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1. Historical overview

Water is a naturalmedium for all forms of life. This is one reasonwhy any solution-
based techniques and processes proceeding in aqueous media are considered to be
environmentally friendly and safe in comparison to others which demand, e.g.
organic solvents or melts. In the field of the synthesis of colloidal semiconductor
nanocrystals (NCs), which consist mainly of water insoluble II–VI and IV–VI
compounds, the use of chemical precipitation reaction in aqueous media was
historically the number one choice [1]. In the earlier work a commercially available
colloidal silica sol (13 nm in diameter) was used as a carrier and stabilizer of the CdS
[1] and ZnS [2] colloidal solutions as well as CdS–ZnS co-colloids [3]. The reported
mean size of the NCs was relatively big, e.g. 37 nm diameter for CdS, as determined
by fractional filtration through micropore filter, thus the optical spectra reported
showed no serious deviations in comparison to the corresponding bulk materials [1].
Very soon the possibility of use of styrene/maleic acid anhydride copolymer (Brus
group) or phosphates and polyphosphates (Henglein, Gr€atzel and Nozik groups) as
stabilizers was recognised and colloidal (free of SiO2) solutions of CdS [4–6], ZnS
[2, 7], PbS [5], Cd3P2 [8], Zn3P2 [8], Cd3As2 [9], CdTe [10] and ZnTe [10] NCs were
synthesized. Blue shifts of the absorption edge and the emission bands in comparison
to the corresponding bulk materials were observed and reported. The theoretical
background for this shift to higher energies/shorter wavelengths, the quantum
confinement effect was introduced by brothers Efros [11] and Brus [12]. Further
development of the stabilizing techniques included the use of short chelating
peptides of general structure (g-Glu-Cys)n-Gly to control the nucleation and growth
of CdS crystallites [13], micelles and vesicles [14] and finally the use of various
short-chain thiols [15, 16]. The attempts to reach as small as possible sizes and as
high as possible monodispersity of the NCs led to the establishment of the exciting
field of ultra smallmolecular-like semiconductor clusterswith definite size, structure
and characteristic optical properties [16, 17], e.g. [Cd17S4(SCH2CH2OH)26] [16, 17]
and [Cd32S14(SCH2CH(OH)CH3)36] � (H2O)4 [18]. These clusters correspond to
minima of the free energy vs. particle size dependence owing to their closed



structural shells (the concept of so-called �clusters of magic size� in the earlier
literature [19]) and are naturally �100% monodisperse�. They can be crystallized in
macroscopically large single crystals allowing their investigation by single-crystal
X-ray analysis, including the exact determination of the atomic coordinates. Figure 1
shows the inner structure of a [Cd32S14(SCH2CH(OH)CH3)36] � (H2O)4 cluster re-
presenting a piece of the zinc blende lattice in the shape of a tetrahedron.
Starting from the very early publications, the photoluminescence (PL) from

semiconductor NCs was paid a lot of attention. It was shown, for example, that
weak fluorescence of CdS NCs with maximum at 620–660 nm can be efficiently
quenched in presence of nitrobenzene, various anions and cations [1, 2]. It was also
shown that doping of the CdS NCs with Agþ or Cu2þ resulted in the increase of the
fluorescence in comparison to the undoped samples [1]. One of the very interesting
examples of fluorescence enhancement (�activation�) in phosphate-stabilized CdS
NCs was their treatment with NaOH and subsequent addition of excess of Cd2þ ions
[20]. The precise control of the pHwas found to be necessary as well. This treatment
resulted in the many fold increase of the band gap photoluminescence, which was
attributed to the formation of broad-band gap material, Cd(OH)2, as a shell on the
luminescent CdS core nanoparticles. This approach was essentially the first success-
ful realization of the type I core-shell NCs, well-known and widely used nowadays
(see the Chapter of P. Reiss of this book).

Fig. 1. Structure of a [Cd32S14(SCH2CH(OH)CH3)36] � (H2O)4 cluster as derived from the single-crystal
X-ray data. Reproduced from [18], � 1995, with permission from American Chemical Society
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As a rule (with the exception of molecular-like, or magic-sized [19] clusters) the
size distribution of the colloidal NCs prepared in water is relatively broad, and
several post-preparative approacheswhere introduced to optimize it. One of themost
important and widely used nowadays techniques, not only for water-soluble NCs, is
the size-selective precipitation from solvent–non-solvent mixtures which was firstly
introduced for CdS NCs [21]. The method is very simple and exploits the difference
in solubility of smaller and larger particles [21, 22].A typical example of carrying out
the size-selective precipitation on a nanoparticle colloid is as follows: a sample of as-
prepared nanoparticles with a broad size distribution is dispersed in a solvent and a
non-solvent is added dropwise under stirring until the initially optically clear
solution becomes slightly turbid. The largest nanoparticles in the sample exhibit
the greatest attractive van der Waals forces and tend to aggregate before the smaller
particles. The aggregates consisting of the largest nanoparticles can be isolated by
centrifugation or filtration and re-dissolved in any appropriate solvent. The next
portion of non-solvent is added to the supernatant to isolate the second size-selected
fraction, and so on. The procedure can be repeated several times and allows for
obtaining up to 10 or more size-selected fractions from one portion of the crude
solution. Moreover, each size-selected fraction can be subjected again to size
selection to further narrow the size distribution. Figure 2 shows an example of
post-preparative size fractionation for CdTe NCs. All size-selected fractions possess
sharp excitonic transitions in the absorption spectrawhich is a direct evidence of their
narrow particle size distributions. TEM and HRTEM investigations show that a
carefully performed size-selective precipitation allows for achieving size distribu-
tions of 5–10%. In some specific cases also exclusion chromatography [23, 24] and
gel electrophoresis [25] were utilized for the size fractionation.
The introduction of the hot-injection synthesis in high-temperature boiling

coordinating organic solvents (often referred to as TOP–TOPO synthesis, from
initially used coordinating solvents trioctylphosphine, TOP and trioctylphosphine

Fig. 2. Absorbance and photoluminescence of the size-selected fractions of the thioglycolic acid-
capped CdTe nanocrystals. The spectra of the initial crude solution are highlighted in bold
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oxide, TOPO) in 1993 made a revolution in colloidal synthesis of the NCs [22]. The
CdSe NCs of different sizes synthesized by this approach became an object of
numerous studies in the last 15 years. The methods of core passivation by wide-band
gap inorganic shells were further developed [26], and synthetic approaches allowing
shape control of NCs were introduced [27]. Resulting materials allowed first
applications of colloidal NCs, among others in light-emitting diodes (LEDs) [28],
photovoltaics [29] and bio-labelling [30]. A recent overview on semiconductor NCs
synthesized in organic solvents can be found in [31] as well as in the Chapters of
P. Reiss and Kudera/Carbone/Manna/Parak of this book.
First steps toward successful aqueous alternative to the organometallically syn-

thesized CdSe-based NCs were done by Nozik�s [15] and later by Weller�s [32]
groups in their developments of CdTe NCs. In the former work CdTe NCs were
synthesized using the mixture of 3-mercapto-1,2-propane-diol and hexametaphos-
phate as stabilizers, and their size-dependent properties including absorption, band
gap emission, energy level diagrams and extinction coefficient were reported. The
latter work introduced CdTe NC synthesis in the presence of various thiols (2-
mercaptoethanol or 1-thioglycerol (TG)) solely and included, in addition to the size-
tuneable optical spectra, the TEM and X-ray diffraction (XRD) data of NCs. The
following efforts in the field resulted in as high as 20% photoluminescence quantum
efficiency (PL QE) of thioglycolic acid-capped CdTe NCs achieved by their proper
post-preparative surface modification [33], in the demonstration of LEDs operating
with these NCs [34, 35], and in their bio-conjugation with albumin [36]. Nowadays,
aqueous syntheses of II–VI semiconductor NCs like CdS [16], CdSe [37], CdTe [38,
39], CdxHg1�xTe [40], HgTe [41] and ZnSe [42] by employing different short-chain
thiols as stabilizing agents represent a useful alternative to synthetic routes in highly
boiling organic solvents [22, 43–45], providing brightly emitting NCs with PL QE

Fig. 3. Positions of bulk CdSe and bulkCdTe band edges shown both on a vacuum scale andwith 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 [46] � 2004, with permission from American Chemical Society
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of 40–60%. The use of different thiols allows for the kinetic control of the NCs
synthesis, to passivate surface dangling bonds, and to provide stability, solubility and
surface functionality of the nanoparticles. It is of interest that thiol capping, although
providing stable colloidal solutions of CdS and CdSe NCs, does not result in strong
band gap emission of these nanoparticles. The reason for this, for the case of CdSe
NCs, was addressed in [46] and is schematically explained in Fig. 3. The energy
difference between the tops of the valence bands of bulk CdSe and CdTe is approx.
0.5 eVand this difference is even more pronounced in the case of CdS and CdTe (ca.
1.0 eV) [47]. Hole trapping from the semiconductor NCs on a thiol and subsequent PL
quenching is energetically favorable only if the thiol redox energy level is situated at
higher energies than the valence band top. As seen from Fig. 3, this probability is high
for theCdSe (and shouldbe evenhigher forCdS). Thisproblemmaybeovercome if the
appropriate inorganic passivation of the emittingNCcore is done. One of the examples
is theZnSe(S)NCs inwhich sulfur-enriched shellmay provide efficientwide-band gap
associated screening of the hole trapping effect and by this the dramatic enhancement
of the band gap PL of ZnSe NC core is observed, as will be discussed below.
In spite of the typically low PL QE of the core-only thiol-capped CdS and CdSe

