
of HDA in the reaction medium, a shape transition from spherical to rod-like NCs
has been observed. Green and O’Brien used the same monomolecular precursor in
4-ethylpyridine [119]. Furis et al. adapted the II-VI NCs hot-injection method, using
GaCl;, P(TMS); as the gallium and phosphorus source, respectively, and TOPO
as the solvent [117].

[II-nitride NCs are extremely difficult to synthesize due to the absence of
appropriate (i.e. highly reactive) nitrogen precursors. Further restrictions are the
high growth temperature in the case of AIN and the low decomposition temperature
of InN. Recent advances in this field have been achieved by Rao and coworkers [118].
They prepared AIN, InN and in particular GaN NCs of low size dispersion by the
thermal decomposition of the metal-urea complexes in refluxing TOA under N,
atmosphere.

3.3 IV-VI semiconductor nanocrystals. The IV-VI semiconductor family
comprises materials of high interest for applications relying on emission in the near
infrared spectral range. While only very sparse information exists concerning tin
chalcogenides, their lead homologues have been intensively studied in the last years.
The latter are narrow band gap semiconductors as can be seen from Table 1
(Sect. 2.4.2) and exhibit some other unique properties as compared to II-VI or
III-V compounds. In particular, they show high dielectric constants, large Bohr
exciton radii and the electron and hole masses are approximately equal. Two recent
reviews deal with the synthesis and properties of infrared-emitting NCs, and in
particular with lead chalcogenides [ 120, 121]. While initially significant efforts were
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Fig. 9. TEM image of as-prepared PbSe NCs synthesized in the non-coordinating solvent ODE. The
mean size is 6.8 nm and the size distribution is 6.2%. Reprinted with permission from [124]. © 2004,
American Chemical Society

made to synthesize them in aqueous media, today it seems clear that the high
temperature methods in organic solvents yields superior results in terms of mono-
dispersity of the prepared NCs. In all cases the hot-injection method has been
applied, and the first example was the synthesis of PbSe by Murray et al. [122].
Already successfully used in the synthesis of metal nanoparticles (e.g. Co [122], FePt
[123]), a high boiling point ether (diphenylether) was applied as the solvent in
combination with lead oleate (prepared in situ from lead acetate and oleic acid),
while maintaining the traditional Se precursor TOPSe. The size of the NCs could be
tuned within a large range (3.5—15 nm) and the monodisperse fractions obtained after
size-selective precipitation exhibited size-dependent absorption spectra. The latter
comprised in addition to the excitonic peak, located at 1200-2200 nm depending on
the NC size, several well-defined features at higher energies. Similar as in the case of
II-VI compounds, the synthetic scheme was later modified by using the non-
coordinating solvent ODE [124]. Figure 9 shows a TEM image of the PbSe NCs
obtained with this method. They exhibit a narrow size dispersion (5—7%) without the
necessity of fractionation procedures such as size-selective precipitation.

In 2003, the synthesis of PbS NCs by the hot-injection method was first published
by Hines and Scholes [125]. In this case the non-coordinating solvent ODE was
applied in combination with OA as the stabilizer and PbO and (TMS),S as the Pb and
S precursors, respectively. The pronounced excitonic peak visible in the presented
absorption spectra spans a wavelength range from 800 to 1800 nm as a function of
the NC size and narrow emission linewidths have been reported. In the meantime,
a number of derived synthetic protocols have been published. Table 4 gives an
overview of the explored experimental parameters. Concerning PbTe, essentially
the same procedures as those developed for PbSe have been successfully adapted to
yield NCs with narrow size distributions of 5-7% [126, 127]. Depending on the
reaction parameters, instead of spherical particles a variety of different shapes can be
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Table 4. Precursors, stabilizers and solvents used in the synthesis of various IV-VI semiconductor NCs

Material Precursors and stabilizers Solvent References
PbSe Pb(ac),, OA, TOP-Se DPE [122, 128-132]
PbSe Pb(chbt),, TBP-Se TOPO [133]

PbSe PbO, OA, TOP-Se ODE [124]

PbS PbO, OA, (TMS),S ODE [125]

PbS PbCl,, S/OAm OAm [76]

PbTe Pb(ac),, OA, TOP-Te DPE [126]

PbTe PbO, OA, TOP-Te ODE [127]

TMS trimethylsilyl; ac acetate; chbt cyclohexylbutyrate; OA oleic acid; OAm Oleylamine; DPE
diphenylether

obtained, such as cubes or stars. In this context, the paper of Houtepen et al. has to be
cited, which revealed the crucial role of the concentration of acetate in the reaction
medium on the NC shape [128].