NCs, the interest to these nanoparticle systems synthesized by aqueous approaches
remains to be high. For CdS NCs, capping with thiols has been proved to be
successful in the above-mentioned formation of the molecular-like clusters [16, 17,
48], in the synthesis of NCs as functionalized building blocks for the sophisticated
self-assembled structures with gold nanoparticles [49] or bio-conjugates [50, 51],
and asmodel NCs for studies of the stability and size distributions in the nanoparticle
assemblies [52]. Alternative synthetic approaches to water-soluble CdS NCs mainly
addressed their biological applications, including syntheses in presence of D- and L-
penicillamine [53], specially engineered peptides [54] or DNA [55]. Thiol-based
synthesis of CdSe NCs also provided extremely small, molecular-like clusters [37];
the interest to larger CdSe NCs synthesized by this method has been fueled very
recently as to the light-absorbing and photosensitizing species in solar cells [56].
Citrate-stabilized CdSe NCs have been developed [57], with a reasonably efficient
band-edge emission being strongly increased upon photoactivation [58, 59].
Much of the literature based on the aqueous synthesis of the lead chalcogenide

materials has concentrated on synthesizing PbS particles employing different surface
ligands and demonstrating a degree of control over the final shape andmorphology of
the material. Using a wide variety of techniques such as electrochemistry, various
polymer and mixed polymer systems and chemical synthesis in restricted spaces of
various geometries, different shapes of PbS NCs such as hollow spheres [60], cubes
[61–63], rods [64], belts [65], wires [65] and stars [66] have been reported. However,
with few exceptions [67], water-based synthesis routes have not resulted in effi-
ciently emissive PbS NC materials.
In what follows, we will focus on the description of the most successful

examples of aqueous thiol-capped colloidal NCs, possessing strong band gap
emission and by this being promising for the broad nano(bio)technological
applications: the most widely studied CdTe NCs emitting in visible and near-
infrared, UV-blue-emitting ZnSeNCs, and finally near-infrared-emittingHgTe and
alloyed CdxHg1�xTe NCs.
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2. CdTe nanocrystals

The basics of the aqueous synthesis of thiol-capped CdTe NCs has been described
in details in [32, 38, 39]. In a typical standard synthesis [38], Cd(ClO4)2 � 6H2O (or
other soluble Cd salt) is dissolved inwater in the range of concentrations of 0.02Mor
less, and an appropriate amount of the thiol stabilizer is added under stirring,
followed by adjusting the pH by dropwise addition of a 1 M solution of NaOH. The
solution is placed in a flask fitted with a septum and valves and is deaerated by N2

bubbling for 30min. Under stirring, H2Te gas is passed through the solution together
with a slownitrogen flow.Alternatively, an excess ofH2Temaybe passed through the
deaerated solution of the NaOH with known concentration forming equimolar
NaHTe solution. After this the estimated amount of NaHTe solution can be taken
out and injected in the reaction flask. It should be noted that NaHTe solutions are
inherently very unstable and become pink due to the oxidation. The use of only
freshly prepared NaHTe solution is recommended.
CdTeNCprecursors are formed at the stage of Te precursor addition (Reaction 1 or

1a); formation and growth of NCs (Reaction 2) proceed upon refluxing at 100�C
under open-air conditions with a condenser attached.

Cd2þ þ H2Te ���!HS�R
Cd�ðSRÞxTey þ 2Hþ ð1Þ

Cd2þ þ NaHTe ���!HS�R
Cd�ðSRÞxTey þ Hþ þ Naþ ð1aÞ

Cd�ðSRÞxTey ���!100�C
CdTe NCs ð2Þ

A schematic drawing of the typically used experimental setup is shown in Fig. 4,
although the specific design of this setup may vary from one group to another.

Fig. 4. Schematic presentation of the synthesis of thiol-capped CdTe NCs. First stage: formation of
CdTe precursors by introducing H2Te gas into the aqueous solution of Cd precursors complexed by
thiols. Second stage: formation and growth of CdTe NCs promoted by reflux. Reproduced from [38],�

2002, with permission from American Chemical Society
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Important part of this setup is the connecting tube for introducing theH2Tegas,which
should be as short as possible and made of glass or another inert material. The use of
glass joints and connections is strongly recommended due to the high reactivity of
H2Te gas with rubber and common polymer tubes. The use of relatively small and
well-deaerated flask for the generation of H2Te may also help to reduce undesirable
losses of this gas. Special precautions should be taken against the possible leakage of
the non-reacted H2Te. Exhaust traps filled with NaOH solution are proven to be
efficient for this purpose. We note that the synthetic procedure described above is
easily up-scalable. Indeed, even in laboratory conditions the Reactions (1) and (2)
may be routinely performed in a few litres volume and by this, yield up to several
grams or even tens of grams of CdTe NCs (estimated for dry weight).
H2Tegas can begenerated for the synthesis ofCdTeNCs aswell as other tellurides,

like HgTe [41, 68] or ZnTe [10] by at least two different methods: chemical
decomposition of Al2Te3 powder or lumps according to Reaction (3), and electro-
chemical reduction of Te electrode in acid media according to Reaction (4).

Al2Te3 þ 3H2SO4 ! 3H2Te " þAl2ðSO4Þ3 ð3Þ

Te0 þ 2Hþ þ 2e� ! H2Te " ð4Þ
The use of Reaction (3) is the simplest way, if Al2Te3 is available. However, the

limited amount of suppliers and the continuously increasing price for this reagent
limit its availability for a lot of groups dealing with the synthesis of corresponding
NCs, stimulating a search for alternative sources, e.g. NaHTe solution obtained by
reduction of Te powder with NaBH4 [69, 70]. Although this method provides an
alternative for Te source in the synthesis of CdTe NCs, the direct injection of H2Te
gas is an easier, more controllable, cleaner and more reproducible way to produce
high-quality CdTe NCs. To avoid the use of Al2Te3, electrochemical method
(Reaction (4)) can be used to produce H2Te gas, which has been known since the
beginning of last century [71] and was recently generalized and reported in detail by
Hodes et al. [72, 73]. The use of the electrochemically generated H2Te gas for
successful synthesis of both CdTe and HgTe NCs has been reported recently [39, 68,
74]. The tellurium cathode may be easily formed by melting of tellurium powder
inside a glass tube and subsequent cutting the tube end. The reaction proceeds in a
glass cell (or flask) and in the simplest case can be controlled by common power
supplier instead of potentiostat, which makes the approach easily available for a
broad scientific community. The electrochemical method also allows for control of
H2Te amount by measuring the charge passed through the cell, is applicable for the
continuous generation of this gas, and can be easily scaled up.
Originally introduced [32] molar ratio of the main reaction components, Cd:Te:

R–SH (R–SH stays for thiol stabilizer) being 1:0.5:2.45 was widely used with only
slight deviations as �standard� synthetic approach [38]. As stabilizers, the wide
family of short-chain (up to 4 carbon units) thiols possessing at least one or several
functional groups (amino, carboxylic, hydroxylic, etc.) were employed [38]. Most
popular are thioglycolic (or mercaptoacetic) acid (TGA), mercaptopropionic acid
(MPA) and 2-mercaptoethylamine (or cysteamine). Both TGA and MPA allows the
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synthesis of the most stable (typically, for years) aqueous solutions of CdTe NCs
possessing negative charge due to the presence of surface carboxylic groups.
Cysteamine-stabilized NCs possess moderate photostability (although they may be
stable for years as well being kept in darkness) and attract an interest due to surface
amino-functionality and positive surface charge in neutral and slightly acidic media.
Other thiol stabilizers are mainly used when some specific functionalities are
envisaged, the overview of them may be found in [38]. The improvement of the
standard synthesis of aqueous CdTe NCs focused on the optimization of the thiol:Cd
ratio and pH. Upon testing different TGA:Cd ratios between 2.45 (as it was used in
the standard synthesis of [38]) and 1.1, it was realized by several groups [75–77] that
decreasing the TGA:Cd ratio leads to a drastic increase of the PL QE of the CdTe
NCs. In an attempt to understand this influence on the properties of the NCs, the
experimental data were compared with the results of a numerical simulation of the
solution composition [76]. The results of this simulation show that the increase of
the PLQE ofCdTeNCswith the decrease in the TGAconcentration can be attributed
to the increase in the relative concentration of theCd–SRcomplex (i.e. uncharged 1:1
complex of cadmiumwith TGA). This tendency has a natural limit at very low values
of the TGA:Cd ratio (approaching 1) when the amount of stabilizer in the system
becomes insufficient to stabilize NCs from aggregation. There is a competition of at
least two different factors during the synthesis: (i) upon decrease in the concentration
of TGA, the surface quality of the NCs improves as a result of the increase in the
relative concentration of 1:1 Cd–SR complex in comparison with other possible
complexes in solution and (ii) a sufficient amount of TGA as a stabilizer has to be
present in solution to provide stability and surface passivation of the growing NCs.
As a result, the optimumTGA:Cd ratio allowing to produce CdTe NCs emitting with
PL QE 40–60% at room temperature as-prepared is slightly higher than 1 and the
experimentally obtained optimal values are 1.30 [76], 1.32 [75] and 1.20 [77]. This
tendency is of general use, for example, the synthesis of CdTe NCs employing 1-
thioglycerol as a stabilizer at R–SH:Cd ratio of 1.3:1 provides as-prepared samples
with PLQE in the range of 25%,which exceeds the initialy reported (3%) values [32,
38] by almost an order of magnitude.
We note that the solution of Cd precursors at low TGA:Cd ratios may look slightly

turbid. This fact is an additional indirect evidence of the domination of the un-
charged, less-soluble Cd–SR complex. The turbidity of the solution does not
disappear during refluxing, but this does not influence the ongoing Reaction (2);
filtration of the final solution of CdTe NCs easily removes the insoluble precipitate.
The precipitate of Cd–SR may play an additional role as a source of cadmium.
Gradual dissolution of theCd–SRcomplex during theNCgrowth provides a constant
rate of transport of Cd ions to the particles. A slow flux of the cadmium precursor in
turn provides the possibility of growing theNCs under diffusion controlwhich, as has
been predicted theoretically [78, 79] is preferable for narrowing the size distribution
and may be a key factor for the dynamic improvement of the surface quality of the
growing NCs.
The pH value is another important factor which strongly influences the PL QE of