3.4 Nanocrystals of other semiconductors. Apart from III-V QDs, ternary
semiconductor NCs such as I-III-VI, type chalcopyrites (CulnSe,-CISe, CulnS,-
CIS) represent further potential alternative materials to cadmium-based systems.
They are direct semiconductors and exhibit a relatively low band gap (1.05eV for
CISe, 1.5eV for CIS). CIS and CISe NCs were intensively studied because of their
high potential for use in photovoltaics [134—136]. To the contrast, their PL properties
were rarely investigated in previous reports [137, 138]. Recently Castro et al.
reported a new synthesis method for CIS via the decomposition of the single source
precursor (PPh3),Culn(SEt),, yielding luminescent CIS samples with a PL Q.Y. of
ca. 5% [139, 140]. The Hyeon group prepared large-sized CIS NCs of anisotropic
shape from Cu- and In-oleate in a mixture of oleylamine and dodecanethiol via the
heating-up method [141]. Nakamura et al. doped CIS NCs with Zn and were able to
vary their PL. wavelength from 570 to 800 nm, with Q.Y.s in the range of 5% [142].
Increased fluorescence Q.Y. upon addition of Zn has also recently been observed in
another example of a I-III-VI, semiconductor: a solid solution of ZnS and AgInS,
exhibited strong, tunable emission in the visible range [143]. An early approach for
the synthesis of CISe comprised the use of copper(I) and indium chloride in TOPO,
and the injection of TOP-Se [144]. More recently, CISe NCs have been prepared in
the non-coordinating solvent ODE [145].

The synthesis of the elemental semiconductors Si and Ge is by far less-developed
than that of the other semiconductor families discussed. This fact stands out against
their technological importance. An inspection of the relevant literature seems to
indicate that the synthesis in supercritical solvents [18, 146—149] or the use of the
microemulsion technique [150, 151] are more appropriate than the preparation of
these materials in organic solvents using the hot-injection or the heating-up method.
An exception from this rule is the approach of Kauzlarich and coworkers, who used
the metathesis reaction of the Zintl salts NaGe and KGe or of Mg,Ge with excess
GeCly in refluxing glyme (ethylene glycol dimethyl ether), diglyme or triglyme for
the preparation of Ge NCs [152]. The same group applied a similar procedure
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comprising Mg,Si, SiCl, and glyme for the synthesis of Si NCs [153]. In an earlier
report, Heath et al. prepared Ge NCs via the reduction of chlorogermanes and
organochlorogermanes by a K/Na alloy in heptane, followed by thermal annealing in
an autoclave at 270°C [154].

4. Core/shell systems

The following section is dedicated to the description of the synthesis of CS NCs.
Core multiple shell structures such as core/shell/shell NCs or quantum-dot-quan-
tum-well onion-like systems are considered in a separate Chapter of Dorfs and
Eychmiiller.

4.1 Type | systems. As already mentioned in Sect. 2, type I systems are
generally synthesized with the goal to increase the fluorescence Q.Y. and stability
against photo-bleaching by improving NCs’ surface passivation. Unlike otherwise
stated, the shell precursors are slowly injected to a dispersion of the purified core
NCs.