thiol-capped NCs post-preparatively [33, 70, 80, 81]. Thus, it is reasonable to assume
that the pH will influence the quality of the NCs during the synthesis as well.
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According to [38] the optimum pH value for the synthesis employing different
capping ligands strongly depends on the nature of the stabilizer. For example, the
recommended value in case of cysteamine is 5.6–6.0 (which is a natural value of
cadmium perchlorate mixture with cysteamine, no adjustment of the pH by addition
of NaOH solution is necessary in this case). In case of TGA the recommended value
[38] was 11.2–11.8. For this stabilizer, it was found later [39, 76] that an increase of
pHof the initial solution is followed by a considerable acceleration of theNCgrowth.
Moreover, as a result of this acceleration one can choose the synthetic conditions
allowing the �focusing� of the NCs growth in term of narrowing their size distribu-
tion. For example, NCs synthesized at pH 12.0 and TGA:Cd ratio 1.3 possess full
width at half maximum (FWHM) of the PL band of 39 nm, PL QE 45% and a Stokes
shift as small as 100meV when CdTe NCs are approximately 3 nm in diameter and
show a PL maximum at ca. 600 nm. Further growth proceeds more slowly and is
accompanied by a slight broadening of the size distribution [76]. A relatively fastNC
growth leads to their low quality reflected in low crystallinity of the resulting
particles and a large amount of defects and surface states. On the other hand, a
comparatively slow growth rate leads to a high content of sulfur (as a product of the
TGA decomposition [52, 82]) in the NCs.
CdTe NCs synthesized in water can be transferred to non-polar organic solvents

like toluene through a partial ligand exchange with a long-chain thiol (1-dodeca-
nethiol) in the presence of acetone [83]. The transfer efficiency reaches 90% and
depends on the component ratio of the 1-dodecanethiol/toluene/acetone mixture
(typically 1:1:4 volume ratio),which in turn depends on the concentration ofNCs and
their average size. For any particular batch of NCs to be transferred, the correct ratio
has to be found experimentally, with a typical variation of acetone content in the
above-mentioned three-component system from 1:1:3 to 1:1:8. NCs can be trans-
ferred more efficiently when they are washed (e.g. by size selective precipitation)
from the reaction by-products and the excess of short-chain thiol ligands. Thiol-
capped CdTe NCs transferred into organics were used as photosensitizers of full-
erenes [84, 85], as building blocks for NCs/polymer composites [83] and as core
material for the synthesis of stable and brightly emitting core-shell CdTe/ZnS
nanoparticles [86]. Their absorption and emission wavelengths have been shown
to be tuned by surfacemodification in the presence of dodecanethiol [87].Alternative
methods of transfer of CdTe NCs from water to organic media include the use of
polymerizable surfactants [88–90], tetra-n-octylammonium bromide [87] and ionic
liquids [91].
Furthermore, thiol-capped CdTe NCs are also available in polar organic solvents.

Mercaptoethylamine-capped CdTe NCs synthesized in water are readily re-soluble
in dimethylformamide (DMF) after being precipitated by 2-propanol and dried. A
direct synthesis in DMF is possible by taking cadmium lactate as a precursor and 1-
thioglycerol as a ligand [82]. The synthesis proceeds at higher temperature, the
growth of the NCs is faster and it takes only a few hours to obtain red-emitting
samples. CdTeNCs precipitated from the crude solution immediately after synthesis
by addition of excess of non-solvent (e.g. diethylether) are not only readily re-
dissolvable in DMF, but also in methanol. To the best of our knowledge, this is the
only example of II–VI semiconductor colloidal NCs being soluble in methanol as
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synthesized. Indeed, methanol, among other short-chain alcohols is a commonly
used non-solvent for size-selective precipitation of many types of organically and
aqueously prepared NCs.
Typical TEM and HRTEM images of thiol-capped CdTe NCs with sizes from 2 to

6 nm can be found in [32, 38, 82]. Figure 5 shows TEM and HRTEM images of
relatively large, 5.5� 0.5 nm CdTe NCs capped with MPA. In order to avoid
aggregation on the TEM grid, which is common for aqueous solutions of thiol-
capped NCs, the size-selected sample was transferred to toluene using partial ligand
exchange with 1-dodecanethiol by applying the procedure of [83]. The images
confirm the monodispersity of NCs; their non-spherical shape can be described
within a recently proposed truncated tetrahedral model [92].
The sizes of thiol-capped CdTe NCs synthesized in aqueous solution can be

determined from the so-called �sizing curve�: the function of the size of thiol-capped

Fig. 5. TEM (top) andHRTEM (bottom) images ofMPA-capped CdTeNCs, 5.5 nm average size, with PL
maximum at 780 nm. Reproduced from [39],� 2007, with permission from American Chemical Society
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CdTeNCson the energy of the 1s–1s electronic transition estimated from the position
of the first absorption peak (Fig. 6). The points (open circles) in Fig. 6 were derived
from statistical analyses of NC sizes obtained by TEM measurements. For the
smallest NCs (filled circles in Fig. 6) forwhich the precise TEManalyses are difficult
we used the sizes derived from the powderXRD spectra as described in detail in [32].
Calculation of the 1s–1s transition energy of CdTe NCs (treated as spheres) as a
function of their size has been done using an extended theoretical approach described
in detail in [93], and is presented in Fig. 6 as solid line. The extension over the
common effectivemass approximation includes the implementation of the Coulomb
interaction and finite potential wells at the particle boundaries in water as the
surrounding dielectric medium. The physical parameters of bulk CdTe put into the
model can also be found in [32]. The agreement between experiment and theory is
quite well. We note that the sizing curve from [94] which is widely used in scientific
community has been derived for CdTe NCs prepared by high-temperature organic
syntheses and does not include data for small NCs (first absorption maximum at
wavelengths shorter than 570 nm, Fig. 6) which are very easy to synthesize in water.
Thiol molecules can release S2� in the course of the prolonged refluxing in the

basic medium, which build into the lattice of the growing NCs. Thus, the positions
of the powder XRD reflexes of CdTe NCs synthesized under prolonged refluxing in
the presence of thioglycolic acid are intermediate between the values of the cubic
CdTe and the cubic CdS phases [82]. Mixed CdTexS1�x NCs with some gradient of
sulfur distribution from inside the nanoparticles to the surface are formed under these
conditions. They represent a kind of core-shell system with a naturally CdS-capped
surface created by mercapto-groups covalently attached to the surface cadmium
atoms. Importantly, the synthesis of such kind of core-shellNCs occurs in one step, as
the sulfur originates from the stabilizing thiol molecules and releases during the
particle growth. At the bulk CdTe/CdS interface, the conduction band step, i.e. the

Fig. 6. Sizing curve for thiol-capped CdTe NCs synthesized in water. Filled circles represent sizes of
NCs experimentally determined from powder XRD spectra; open circles represent sizes of NCs
experimentally determined from TEM images. Solid line is a calculated dependence of the 1s–1s
transition energy on CdTe NC size. Reproduced from [39], � 2007, with permission from American

Chemical Society
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offset of the absolute band position, is close to zero, whereas the valence band step is
�1 eV [47]. Thewave functions calculated for a CdTe/CdS systemwith the particle-
in-a-boxmodel [93] showa delocalization of the electron through the entire structure
and the confinement of the hole to the CdTe core – the same phenomenon as reported
for the organically synthesized core-shell CdSe/CdS NCs [43] providing their
photostability and electronic accessibility.
The reduction of the amount of TGA at the synthesis stage leads to a reduction of

the sulfur content in the NCs. XRD patterns of the CdTe NCs (Fig. 7) show that at a
TGA:Cd ratio of 1.3 and a pH 12, a smaller shift of the reflexes toward the position
corresponding to cubic CdS is observed. It can be explained by the fact that
decreasing the amount of the stabilizer in solution and the acceleration of the NCs
growth leads to a decreasing probability of TGAhydrolysis and, as a result, to a lower
sulfur content. As discussed in [38, 95] the sulfur-enriched shell itself may be
important for the improvement of the stability and luminescence properties of CdTe
NCs. At the same time, a few monolayers of this shell is enough for the efficient
protection of the NCs and further growth of CdS only reduce the NCs quality similar
to the effect of the ZnS shell on the properties of CdSe NCs [96].
Typical absorption and PL spectra of size-selected [21, 38] fractions of TGA- and

MPA-capped CdTe NCs are shown in Fig. 8. PL spectra of TGA-capped CdTe NCs
are tunable in the range of 500–700 nm, while those ofMPA-cappedNCs are tunable
between 530 and 800 nm. The MPA capping allows for a relatively quick and
controllable growth of CdTe NCs up to 6 nm in diameter. The energy gap of bulk
CdTe estimated from the absorption measurements at 300K is 1.43 eVor ca. 867 nm
[97]. The superior tunability of the absorption over the very broad spectral range is
important for the use of thiol-capped CdTe NCs as absorbers in solar cells [98], for
choosing optimal donor–acceptor pairs for FRET-based structures [99–101], as well

Fig. 7. XRD patterns of the CdTe NCs synthesized with a TGA:Cd ratio of 1.3 (red) and 2.45 (black)
after 20 h of synthesis (a).bShows the influence of the TGA:Cd ratio on the relative position of the (1 1 1)
XRD reflex of the CdTeNCs. c Presents the evolution of the relative shift of the (1 1 1) XRD reflex of the
CdTe NCs during the synthesis. Reproduced from [39], � 2007, with permission from American

Chemical Society
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as for tuning an optimal resonance condition in nanoplasmonics systems [102, 103].
Narrow PL spectra in combination with their tuneability and high PL QE are of a
special interest for bio-labelling applications [104], imaging [105] and LEDs [34]
based on thiol-capped CdTe NCs.
The broad interest to thiol-capped CdTe NCs has triggered a search for improve-

ments and specific adaptations of their conventional synthetic procedures described
above [32, 33, 38]. This includes the hydrothermal synthesis [69, 77], illumination
[95], ultrasonic [106] or microwave irradiation [107, 108] treatment, the use of an
inert atmosphere [109], variation of reagent concentrations [75–77, 80] and pH [76,
80], and the use of alternative capping agents like glutathione [110].