4.1.1 Synthesis of core/shell nanocrystals of II-VI semiconductors. One
of the earliest CS structures reported was CdSe/ZnS, which is at the same time the
most intensively studied system to date. Its synthesis was first described by Hines and
Guyot-Sionnest who overcoated 3nm CdSe NCs with 1-2 monolayers of ZnS,
resulting in a Q.Y. of 50% [40]. ZnS shell growth has been achieved by the injection
of a mixture of the organometallic precursors diethylzinc and hexamethyldisi-
lathiane, also known as bis(trimethylsilyl)sulfide, S(TMS,) at high temperature
(300°C). A whole size series of CdSe/ZnS NCs and their in depth characterization
was published shortly afterwards by Bawendi’s group [41]. A similar approach has
later been applied for the ZnS capping of CdSe nanorods with lengths up to 30 nm
[155]. The addition of HDA to the traditionally used solvent system TOPO/TOP led
to a better control of the growth kinetics during both the CdSe core and ZnS shell
synthesis resulting in a lower size distribution and Q.Y.s of the order of 60% (cf.
Fig. 10) [33]. Very recently extremely small CdSe/ZnS CS NCs have been synthe-
sized by Kudera et al., making the blue spectral region accessible with this system
[156]. The synthetic approach was based on the sequential growth of CdSe magic
size clusters in a mixture of trioctylphosphine, dodecylamine, and nonanoic acid at
temperatures of 80°C and their subsequent overcoating with ZnS. Another procedure
to access this spectral region was suggested by Jun and Jang [157]: by carrying out
the ZnS overgrowth process at 300°C using precursors (zinc acetate and octanethiol)
of relatively low reactivity, shell material diffused into the core resulting in a
significant hypsochromic shift of the emission wavelength. The obtained NCs emit
at 470 nm with a Q.Y. of 60%. Multimodal CS NCs appropriate for both optical and
magnetic resonance imaging techniques have been obtained by doping of the ZnS
shell with manganese ions in the range of 0.6—-6.2% [158]. In this case, the growth of
the Zn; _ Mn,S shells of 1-6 monolayer thickness was achieved by injection of a
mixture of diethylzinc, dimethylmanganese and H,S gas to a dispersion of the CdSe
core NCs at 170°C.
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Fig. 10. Left panel: UV-vis absorption and PL spectra during the growth of a ZnS shell (ML =
monolayer) on 4 nm CdSe NCs. Right panel: TEM images of 4 nm core NCs (a) and of CdSe/ZnS CS
NCs (b; 1.6 ZnS ML). Reprinted with permission from [33]. © 2001, American Chemical Society

A further CdSe-based system exhibiting a different band alignment is CdSe/CdS.
In this common cation heterostructure, a large band offset for the holes is combined
with a relatively small one for the electrons. Epitaxial growth is favoured by the
comparably small lattice mismatch of around 4% between the core and shell
material. Peng et al. reported the synthesis and detailed characterization of series
of CdSe/CdS NCs with core diameters ranging from 2.3 to 3.9 nm and Q.Y.s above
50% [42]. In contrast to the CdSe/ZnS system, exhibiting a rather small batho-
chromic shift (5—10 nm) of the excitonic and PL peak upon shell growth, here these
features are continuously shifting throughout the shell growth, indicating a delo-
calization of the electron over the entire CS structure. While in this early report
organometallic precursors (dimethylcadmium, bis(trimethylsilyl)sulfide) had been
used, more recently the synthesis of this CS system was carried out using air-stable
precursors, i.e. cadmium oleate and elemental sulfur dissolved in ODE [66]. O’Brien
and coworkers extended their work on monomolecular precursors to the CdSe/CdS
CS system using bis(hexyl(methyl)dithiocarbamato) and bis(hexyl(methyl)disele-
nocarbamato) cadmium compounds for the core NC and shell growth, respectively
[159, 160]. Another modification of the original protocol [40] concerned the
omission of the intermediate purification step of the core NCs and growth of the
CS structure in a so-called one-pot synthesis, yielding NCs with Q.Y.s in the range of
50-85% [161]. In addition, alternative precursors for the shell growth have been
proposed in the same article, namely in situ generated H,S gas and cadmium acetate.
The preparation of particularly small CdSe/CdS CS NCs with core sizes in the range
of 1.2-1.5 nm, emitting in the range of 445-517 nm with Q.Y.s of 60-80%, has been
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described by Pan et al. [162]. Both core and shell synthesis were carried out at 180/
140°C in an autoclave using cadmium myristate and selenourea/thiourea as pre-
cursors, oleic acid as a stabilizer and a toluene/water two phase solvent.

CdSe/ZnSe is a CS system exhibiting, in contrast to CdSe/CdS, efficient con-
finement of the electrons in the NC core due to the large conduction band offset,
while only a relatively small barrier exists for the holes. Although the lattice
mismatch is slightly larger than in CdSe/CdS (6.3 vs. 3.9%), the common anion
structure is particularly favourable for epitaxial-type shell growth. While in earlier
work on CdSe/ZnSe NCs rather low values of the PL Q.Y. (<1%) were published
[163], our group reported more recently a modified synthesis method using for the
first time the air-stable precursor zinc stearate instead of diethylzinc as the zinc
source in combination with selenium dissolved in trioctylphosphine (TOPSe) as the
Se source [164]. The obtained CS NCs exhibited Q.Y.s in ranging from 60 to 85% and
narrow emission linewidths. Lee et al. studied the effect of lattice distortion in the
CdSe/ZnSe CS system on the optical spectra by varying the concentration of the
ZnSe precursor solution used for the shell growth [165] as well as the ripening
kinetics upon thermal annealing [166].

Both CdSe/CdS and CdSe/ZnSe heterostructures exhibit high fluorescence Q.Y.s
and can have specific interests due to the “accessibility” of the weakly confined
electrons or holes, respectively. On the other hand, if purely high stability of the
optical properties against photo-degradation and chemical inertness of the shell
material are desired, zinc sulfide is the shell material of choice. Although it is in
principle possible to obtain green or even blue emission with CdSe NCs of small size,
their capping with ZnS has only very recently been achieved [156]. As a matter of
fact, an analysis of the present state of the art suggests that for a large variety of
materials the preparation of CS NCs of low size dispersion and satisfying optical
properties is facilitated when core NCs with diameters in the range of approximately
2.5 and 5 nm are used. Consequently the synthesis of other types of core NCs than
CdSe has been developed with the goal to better cover the green/blue/UV (and the
near infrared) spectral region. In this context, an attractive alternative to the tuning of
the emission colour with size is the formation of alloy structures, allowing for the
colour variation by changing the composition of the NCs. An example are
Cd,_,Zn,Se NCs, whose band gap can be varied by changing x between the values
of pure CdSe and pure ZnSe NCs of the same size. This system is particularly
interesting for the fabrication of efficient green emitters for use in display applica-
tions. To do so, the alloy core NCs have been overgrown with a ZnS shell either using
the established diethylzinc/bis(trimethylsilyl)sulfide method [87] or, more recently,
by means of the air-stable monomolecular precursor zinc diethylxanthate [88]. In the
latter case, after the growth of three ZnS monolayers, the obtained CS NCs emitted
at 530 nm with a linewidth of 35 nm (FWHM) and a Q.Y. of 65%.

Emission wavelengths in the blue and near UV spectral region have been obtained
by using larger band gap core materials, in particular CdS and ZnSe. CdS NCs have
been overgrown with a ZnS shell using the classical organometallic approach with
dimethylcadmium and S(TMS), as precursors, yielding an emission in the range of
460—480 nm (FWHM 24-28 nm) with Q.Y.s in of 20-30% [167]. Recently these
reagents were replaced by a combination of the air-stable monomolecular precursor
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Fig. 11. Top: TEM images at different magnifications of CdS/ZnS NCs using zinc ethylxanthate as

precursor for the ZnS shell growth. Bottom: a UV-vis absorption spectra; b PL spectra recorded during

the addition of 6 mL of the ZnS precursor solution corresponding to the growth of a five monolayer-thick
ZnS shell on 4nm CdS core NCs [168]

zinc ethylxanthate and zinc stearate, resulting in monodisperse CdS/ZnS CS NCs
emitting in the range of 440-480nm (15-18 nm FWHM) with Q.Y.s of 35-45%
(Fig. 11) [168].