3. ZnSe nanocrystals

Currently, a lot of attention is paid to the safe handling of nanometer-sized
materials [111], which demands among others the development of syntheses of
colloidal semiconductor NCs from low-toxic materials and the use of environmen-
tally friendly technologies [112–116]. ZnSeNCs [117] synthesized inwater is one of
the prominent examples of such kind of nanomaterials.
The synthetic procedure for ZnSeNCs is very similar to the synthesis of CdTeNCs

[42, 118, 119]. In a typical synthesis Zn(ClO4)2 � 6H2O is dissolved in water in the

Fig. 8. A set of typical PL (top) and absorption (bottom) spectra of TGA-capped andMPA-capped CdTe
NCs demonstrates their tuneability over a broad spectral range in thevisible and near-infrared. Excitation
wavelength is 450 nm. The inset shows a photograph of brightly emitting CdTe NCs of different sizes
taken under UV lamp excitation. Reproduced from [39], � 2007, with permission from American

Chemical Society
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range of concentrations of 0.02M or less, and an appropriate amount of the thiol
stabilizer (1-thioglycerol, TGA or MPA) is added under stirring, followed by
adjusting the pH by dropwise addition of 1M solution of NaOH to 6.5 in the case
of TGA or MPA capping, or to 11.2–11.8 in the case of TG. The mentioned pH
values were experimentally found to be optimal for the synthesis of stable colloids.
The solution is deaerated by N2 bubbling for 1 h. Under stirring, H2Se gas (generated
by the reaction of Al2Se3 lumps with an excess amount of 1N H2SO4 under N2

atmosphere [42] or electrochemically [73]) is passed through the solution together
with a slow nitrogen flow. ZnSe precursors are formed at this stage. The further
nucleation and growth of the NCs proceed upon refluxing at 100�C under open-air
conditions with a condenser attached.
A typical temporal evolution of the absorption of the ZnSe NCs is shown in Fig. 9.

A growth of the NCs during reflux is indicated by a low-energy shift of the
absorption. The PL efficiency of these solutions is negligible and shows mainly a
broad trap-emission band (400–600 nm). An additional very weak band-edge
emission appears only after long times of reflux. Among the capping agents used
a relatively stronger trap-emission is found to be characteristic for TG-capped ZnSe
NCs. The synthesis and characterization of this type of white-blue-emittingNCswas
reported in details recently [118, 119]. Widely used ratio of the precursors Zn:Se:
R–SH is near 1:0.5:2.5, which is similar to the traditional one for the CdTe NCs

Fig. 9. Evolution of the absorption spectra of a crude solution of ZnSe NCs during the synthesis.
Reproduced from [42], � 2004, with permission from American Chemical Society
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synthesis. The varying of this ratio towards lower amounts of the stabilizer allowed
improvement of the photoluminescence in the case of 1-thioglycerol stabilizer
resulting in strong whitish-blue trap-emission [119], but did not result in any
considerable improvement in the cases of MPA and TGA.
In order to improve the PL properties of the ZnSe NCs (enhancement of the band-

edge and suppression of the trap-emission), the colloidal solutions can be irradiated
with a xenon lamp [42] or alternativelywith aUV-lamp [120]. The presence of excess
of Zn2þ ions and TGAmolecules was found to be necessary. The dependence of the
PL spectra on the duration of the irradiation is shown in Fig. 10. Under illumination,
the PLQE increases from ca. 0.1% being characteristic for the as-prepared solutions
up to 10–30% [42] and even 50% [120] if the pH during the treatment maintained to
be 6.5 and 11, respectively.
The position of the PL maximum and the absorption edge shifted to the lower

energy region during the irradiation. The PL emissions with maxima in the region
330–400 nm were achieved under the white-light irradiation and pH 6.5 [42], while
larger NCs with PL maxima up to 435 nm may be prepared under UV light at pH 11
[120]. Since the ZnSe NCs studied are in the regime of size confinement, i.e. a low-
energy band-edge corresponds to larger particles, we can assume, that the colloidal
ZnSe particles grow under irradiation. Additionally, powder XRD and a HRTEM
analysis show that the improvement of the PL QE is accompanied by the growth
of the NCs. The XRD peaks shift to values which are characteristic for ZnSe/ZnS

Fig. 10. Evolution of the absorption and PL (a) and of the PL excitation spectra (lobservation 375 nm) (b)
of ZnSe NCs during illumination. Inset shows a true color fluorescence image (lex 366 nm) of the ZnSe
NCs before (left) and after (right) the photo-treatment. Reproduced from [121],� 2006, with permission

from American Chemical Society
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alloys (the sulfur appears as a product of photodecomposition of the TGA in solution
[82]). Electrochemical studies were performed to show that surface Se-related states
in the photochemically treated ZnSe NCs are efficiently exchanged with S-related
states [121]. The formation of such a shell from a larger band gap material (ZnS)
should provide an additional stabilization of the core particles and hence leads to
better PL properties. Solutions treated by this way show narrow PL bands being
almost free from trap-associated emission (Fig. 10). Moreover, the observed evolu-
tion of the PL properties of the ZnSe(S) NCs is generally followed by a decrease of
the Stokes shift. ZnSe NCs capped with TGA,MPA or TG showed a similar increase
in PL efficiency after irradiation. However, for bothMPA- andTG-capped ZnSeNCs
a pronounced increase of the trap-emission band was observed as well. The resulting
colloids show a reasonable stability: several months of storage in the dark under air
result neither in coagulation nor in recognizable changes in the optical properties. In
a very recent report [122] the possibility of direct (without photochemical treatment)
synthesis of strongly emitting ZnSe NCs capped with glutathione has been
demonstrated.

4. HgTe and CdxHg1�xTe nanocrystals

In a typical aqueous synthesis of HgTeNCs [41, 122]metal Hg2þ ions react under
N2 atmosphere in aqueous solutionwithH2Te gas in the presence of a thiol stabilizer.
Adjustment of the pH to an appropriate value (11–12), as well as the judicious choice
of absolute and relative concentrations of the reaction components allows the
reaction rate, the quality of the product and its PL QE to be efficiently controlled
[41, 122]. 1-Thioglycerol was found to be the best for controlling the synthesis at the
precursors ratio ofHg:Te:R–SHbeing 1:0.25:2.5. TheHgTeNCs growupon reaction
of the precursors at room temperature; the reaction may be stopped by cooling the
reaction solutions down in ice pad and keeping them later in a fridge. Reaction lasting
for approx. 2 h produces highly concentrated solutions of HgTe NCs of approx. 4 nm
in size, with a strong (40–50%PLQE) emission. The drawback of this reaction is the
broad size distribution of the resulting samples, leading to a broad luminescence peak
of the as-prepared NCs covering the spectral region from 800 to 1400 nm with a
maximum located at 1080 nm. However, this broad spectral coverage is advanta-
geous for telecommunication applications, as it coincides with the 1.3-mm tele-
communications window. To obtain HgTe NC fractions with various mean sizes and
narrower size distributions, a standard size-selective precipitation technique can be
applied. Recently it was reported that size and emission maxima of the HgTe NCs
may be varied by the controllable growth in presence of 2-mercaptoethanol or 1-
thioglycerol in the region from 1200 to 3700 nm [68]. HgTe nanoparticles so
prepared belong to the cubic (coloradoite) HgTe phase. Upon gentle (70�C) heating
of the as-prepared HgTe NC solutions for progressively longer times, the NCs grow
through the Ostwald ripening mechanism, which results in a shift of the PL band
towards longer wavelengths with the PL intensity gradually declining to a value of
�10% quantum efficiency. A similar gradual red shift was observed during the
storage of as-synthesized HgTe NC solutions at room temperature on the time scale
of weeks, which was accompanied by a gradual decline of the emission intensity. To
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prevent this undesirable effect, capping ofHgTeNCswith a shell of awider-band gap
material CdS can be undertaken [123], resulting in positive improvements both for
the long-term storage and for the stability of the samples during high-temperature
treatments involved in device fabrication.
HgTe NCs synthesized in water can easily be transferred into non-polar organic

solvents, such as toluene, styrene, chloroform, chlorobenzene etc., by exchange of
the stabilizer with long-chain thiols [68, 83]. Once the NCs have been transferred to
non-polar solvents they can be easily processed by traditional spin-coating or casting
techniques and are also suitable for the preparation of blends with optically
transparent and/or conjugated polymers [124].
Alloyed CdxHg1�xTe NCs emitting in the spectral region between 800 and

1100 nm have been synthesized in water through the chemical modification of
pre-synthesized thiol-capped CdTe NCs by Hg2þ ions [40, 125]. Due to the lower
solubility of HgTe in comparison to CdTe in water, the Hg2þ ions substitute Cd2þ

ions at the surface of the nanoparticles forming a CdxHg1�xTe alloy in the near-
surface region, as schematically depicted in Fig. 11. A layer of CdTe can then be
grown on the surface of CdxHg1�xTe NCs by addition of more Cd2þ ions reacting
with H2Te gas, and the substitution process can be repeated further leading to an
increase in both the NC size and the relative Hg content in the alloyed particles
(Fig. 11). The substitution reaction occurs with a finite rate and starts at some
thermodynamically preferred site. Alloying in bulk CdxHg1�xTe systems (MCT) is
well-known and is in fact the basis of long-wavelength infrared photodetectors, such
thatwith timeHg2þ ions first incorporate on a surface and then into thevolume of the
particles. The near-surface region of the NCs can therefore be described as a solid
solution, alloy or mixed crystal of CdxHg1�xTe, possibly with a concentration
gradient decreasing towards the particle interior. The greater the amount of Hg2þ

ions added and the longer the time period allowed, the greater the concentration of
mercury in the interior of the particles until a real CdxHg1�xTe alloy results. The band
gap of bulk CdxHg1�xTe alloy varies approximately linearly with the composition
from þ1.6 eVat x¼ 1 (pure CdTe) to�0.3 eV for x¼ 0 (pure HgTe) [126]. This has
been observed experimentally for the CdxHg1�xTe NCs as a red shift in both the
absorption and luminescence spectra with increasing Hg content resulting in
emission wavelengths ranging from 700 to 1350 nm depending on the composition.
PL quantum efficiencies as high as 50% have been measured for the alloy
CdxHg1�xTe NCs which is similar to that of HgTe NCs.
Figure 12 shows a series of normalized PL spectra of CdxHg1�xTe and HgTe NC

fractions (the latter were measured in D2O) which cover the spectral region between

Fig. 11. Schematic diagram of the idealized synthetic routes to achieve mixed-phase CdxHg1�xTe
nanoparticles
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700 and 1900 nm. Both CdxHg1�xTe and HgTe NCs are near-infrared-emitting
materialswhose recognition has grown rapidly all over theworld in the last fewyears.
A potentially very significant application of these NCs is their deployment as optical
amplifier media for telecommunications systems based on silica fibre technology
which has optimal transmission windows around 1.3 and 1.55mm, as discussed in
several topical reviews [127, 128]. Another evolving fields with a great potential are
applications of near-infared-emitting NCs as fluorescent contrast agents for bio-
medical imaging in living tissue, electroluminescent devices, photodetectors and
photovoltaics for solar energy conversion [129, 130]. It was found that CdxHg1�xTe
NCs possess exceptionally high stability against photooxidation and degradation in
typical biological buffer media like phosphate buffered saline [131]. This fact,
together with the strong emission in the biological spectral window (both haemo-
globin and water show minimum absorption of light between 800 and 1100 nm)
makes this kind of NCs especially attractive for bio-imaging and bio-labelling.
Recently, CdxHg1�xTe NCs additionally protected by CdS shell were successfully
used for the in vivo imaging [132].