The CdS core NCs have further been used as a host matrix for Mn dopant ions in
CdS:Mn/ZnS CS systems [169]. ZnSe has equally been overcoated by ZnS using
organometallic precursors, leading to emission wavelengths in the range of 400 nm,
PL linewidths of 20 nm and Q.Y.s of the order of 15% [170]. In a newer approach
based on the use of alternative precursors, i.e. ZnO and TOPSe for the core NCs and
zinc laurate and TOPS for the shell growth carried out at 180°C in HDA, Q.Y.s up to
30% were reached [171].

Cadmium telluride, exhibiting a smaller bulk band gap than cadmium selenide (1.5
vs. 1.75eVat 300 K), is in principle a good candidate for the fabrication of red or near
infrared-emitting quantum dots. However, due to the high oxidation sensitivity of
CdTe NCs prepared in organic solvents, comparably few reports exist concerning the
preparation of related CS systems in organic solvents, such as CdTe/ZnS [172]. In
this work, CdTe core NCs were synthesized in water following the recipe of [14] and
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transferred to organic solvent by ligand exchange before overgrowing them with the
ZnS shell.

4.1.2 Synthesis of core/shell nanocrystals of IlI-V semiconductors. Lit-
erature on III-V semiconductor based CS systems is much more sparse than in the
case of II-VI compounds, as a consequence of the lack of robust synthesis methods
for most core NCs of this family (cf. Sect. 3.2). As-prepared InP NCs exhibit rather
poor optical properties as compared to CdSe. The PL linewidth is significantly
broader, of the order of 50 nm (FWHM), and in addition to band edge emission peaks
related to defect state emission occur in the spectrum. Furthermore, the Q.Y. is low,
typically inferior to 1%. Talapin et al. described an efficient way to increase the Q.Y.
of InP NCs to values approaching 40% by photo-assisted etching of their surface with
HF [37]. This process resulted in the removal of surface phosphorous atoms being at
the origin of trap states, which provided non-radiative recombination pathways.
Concerning InP-based CS systems, Haubold et al. used organometallic precursors to
grow a ZnS shell on InP and observed a subsequent increase of the Q.Y. in a slow
room temperature process to 15% after 3 days and to 23% after 3 weeks [173]. In
order to adjust the lattice parameters of the core and shell materials and to reduce
strain-induced defects, Miéi¢ et al. developed a CdZnSe, shell leading to a fluor-
escence Q.Y. of 5-10% [174]. Cao and Banin reported the preparation of several
CS systems based on near infrared-emitting InAs core NCs, including InP, GaAs,
CdSe, ZnSe and ZnS using high-temperature pyrolysis of organometallic precursors
in TOPO [175, 176]. The obtained fluorescence Q.Y.s depended on the shell material.
In the case of InP, PL quenching was observed, whereas ZnS led to 8% and for
CdSe and ZnSe an enhancement up to 20% was detected. More recently the synthesis
of a series of small InAs/ZnSe CS NCs has been described, aiming at emission
wavelengths in the range of 700900 nm [177]. This spectral region is especially well-
adapted for in vivo biological imaging due to the reduced light scattering by the tissue.
The obtained NCs exhibited a Q.Y. of 6-9% after transfer to the aqueous phase and
were successfully applied for the in vivo imaging of lymph nodes.

4.1.3 Synthesis of core/shell nanocrystals of IV-VI semiconductors. In
contrast to the discussed I1I-VI and III-V semiconductors exhibiting either the
hexagonal wurtzite or the cubic zinc blende crystal structure, the IV-VI family is
characterized by the rocksalt structure (cf. Table 1). Only lead-based NCs (PbS,
PbSe) have been studied in form of CS systems. Lifshitz and coworkers reported the
synthesis of PbSe/PbS and PbSe/PbSe, S, _, CS NCs emitting in the range of 1-2 um
with Q.Y.s of 40-50% and 65 %, respectively, by means of the use of lead(II)acetate,
TOPSe and TOPS as precursors, oleic acid as stabilizer and diphenylether as the
solvent (Fig. 12) [178-180]. The SILAR method mentioned before in the case of
CdSe/CdS has recently been applied for the synthesis of PbSe/PbS NCs [181].

4.2 Type Il systems. Research on colloidal type II systems was triggered by
the seminal work of Bawendi et al. [182] who described the synthesis and optical
properties of CdTe/CdSe and CdSe/ZnTe CS NCs [182]. The emission wavelength of
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Fig. 12. Left panel: Evolution of the UV-vis absorption and PL spectra of 4.9 nm PbSe core NCs during

the growth of a PbS shell of indicated thickness. Right panel: a HRTEM image of a PbSe/PbS CS NC
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NCs. The scale bars are 5nm in a and b, and 20 nm in d. Reprinted with permission from [180]. © 2006
American Chemical Society
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Fig. 13. a Normalized PL spectra of CdTe/CdSe CS NCs having the core/shell radii of 1.6/1.9, 1.6/3.2,

3.2/1.1,3.2/2.4, and 5.6/1.9 nm (from left to right). b Normalized PL decays of 3.2/1.1 nm CdTe/CdSe

CS NCs and of the corresponding 3.2nm CdTe core NCs (dotted line). Reprinted with permission
from [182]. © 2003 American Chemical Society

CdTe/CdSe NCs could be tuned by changing the shell thickness and the core NC size
from 700 to 1000 nm (Fig. 13). This approach is an alternative possibility to shift the
emission peak to higher wavelengths, which would not be attainable by simply
increasing the size of the core NC in a type I CS system. On the other hand the
observed mean decay lifetime (57 ns) was significantly larger than that of the corre-
sponding core CdTe NCs (9.6 ns), and the Q.Y. was low (4 %) with respect to type I CS
systems. CdTe/CdSe CS NCs were further synthesized without the use of organome-
tallic precursors applying CdO, TOPTe and TOPSe, leading to Q.Y.s approaching 40%
for small shell thicknesses below 0.5 nm [183]. Similarly, CdSe/ZnTe NCs have been
prepared with CdO as the cadmium precursor and femtosecond dynamics measure-
ments revealed that the rate of photo-induced electron/hole spatial separation decreased
with increasing core size and is independent of the shell thickness [184].

Klimov and coworkers first studied the optical properties of so-called “inverted”
CS NCs, i.e. the band gap of the core material (ZnSe) is larger than that of the shell
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material (CdSe) [185]. On the basis of the radiative recombination lifetimes recorded
for NCs with a fixed core size and increasing shell thickness, a continuous transition
from type I (both electron and hole wave functions are distributed over the entire NC)
to type II (electron and hole are spatially separated between the shell and the core)
and back to type I (both electron and hole primarily reside in the shell) localization
regimes was observed. The samples exhibited emission in the range of 430-600 nm
and Q.Y.s of 60-80%. The same CS system was also synthesized applying CdO
dissolved with oleic acid in octadecane and TOPSe as the shell precursors [186]. By
varying the CdSe shell thickness on 2.8 core ZnSe NCs, the emission wavelength
could be tuned in a broad spectral range (417-678 nm) with Q.Y.s of 40-85%.
Furthermore size focusing during the shell growth has been observed in contrast to
the usually occurring broadening of the size distribution at this stage of the reaction.
ZnTe/CdTe represents the first common anion type II system, reported by Basché
coworkers [187]. The same article also comprises the synthesis of ZnTe NCs with
CdS and CdSe shells. These heterostructures were obtained by addition of precursors
(cadmium oleate, TOPTe, TOPSe or sulfur dissolved in octadecene) to the crude
dispersion of ZnTe core NCs. Q.Y.s of up to 30% have been observed and the
emission could be tuned in the range of 500-900 nm. Interestingly, the same group
observed in the case of the ZnTe/CdSe CS system, also described in [188], a
transition from the concentric CS structure via pyramidal to tetrapod-shaped
heterostructures when the shell growth was carried out at 215°C instead of 240°C
(cf. Fig. 14) [189].