5. Summary and outlook

Sufficient progress has been made during last decade in the preparation and the
design of the surface properties of thiol-capped water-soluble NCs whose lumines-
cence covers broad spectral range depending on the material and the particle size.
Among the advantages of the aqueous synthesis its simplicity and high reproduci-
bility should be mentioned. Keeping in mind the potential importance of highly
luminescent NCs for large-scale applications, it should be mentioned that the
aqueous synthesis of thiol-capped NCs can be carried out equally effective on a

Fig. 12. Typical photoluminescence spectra of the CdxHg1�xTe and HgTe NCs. Reprinted with
permission from [130], � 2007 Wiley VCH
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vast scale, yielding up to 10 g of NCs per synthesis. These NCs can be precipitated,
washed and kept in the dry state under ambient conditions for years, being stable and
re-soluble in water.
NCs synthesized by the aqueous approach do not possess the degree of crystal-

linity of the NCs prepared in organic solvents by the hot-injection technique, where
high annealing temperatures (200–360�C) are used during the synthesis [22, 133,
134]. A very effective separation of nucleation and growth stages achieved in the
hot-injection technique allows to reach narrower size distributions of the NCs in
comparison with those prepared in aqueous solutions. However, the aqueous
approach generally allows the synthesis of smaller NCs, both CdS, CdSe and CdTe,
and is the only existing reliable method nowadays allowing to produce mercury
chalcogenide NCs. The post-preparative size-selective precipitation procedure
works more reliable in case of aqueous colloids in terms of retaining the lumines-
cence properties, than for their organically synthesized counterparts. The possibility
to control the surface charge and other surface properties of thiol-cappedNCs simply
by choice of stabilizing thiol molecules with appropriate free functional groups used
in the synthesis is extremely important, especially when water-soluble NCs are to be
used for fluorescence tagging applications. The possibility to vary surface functional
groups is also importantwhen specific binding ofNCs to other nanoparticles or to the
surfaces is foreseen.
Semiconductor NCs prepared in aqueous solution have found several applica-

tions in material science and nanotechnology. Among others is the fabrication of
polymer-NC [35, 42, 90, 124, 135–138] and glass-NC [120, 139] light-emitting
composites which are robust and easily processable. Applications in optoelec-
tronics cover the LEDs [34, 35, 124, 140], microarrays of multicolored light-
emitting pixels [141] and photosensitive films [142, 143]. This is closely
connected to photonic applications in which NCs play a role of subwavelength
emitters [144], tunable light-sources coupled to optical modes of photonic
crystals [145–147] and heterocrystals [148], spherical microresonators [149,
150] photonic molecules [151], and waveguides [152]. The ability of NCs to
interact with neighboring nanoparticles or molecules gives rise to the fabrication
of FRET-based [101, 153] and nanoplasmonic [103] devices as well as sensors
[154–156]. The demands in light emitters which are compatible with water and
the most common biological buffers [157] open for thiol-capped NCs such fields
as bio-labelling [36, 131, 158–160] and bio-imaging [105, 110, 161]. They have
been used as building blocks for self-organizing superstructures like luminescent
nanowires [162–168], nanotubes [169] or nanosheets [92], for chemilumines-
cence generation [170], for fabrication of temperature-sensitive nanoassemblies
[171], as luminescent components of multifunctional microbeads [144, 172–177]
and polymer microcapsules [104, 131, 177–180]. Brightly emitting water-soluble
NCs with a flexible surface chemistry determined by easy choice of capping
ligands have already secured and will secure in future a wide field of applica-
tions, ranging from life sciences to photonics and optoelectronics. In the field of
biological imaging of cellular processes, the ability to fabricate NCs with well-
defined surface passivation is important in studying transport processes within
living cells [181].

Aqueous synthesis of semiconductor nanocrystals 91



References

[1] Henglein A (1982) Photodegradation and fluorescence of colloidal cadmium sulfide in aqueous
solution. Ber Bunsen-Ges Phys Chem 86: 301–305

[2] Weller H, Koch U, GutierrezM, Henglein A (1984) Photochemistry of colloidal metal sulfides. 7.
Absorption and fluorescence of extremely small zinc sulfide particles (the world of the neglected
dimensions). Ber Bunsen-Ges Phys Chem 88: 649–656

[3] Alfassi Z, Bahnemann D, Henglein A (1982) Photochemistry of colloidal metal sulfides. 3.
Photoelectron emission from cadmium sulfide and cadmium sulfide–zinc sulfide cocolloids. J
Phys Chem 86: 4656–4657

[4] Rossetti R, Nakahara S, Brus LE (1983) Quantum size effects in the redox potentials, resonance
Raman spectra, and electronic spectra of cadmium sulfide crystallites in aqueous solution. J Chem
Phys 79: 1086–1088

[5] Nozik AJ, Williams F, Nenadovic MT, Rajh T, Micic OI (1985) Size quantization in small
semiconductor particles. J Phys Chem 89: 397–399

[6] Ramsden JJ, Graetzel M (1984) Photoluminescence of small cadmium sulfide particles. J Chem
Soc, Faraday Trans 1 80: 919–933

[7] Rossetti R,Hull R,Gibson JM,BrusLE (1985)Excited electronic states and optical spectra of zinc
sulfide and cadmium sulfide crystallites in the�15 to 50A

�
size range: evolution frommolecular to

bulk semiconducting properties. J Chem Phys 82: 552–559
[8] Weller H, Fojtik A, Henglein A (1985) Photochemistry of semiconductor colloids: properties of

extremely small particles of cadmiumphosphide (Cd3P2) and zinc phosphide (Zn3P2). ChemPhys
Lett 117: 485–488

[9] Fojtik A, Weller H, Henglein A (1985) Photochemistry of semiconductor colloids. Size
quantification effects in Q-cadmium arsenide. Chem Phys Lett 120: 552–554

[10] Resch U, Weller H, Henglein A (1989) Photochemistry and radiation chemistry of colloidal
semiconductors. 33. Chemical changes and fluorescence in CdTe and ZnTe. Langmuir 5:
1015–1020

[11] Efros AL, Efros AL (1982) Interband absorption of light in a semiconductor sphere. Sov Phys
Semiconduct 16: 772–775

[12] Brus LE (1983) A simple model for the ionization potential, electron affinity, and aqueous redox
potentials of small semiconductor crystallites. J Chem Phys 79: 5566–5571

[13] DameronCT, Reese RN,Mehra RK,KortanAR, Carroll PJ, SteigerwaldML,Brus LE,WingeDR
(1989) Biosynthesis of cadmium sulfide quantum semiconductor crystallites. Nature 338:
596–597

[14] Fendler JH (1987)Atomic andmolecular clusters inmembranemimetic chemistry. ChemRev 87:
877–899

[15] Rajh T, Micic OI, Nozik AJ (1993) Synthesis and characterization of surface-modified colloidal
cadmium telluride quantum dots. J Phys Chem 97: 11999–12003

[16] Vossmeyer T, Katsikas L, Giersig M, Popovic IG, Diesner K, Chemseddine A, Eychm€uller A,
Weller H (1994) CdS nanoclusters: synthesis, characterization, size dependent oscillator strength,
temperature shift of the excitonic transition energy, and reversible absorbance shift. J Phys Chem
98: 7665–7673

[17] Vossmeyer T, Reck G, Katsikas L, Haupt ETK, Schulz B, Weller H (1995) A �double-diamond
superlattice� built up of Cd17S4(SCH2CH2OH)26 clusters. Science 267: 1476–1479

[18] Vossmeyer T, Reck G, Schulz B, Katsikas L, Weller H (1995) Double-layer superlattice structure
built up of Cd32S14(SCH2CH(OH)CH3)36 � 4H2O clusters. J Am Chem Soc 117: 12881–12882

[19] Henglein A (1988) Mechanism of reactions of colloidal microelectrodes and size quantization
effects. Topics Curr Chem 143: 113–180

[20] Spanhel L, Haase M, Weller H, Henglein A (1987) Photochemistry of colloidal semiconductors.
20. Surface modification and stability of strong luminescing CdS particles. JAm Chem Soc 109:
5649–5655

[21] Chemseddine A,Weller H (1993) Highly monodisperse quantum sized cadmium sulfide particles
by size selective precipitation. Ber Bunsen-Ges Phys Chem 97: 636–637

[22] Murray CB, Norris DJ, Bawendi MG (1993) Synthesis and characterization of nearly mono-
disperse CdE (E¼ sulfur, selenium, tellurium) semiconductor nanocrystallites. J Am Chem Soc
115: 8706–8715

[23] Fischer CH, Weller H, Fojtik A, Lume-Pereira C, Janata E, Henglein A (1986) Photochemistry
of colloidal semiconductors. 10. Exclusion chromatography and stop flow experiments on
the formation of extremely small cadmium sulfide particles. Ber Bunsen-Ges Phys Chem 90:
46–49

92 N. Gaponik, A. L. Rogach



[24] Fischer CH, Weller H, Katsikas L, Henglein A (1989) Photochemistry of colloidal semiconduc-
tors. 30. HPLC investigation of small CdS particles. Langmuir 5: 429–432

[25] Eychm€uller A, Katsikas L, Weller H (1990) Photochemistry of semiconductor colloids. 35. Size
separation of colloidal cadmium sulfide by gel electrophoresis. Langmuir 6: 1605–1608