Fig. 14. TEM images of ZnTe/CdSe NCs: transition from a slightly anisotropic core/shell to b pyramidal to
¢, d, e tetrapod-shaped heterostructures with different arm lengths. f TEM image of tetrapod-shaped ZnTe/
CdS NCs. Reproduced with permission from [189]. © 2006 Wiley—VCH Verlag GmbH & Co. KGaA
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5. Conclusions and outlook

The synthesis of cadmium chalcogenide NCs via the hot-injection method
reported in 1993 [8] was the starting shot for an impressive evolution of this research
field. Within the last 15 years the synthesis of monodisperse spherical NCs of a large
variety of semiconductors has been achieved. Moreover, the same synthetic scheme
allows for the preparation of shape-controlled anisotropic NCs (e.g. rod-like or
branched structures) [190, 191] and of composition-controlled ternary compounds
(“alloy” semiconductors). For all materials, an ongoing trend toward the simplifica-
tion of the synthesis procedure can be observed in view of an enhanced reprodu-
cibility and scale-up of the reactions. As a consequence, recent advances comprise
the substitution of pyrophoric precursors by air-stable ones and the use of the heating-
up technique instead of the hot-injection method. However, most of the published
work to date is dedicated to the II-VI semiconductor family, and in particular to
cadmium chalcogenides. The latter have an extremely low acceptability for tech-
nological applications due to the toxicity of cadmium and related problems with the
handling of these compounds. To give an example, the use of toxic elements such as
Cd, Pb and Hg has been severely limited by recent restrictions established in the
European Union'. Therefore it is necessary to develop robust synthesis methods for
NCs of alternative semiconductor materials. Ternary semiconductors such as
chalcopyrites or doped NCs (e.g. ZnSe:Mn) may gain importance in this context.
Still important challenges remain for the synthetic chemist. When moving for
example from the II-VI family to the more covalently bound III-V compounds,
it is much more difficult to produce monodisperse samples. Furthermore, hot-
injection or heating-up synthesis methods for NCs of several technologically highly
important materials are completely lacking up till now, such as gallium nitride or
silicon, to name a few. The successful rational design of new synthesis strategies
implies a better understanding of the NCs’ formation mechanisms, which can be
achieved by the precise investigation of their nucleation and growth processes.

In view of the developments in the domain of CS semiconductor NCs in the last
decade, it can be speculated that a large variety of new heterostructures with exciting
and, in some cases unprecedented features will be synthesized by chemical routes in
the next years. The ability to precisely control the shell thickness will further boost
advances in the preparation of core/shell/shell or other complex structures, such as
quantum-dot-quantum-wells. Significant progress has also been achieved in the field
of anisotropic shell growth on spherical CdSe NCs, leading to new rod-shaped CS
nanostructures, which combine unique optical properties (high Q.Y., polarized
emission) with appealing self-assembly properties [192, 193]. The reported synthetic
procedure using small core NCs as seeds in the so-called seeded-growth approach,
opens up the way for the generation of new heterostructures, including nanorods and
branched ones, such as bi-, tri-, tetra-pods or multipods. Similar as in the case of
II-VI compounds, it can be expected that a growing number of CS systems based on
III-V semiconductors will be developed, inspired by the huge amount of research
carried out in the field of III-V nanostructures grown by molecular beam epitaxy

L'¢f. the Reduction of Hazardous Substances (RoHS) mandate, banning the use of six chemicals —
including Cd, Hg, Cr¥" and Pb — in almost all electronics products (date of effect: 01/07/2006).
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(MBE) techniques. Finally, the association of semiconductors with other materials
such as metals or oxides in the same CS heterostructure allows for the design of NCs
combining different physical properties, e.g. fluorescence, magnetism, etc. In such a
manner, novel functional building blocks can be generated for applications in fields
ranging from (opto-)electronics via information technology to healthcare. In most of
these examples, the NCs are used as a platform for further surface functionalization,
enabling their integration into devices or materials, or their binding to other
molecules or macromolecules.
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