[26] HinesMA,Guyot-Sionnest P (1996) Synthesis and characterization of strongly luminescing ZnS-
capped CdSe nanocrystals. J Phys Chem 100: 468–471

[27] Peng ZA, Peng XG (2001) Mechanisms of the shape evolution of CdSe nanocrystals. JAmChem
Soc 123: 1389–1395

[28] Colvin VL, Schlamp MC, Alivisatos AP (1994) Light-emitting diodes made from cadmium
selenide nanocrystals and a semiconducting polymer. Nature 370: 354–357

[29] Huynh WU, Dittmer JJ, Alivisatos AP (2002) Hybrid nanorod-polymer solar cells. Science 295:
2425–2427

[30] Bruchez M Jr, Moronne M, Gin P, Weiss S, Alivisatos AP (1998) Semiconductor nanocrystals as
fluorescent biological labels. Science 281: 2013–2016

[31] Donega CdM, Liljeroth P, Vanmaekelbergh D (2005) Physicochemical evaluation of the hot-
injection method, a synthesis route for monodisperse nanocrystals. Small 1: 1152–1162

[32] Rogach AL, Katsikas L, Kornowski A, Su D, Eychm€uller A, Weller H (1996) Synthesis and
characterization of thiol-stabilized CdTe nanocrystals. Ber Bunsen-Ges Phys Chem 100:
1772–1778

[33] Gao M, Kirstein S, M€ohwald H, Rogach AL, Kornowski A, Eychm€uller A, Weller H (1998)
Strongly photoluminescent CdTe nanocrystals by proper surface modification. J Phys Chem B
102: 8360–8363

[34] Gao M, Lesser C, Kirstein S, M€ohwald H, Rogach AL, Weller H (2000) Electroluminescence of
different colors from polycation/CdTe nanocrystal self-assembled films. J Appl Phys 87:
2297–2302

[35] Gaponik NP, Talapin DV, Rogach AL, Eychm€uller A (2000) Electrochemical synthesis of CdTe
nanocrystal/polypyrrole composites for optoelectronic applications. J Mater Chem 10:
2163–2166

[36] Mamedova NN, Kotov NA, Rogach AL, Studer J (2001) Albumin-CdTe nanoparticle bioconju-
gates: preparation, structure, and interunit energy transfer with antenna effect. Nano Lett 1:
281–286

[37] RogachAL,KornowskiA,GaoM,Eychm€ullerA,WellerH (1999) Synthesis and characterization
of a size series of extremely small thiol-stabilized CdSe nanocrystals. J Phys Chem B 103:
3065–3069

[38] Gaponik N, Talapin DV, Rogach AL, Hoppe K, Shevchenko EV, Kornowski A, Eychm€uller A,
Weller H (2002) Thiol-capping of CdTe nanocrystals: an alternative to organometallic synthetic
routes. J Phys Chem B 106: 7177–7185

[39] Rogach AL, Franzl T, Klar TA, Feldmann J, Gaponik N, Lesnyak V, Shavel A, Eychm€uller A,
Rakovich YP, Donegan JF (2007) Aqueous synthesis of thiol-capped CdTe nanocrystals: state-of-
the-art. J Phys Chem C 111: 14628–14637

[40] Harrison MT, Kershaw SV, Burt MG, Eychm€uller A, Weller H, Rogach AL (2000) Wet chemical
synthesis and spectroscopic study of CdHgTe nanocrystals with strong near-infrared lumines-
cence. Mater Sci Eng B B69–70: 355–360

[41] Rogach A, Kershaw S, Burt M, Harrison M, Kornowski A, Eychm€uller A, Weller H (1999)
Colloidally prepared HgTe nanocrystals with strong room-temperature infrared luminescence.
Adv Mater 11: 552–555

[42] Shavel A, Gaponik N, Eychm€uller A (2004) Efficient UV-blue photoluminescing thiol-stabilized
water-soluble alloyed ZnSe(S) nanocrystals. J Phys Chem B 108: 5905–5908

[43] Peng X, Schlamp MC, Kadavanich AV, Alivisatos AP (1997) Epitaxial growth of highly
luminescent CdSe/CdS core/shell nanocrystals with photostability and electronic accessibility.
J Am Chem Soc 119: 7019–7029

[44] Reiss P, Bleuse J, Pron A (2002) Highly luminescent CdSe/ZnSe core/shell nanocrystals of low
size dispersion. Nano Lett 2: 781–784

[45] Talapin DV, Rogach AL, Kornowski A, Haase M, Weller H (2001) Highly luminescent mono-
disperse CdSe and CdSe/ZnS nanocrystals synthesized in a hexadecylamine-trioctylphosphine
oxide-trioctylphosphine mixture. Nano Lett 1: 207–211

[46] Wuister SF, de MelloDonega C, Meijerink A (2004) Influence of thiol capping on the exciton
luminescence and decay kinetics of CdTe and CdSe quantum dots. J Phys Chem B 108:
17393–17397

[47] Nethercot AH Jr (1974) Prediction of Fermi energies and photoelectric thresholds based on
electronegativity concepts. Phys Rev Lett 33: 1088–1091

Aqueous synthesis of semiconductor nanocrystals 93



[48] D€ollefeld H,Weller H, Eychm€uller A (2002) Semiconductor nanocrystal assemblies: experimental
pitfalls and a simple model of particle–particle interaction. J Phys Chem B 106: 5604–5608

[49] Kolny J, Kornowski A, Weller H (2002) Self-organization of cadmium sulfide and gold
nanoparticles by electrostatic interaction. Nano Lett 2: 361–364

[50] Sondi I, Siiman O, Koester S, Matijevic E (2000) Preparation of aminodextran-CdS nanoparticle
complexes and biologically active antibody-aminodextran-CdS nanoparticle conjugates. Lang-
muir 16: 3107–3118

[51] Narayanan SS, Sarkar R, Pal SK (2007) Structural and functional characterization of enzyme-
quantum dot conjugates: covalent attachment of CdS nanocrystal to a-chymotrypsin. J Phys
Chem C 111: 11539–11543

[52] D€ollefeld H, Hoppe K, Kolny J, Schilling K, Weller H, Eychm€uller A (2002) Investigations on
the stability of thiol stabilized semiconductor nanoparticles. Phys Chem Chem Phys 4:
4747–4753

[53] Moloney MP, Gun�ko YK, Kelly JM (2007) Chiral highly luminescent CdS quantum dots. Chem
Commun 3900–3902

[54] Spoerke ED, Voigt JA (2007) Influence of engineered peptides on the formation and properties of
cadmium sulfide nanocrystals. Adv Funct Mater 17: 2031–2037

[55] Ma N, Yang J, Stewart KM, Kelley SO (2007) DNA-passivated CdS nanocrystals: luminescence,
bioimaging, and toxicity profiles. Langmuir 23: 12783–12787

[56] Mora-Sero I, Bisquert J, Dittrich T, Belaidi A, SushaAS, RogachAL (2007) Photosensitization of
TiO2 layers with CdSe quantum dots: correlation between light absorption and photoinjection. J
Phys Chem C 111: 14889–14892

[57] RogachAL,NageshaD,Ostrander JW,GiersigM,KotovNA (2000) �Raisin bun�-type composite
spheres of silica and semiconductor nanocrystals. Chem Mater 12: 2676–2685

[58] WangY, TangZ,Correa-DuarteMA,Liz-MarzanLM,KotovNA (2003)Multicolor luminescence
patterning by photoactivation of semiconductor nanoparticle films. J Am Chem Soc 125:
2830–2831

[59] Wang Y, Tang Z, Correa-Duarte MA, Pastoriza-Santos I, Giersig M, Kotov NA, Liz-Marzan LM
(2004) Mechanism of strong luminescence photoactivation of citrate-stabilized water-soluble
nanoparticles with CdSe cores. J Phys Chem B 108: 15461–15469

[60] Wang SF, Gu F, LuMK (2006) Sonochemical synthesis of hollowPbS nanospheres. Langmuir 22:
398–401

[61] Jiang Y,Wu Y, Xie B, Yuan S, Liu X, Qian Y (2001) Hydrothermal preparation of uniform cubic-
shaped PbS nanocrystals. J Cryst Growth 231: 248–251

[62] Flores-Acosta M, Sotelo-Lerma M, Arizpe-Chavez H, Castillon-Barraza FF, Ramirez-Bon R
(2003) Excitonic absorption of spherical PbS nanoparticles in zeolite A. Solid State Commun
128: 407–411

[63] Hao E, Yang B, Yu S, Gao M, Shen J (1997) Formation of orderly organized cubic PbS
nanoparticles domain in the presence of TiO2. Chem Mater 9: 1598–1600

[64] Huang NM, Shahidan R, Khiew PS, Peter L, Kan CS (2004) In situ templating of PbS nanorods in
reverse hexagonal liquid crystal. Colloid. Surf A 247: 55–60

[65] Zhou SM, Zhang XH,Meng XM, Fan X, Lee ST,Wu SK (2005) Sonochemical synthesis of mass
single-crystal PbS nanobelts. J Solid State Chem 178: 399–403

[66] Ma YR, Qi LM, Ma JM, Cheng HM (2004) Hierarchical, star-shaped PbS crystals formed by a
simple solution route. Cryst Growth Des 4: 351–354

[67] Lifshitz E, Sirota M, Porteanu H (1999) Continuous and time-resolved photoluminescence study
of lead sulfide nanocrystals, embedded in polymer film. J Cryst Growth 196: 126–134

[68] Kovalenko MV, Kaufmann E, Pachinger D, Roither J, Huber M, Stangl J, Hesser G, Schaffler F,
HeissW (2006) Colloidal HgTe nanocrystals with widely tunable narrow band gap energies: from
telecommunications to molecular vibrations. J Am Chem Soc 128: 3516–3517

[69] Zhang H,Wang L, Xiong H, Hu L, Yang B, Li W (2003) Hydrothermal synthesis for high-quality
CdTe nanocrystals. Adv Mater 15: 1712–1715

[70] Zhang H, Zhou Z, Yang B, Gao M (2003) The influence of carboxyl groups on the photolumines-
cence of mercaptocarboxylic acid-stabilized CdTe nanoparticles. J Phys Chem B 107: 8–13

[71] Dennis LM, Anderson RP (1914) Hydrogen tellurid and the atomic weight of tellurium. J Am
Chem Soc 36: 882–909

[72] Engelhard T, Jones ED, Viney I, Mastai Y, Hodes G (2000) Deposition of tellurium films by
decomposition of electrochemically-generated H2Te: application to radiative cooling devices.
Thin Solid Films 370: 101–105

[73] Bastide S, Huegel P, Levy-Clement C, Hodes G (2005) Electrochemical preparation of H2S and
H2Se. J Electrochem Soc 152: D35–D41

94 N. Gaponik, A. L. Rogach



[74] Kovalenko MV, Bodnarchuk MI, Stroyuk AL, Kuchmii SY (2004) Spectral, optical, and
photocatalytic characteristics of quantum-sized particles of CdTe. Theor Exp Chem 40:
220–225

[75] LiC,MuraseN (2005) Surfactant-dependent photoluminescence ofCdTe nanocrystals in aqueous
solution. Chem Lett 34: 92–93

[76] Shavel A, Gaponik N, Eychm€uller A (2006) Factors governing the quality of aqueous CdTe
nanocrystals: calculations and experiment. J Phys Chem B 110: 19280–19284

[77] Guo J, YangW,Wang C (2005) Systematic study of the photoluminescence dependence of thiol-
capped CdTe nanocrystals on the reaction conditions. J Phys Chem B 109: 17467–17473

[78] TalapinDV,RogachAL,HaaseM,Weller H (2001) Evolution of an ensemble of nanoparticles in a
colloidal solution: theoretical study. J Phys Chem B 105: 12278–12285

[79] Talapin DV, Rogach AL, Shevchenko EV, Kornowski A, Haase M, Weller H (2002) Dynamic
distribution of growth rates within the ensembles of colloidal II–VI and III–V semiconductor
nanocrystals as a factor governing their photoluminescence efficiency. J Am Chem Soc 124:
5782–5790

[80] Li L, Qian H, Fang N, Ren J (2005) Significant enhancement of the quantum yield of CdTe
nanocrystals synthesized in aqueous phase by controlling the pH and concentrations of precursor
solutions. J Lumin 116: 59–66

[81] Jeong S, Achermann M, Nanda J, Ivanov S, Klimov VI, Hollingsworth JA (2005) Effect of the
thiol–thiolate equilibrium on the photophysical properties of aqueous CdSe/ZnS nanocrystal
quantum dots. J Am Chem Soc 127: 10126–10127

[82] Rogach AL (2000) Nanocrystalline CdTe and CdTe(S) particles: wet chemical preparation, size-
dependent optical properties and perspectives of optoelectronic applications. Mater Sci Eng B
B69–70: 435–440

[83] Gaponik N, Talapin DV, Rogach AL, Eychm€uller A, Weller H (2002) Efficient phase transfer of
luminescent thiol-capped nanocrystals: from water to nonpolar organic solvents. Nano Lett 2:
803–806

[84] BiebersdorfA,Dietm€uller R, SushaAS,RogachAL, PoznyakSK, TalapinDV,WellerH,Klar TA,
Feldmann J (2006) Semiconductor nanocrystals photosensitize C60 crystals. Nano Lett 6:
1559–1563

[85] Guldi DM, Zilbermann I, Anderson G, Kotov NA, Tagmatarchis N, Prato M (2004) Versatile
organic (fullerene)–inorganic (CdTe nanoparticle) nanoensembles. J Am Chem Soc 126:
14340–14341

[86] Tsay JM, Pflughoefft M, Bentolila LA,Weiss S (2004) Hybrid approach to the synthesis of highly
luminescent CdTe/ZnS and CdHgTe/ZnS nanocrystals. J Am Chem Soc 126: 1926–1927

[87] Akamatsu K, Tsuruoka T, Nawafune H (2005) Band gap engineering of CdTe nanocrystals
through chemical surface modification. J Am Chem Soc 127: 1634–1635

[88] Zhang H, Cui Z, Wang Y, Zhang K, Ji X, Lu C, Yang B, Gao M (2003) From water-soluble CdTe
nanocrystals to fluorescent nanocrystal-polymer transparent composites using polymerizable
surfactants. Adv Mater 15: 777–780

[89] Zhang H, Wang C, Li M, Ji X, Zhang J, Yang B (2005) Fluorescent nanocrystal-polymer
composites from aqueous nanocrystals: methods without ligand exchange. Chem Mater 17:
4783–4788

[90] Zhang H, Wang C, Li M, Zhang J, Lu G, Yang B (2005) Fluorescent nanocrystal-polymer
complexes with flexible processability. Adv Mater 17: 853–857

[91] Nakashima T, Kawai T (2005) Quantum dots–ionic liquid hybrids: efficient extraction of cationic
CdTe nanocrystals into an ionic liquid. Chem Commun: 1643–1645

[92] Tang Z, Zhang Z,WangY,Glotzer SC, KotovNA (2006) Self-assembly of CdTe nanocrystals into
free-floating sheets. Science 314: 274–278

[93] Schooss D, Mews A, Eychm€uller A,Weller H (1994) Quantum-dot quantumwell CdS/HgS/CdS:
theory and experiment. Phys Rev B 49: 17072–17078

[94] YuWW,Qu L, GuoW, PengX (2003) Experimental determination of the extinction coefficient of
CdTe, CdSe, and CdS nanocrystals. Chem Mater 15: 2854–2860

[95] Bao H, Gong Y, Li Z, Gao M (2004) Enhancement effect of illumination on the photolumines-
cence of water-soluble CdTe nanocrystals: toward highly fluorescent CdTe/CdS core-shell
structure. Chem Mater 16: 3853–3859

[96] Baranov AV, Rakovich YP, Donegan JF, Perova TS, Moore RA, Talapin DV, Rogach AL,
Masumoto Y, Nabiev I (2003) Effect of ZnS shell thickness on the phonon spectra in CdSe
quantum dots. Phys Rev B 68: 165306

[97] Landolt-B€ornstein (1982) Numerical data and functional relationship in science and technology.
vol 17b, New Series, Group III. Springer-Verlag, Berlin

Aqueous synthesis of semiconductor nanocrystals 95



[98] Barnham K, Marques JL, Hassard J, O�Brien P (2000) Quantum-dot concentrator and thermo-
dynamic model for the global redshift. Appl Phys Lett 76: 1197–1199

[99] Franzl T,KoktyshDS,KlarTA,RogachAL, Feldmann J,GaponikN (2004) Fast energy transfer in
layer-by-layer assembled CdTe nanocrystal bilayers. Appl Phys Lett 84: 2904–2906

[100] Franzl T, Shavel A, Rogach AL, Gaponik N, Klar TA, Eychm€uller A, Feldmann J (2005) High-
rate unidirectional energy transfer in directly assembled CdTe nanocrystal bilayers. Small 1:
392–395

[101] Franzl T, Klar TA, Schietinger S, Rogach AL, Feldmann J (2004) Exciton recycling in graded gap
nanocrystal structures. Nano Lett 4: 1599–1603

[102] Ray K, Badugu R, Lakowicz JR (2006) Metal-enhanced fluorescence from CdTe nanocrystals: a
single-molecule fluorescence study. J Am Chem Soc 128: 8998–8999

[103] Komarala VK, Rakovich YP, Bradley AL, Byrne SJ, Gun�ko YK, Gaponik N, Eychm€uller A
(2006) Off-resonance surface plasmon enhanced spontaneous emission fromCdTe quantum dots.
Appl Phys Lett 89: 253118/1–253118/3

[104] Gaponik N, Radtchenko IL, Sukhorukov GB, Weller H, Rogach AL (2002) Toward encoding
combinatorial libraries: charge-driven microencapsulation of semiconductor nanocrystals lumi-
nescing in the visible and near IR. Adv Mater 14: 879–882

[105] Lovric J, Bazzi HS, Cuie Y, Fortin GRA, Winnik FM, Maysinger D (2005) Differences in
subcellular distribution and toxicity of green and red emitting CdTe quantum dots. J MolMed 83:
377–385

[106] Wang C, Zhang H, Zhang J, Li M, Sun H, Yang B (2007) Application of ultrasonic irradiation in
aqueous synthesis of highly fluorescent CdTe/CdS core-shell nanocrystals. J Phys Chem C 111:
2465–2469

[107] Li L, Qian H, Ren J (2005) Rapid synthesis of highly luminescent CdTe nanocrystals in the aque-
ous phase by microwave irradiation with controllable temperature. Chem Commun 528–530

[108] He Y, Sai L-M, Lu H-T, Hu M, Lai W-Y, Fan Q-L, Wang L-H, Huang W (2007) Microwave-
assisted synthesis of water-dispersed CdTe nanocrystals with high luminescent efficiency and
narrow size distribution. Chem Mater 19: 359–365

[109] LiuY,ChenW, JolyAG,WangY, PopeC, ZhangY, Bovin J-O, SherwoodP (2006)Comparison of
water-soluble CdTe nanoparticles synthesized in air and in nitrogen. J Phys Chem B 110:
16992–17000

[110] Zheng Y, Gao S, Ying JY (2007) Synthesis and cell-imaging applications of glutathione-capped
CdTe quantum dots. Adv Mater 19: 376–380

[111] Maynard AD, Aitken RJ, Butz T, Colvin V, Donaldson K, Oberdoerster G, Philbert MA, Ryan J,
Seaton A, Stone V, Tinkle SS, Tran L, Walker NJ, Warheit DB (2006) Safe handling of
nanotechnology. Nature 444: 267–269

[112] Peng ZA, Peng XG (2001) Formation of high-quality CdTe, CdSe, and CdS nanocrystals using
CdO as precursor. J Am Chem Soc 123: 183–184

[113] Deng D-W, Yu J-S, Pan Y (2006) Water-soluble CdSe and CdSe/CdS nanocrystals: a greener
synthetic route. J Colloid Interf Sci 299: 225–232

[114] Sapra S, Rogach AL, Feldmann J (2006) Phosphine-free synthesis of monodisperse CdSe
nanocrystals in olive oil. J Mater Chem 16: 3391–3395

[115] Mekis I, Talapin DV, Kornowski A, Haase M, Weller H (2003) One-pot synthesis of highly
luminescent CdSe/CdS core-shell nanocrystals via organometallic and �greener� chemical
approaches. J Phys Chem B 107: 7454–7462

[116] Pradhan N, Goorskey D, Thessing J, Peng X (2005) An alternative of CdSe nanocrystal emitters:
pure and tunable impurity emissions in ZnSe nanocrystals. J Am Chem Soc 127: 17586–17587

[117] Reiss P (2007) ZnSe based colloidal nanocrystals: synthesis, shape control, core/shell, alloy and
doped systems. New J Chem 31: 1843–1852

[118] Murase N, GaoMY,Gaponik N, Yazawa T, Feldmann J (2001) Synthesis and optical properties of
water soluble ZnSe nanocrystals. Int J Modern Phys B 15: 3881–3884

[119] Murase N, Gao M (2004) Preparation and photoluminescence of water-dispersible ZnSe
nanocrystals. Mater Lett 58: 3898–3902

[120] Li CL, Nishikawa K, Ando M, Enomoto H, Murase N (2007) Highly luminescent water-soluble
ZnSe nanocrystals and their incorporation in a glass matrix. Colloid Surf A 294: 33–39

[121] Osipovich NP, Shavel A, Poznyak SK, Gaponik N, Eychm€uller A (2006) Electrochemical
observation of the photoinduced formation of alloyed ZnSe(S) nanocrystals. J Phys Chem B
110: 19233–19237

[122] Harrison MT, Kershaw SV, Burt MG, Rogach A, Eychm€uller A,Weller H (1999) Investigation of
factors affecting the photoluminescence of colloidally-prepared HgTe nanocrystals. J Mater
Chem 9: 2721–2722

96 N. Gaponik, A. L. Rogach



[123] Harrison MT, Kershaw SV, Rogach AL, Kornowski A, Eychm€uller A, Weller H (2000) Wet
chemical synthesis of highly luminescent HgTe/CdS core/shell nanocrystals. Adv Mater 12:
123–125

[124] Koktysh DS, Gaponik N, Reufer M, Crewett J, Scherf U, Eychm€uller A, Lupton JM, Rogach AL,
Feldmann J (2004) Near–infrared electroluminescence from HgTe nanocrystals. Chem Phys
Chem 5: 1435–1438

[125] Rogach AL, Harrison MT, Kershaw SV, Kornowski A, Burt MG, Eychm€uller A, Weller H (2001)
Colloidally prepared CdHgTe and HgTe quantum dots with strong near-infrared luminescence.
Phys Stat Sol B 224: 153–158

[126] Balcerak R, Gibson JF, Gutierrez WA, Pollard JH (1987) Evolution of a new semiconductor
product: mercury cadmium telluride focal plane arrays. Opt Eng 26: 191–200

[127] Harrison MT, Kershaw SV, Burt MG, Rogach AL, Kornowski A, Eychmuller A, Weller H (2000)
Colloidal nanocrystals for telecommunications. Complete coverage of the low-loss fiber windows
by mercury telluride quantum dots. Pure Appl Chem 72: 295–307

[128] KershawSV,HarrisonM,RogachAL,KornowskiA (2000)Development of IR-emitting colloidal
II–VI quantum-dot materials. IEEE J. Sel. Top. Quant Electron 6: 534–543

[129] Sargent EH (2005) Infrared quantum dots. Adv Mater 17: 515–522
[130] Rogach AL, Eychm€uller A, Hickey SG, Kershaw SV (2007) Infrared-emitting colloidal nano-

crystals: synthesis, assembly, spectroscopy, and applications. Small 3: 536–557
[131] Gaponik N, Radtchenko IL, Gerstenberger MR, Fedutik YA, Sukhorukov GB, Rogach AL (2003)

Labeling of biocompatible polymer microcapsules with near-infrared emitting nanocrystals.
Nano Lett 3: 369–372

[132] Qian H, Dong C, Peng J, Qiu X, Xu Y, Ren J (2007) High-quality and water-soluble near-infrared
photoluminescent CdHgTe/CdS quantum dots prepared by adjusting size and composition. J Phys
Chem C 111: 16852–16857

[133] Talapin DV, Haubold S, Rogach AL, Kornowski A, Haase M, Weller H (2001) A novel
organometallic synthesis of highly luminescent CdTe nanocrystals. J Phys Chem B 105:
2260–2263

[134] Guzelian AA, Banin U, Kadavanich AV, Peng X, Alivisatos AP (1996) Colloidal chemical
synthesis and characterization of InAs nanocrystal quantum dots. Appl Phys Lett 69: 1432–1434

[135] Tekin E, Smith PJ,Hoeppener S, van denBergAMJ, SushaAS,RogachAL, Feldmann J, Schubert
US (2007) Inkjet printing of luminescent CdTe nanocrystal-polymer composites. Adv Funct
Mater 17: 23–28

[136] Li J,HongX,LiuY,LiD,WangY,Li J, BaiY,LiT (2005)Highly photoluminescentCdTe/poly(N-
isopropylacrylamide) temperature-sensitive gels. Adv Mater 17: 163–166

[137] GaponikNP, TalapinDV,RogachAL (1999)A light-emitting device based on aCdTe nanocrystal/
polyaniline composite. Phys Chem Chem Phys 1: 1787–1789

[138] Mamedov AA, Belov A, Giersig M, Mamedova NN, Kotov NA (2001) Nanorainbows: graded
semiconductor films from quantum dots. J Am Chem Soc 123: 7738–7739

[139] Li C, Murase N (2004) Synthesis of highly luminescent glasses incorporating CdTe nanocrystals
through sol–gel processing. Langmuir 20: 1–4

[140] Bertoni C, Gallardo D, Dunn S, Gaponik N, Eychm€uller A (2007) Fabrication and characteriza-
tion of red-emitting electroluminescent devices based on thiol-stabilized semiconductor nano-
crystals. Appl Phys Lett 90: 034107

[141] GaoM, Sun J, Dulkeith E, Gaponik N, Lemmer U, Feldmann J (2002) Lateral patterning of CdTe
nanocrystal films by the electric field directed layer-by-layer assembly method. Langmuir 18:
4098–4102

[142] Talapin DV, Poznyak SK, Gaponik NP, Rogach AL, Eychm€uller A (2002) Synthesis of surface-
modified colloidal semiconductor nanocrystals and study of photoinduced charge separation and
transport in nanocrystal-polymer composites. Physica E 14: 237–241

[143] Guldi DM, Zilbermann I, Anderson G, Kotov NA, Tagmatarchis N, Prato M (2005) Nanosized
inorganic/organic composites for solar energy conversion. J Mater Chem 15: 114–118

[144] Olk P, Buchler BC, Sandoghdar V, Gaponik N, Eychm€uller A, Rogach AL (2004) Subwavelength
emitters in the near-infrared based on mercury telluride nanocrystals. Appl Phys Lett 84:
4732–4734

[145] SolovyevVG,Romanov SG, Sotomayor Torres CM,M€ullerM, Zentel R, Gaponik N, Eychm€uller
A, Rogach AL (2003) Modification of the spontaneous emission of CdTe nanocrystals in TiO2

inverted opals. J Appl Phys 94: 1205–1210
[146] Romanov SG, Chigrin DN, Sotomayor Torres CM,Gaponik N, Eychm€uller A, Rogach AL (2004)

Emission stimulation in a directional band gap of aCdTe-loaded opal photonic crystal. PhysRevE
69: 046606/1–046606/4

Aqueous synthesis of semiconductor nanocrystals 97



[147] Richter S, Steinhart M, Hofmeister H, Zacharias M, Goesele U, Gaponik N, Eychm€uller A,
Rogach AL, Wendorff JH, Schweizer SL, von Rhein A, Wehrspohn RB (2005) Quantum
dot emitters in two-dimensional photonic crystals of macroporous silicon. Appl Phys Lett 87:
142107/1–142107/3

[148] Gaponik N, Eychm€uller A, Rogach AL, Solovyev VG, Sotomayor Torres CM, Romanov SG
(2004) Structure-related optical properties of luminescent hetero-opals. J Appl Phys 95:
1029–1035

[149] Rakovich YP, Donegan JF, Gaponik N, Rogach AL (2003) Raman scattering and anti-stokes
emission from a single spherical microcavity with a CdTe quantum dot monolayer. Appl Phys
Lett 83: 2539–2541

[150] Rakovich YP, Yang L, McCabe EM, Donegan JF, Perova T, Moore A, Gaponik N, Rogach A
(2003) Whispering gallery mode emission from a composite system of CdTe nanocrystals and a
spherical microcavity. Semiconduct Sci Technol 18: 914–918

[151] Rakovich YP, Donegan JF, Gerlach M, Bradley AL, Connolly TM, Boland JJ, Gaponik N,
Rogach A (2004) Fine structure of coupled optical modes in photonic molecules. Phys Rev A
70: 051801

[152] Roither J, Pichler S, KovalenkoMV, HeissW, Feychuk P, Panchuk O, Allam J,Murdin BN (2006)
Two- and one-dimensional light propagations and gain in layer-by-layer-deposited colloidal
nanocrystal waveguides. Appl Phys Lett 89: 111120/1–111120/3

[153] M€uller F, G€otzinger S, Gaponik N,Weller H, Mlynek J, Benson O (2004) Investigation of energy
transfer between CdTe nanocrystals on polystyrene beads and dye molecules for FRET-SNOM
applications. J Phys Chem B 108: 14527–14534

[154] Susha AS, Javier AM, Parak WJ, Rogach AL (2006) Luminescent CdTe nanocrystals as ion
probes and pH sensors in aqueous solutions. Colloid Surf A 281: 40–43

[155] Chen B, Ying Y, Zhou ZT, Zhong P (2004) Synthesis of novel nanocrystals as fluorescent sensors
for Hg2þ ions. Chem Lett 33: 1608–1609

[156] Li J, Bao D, HongX, Li D, Li J, Bai Y, Li T (2005) Luminescent CdTe quantum dots and nanorods
as metal ion probes. Colloid Surf A 257–258: 267–271

[157] Boldt K, Bruns OT, Gaponik N, Eychm€uller A (2006) Comparative examination of the stability of
semiconductor quantum dots in various biochemical buffers. J Phys Chem B 110: 1959–1963

[158] Wang S, Mamedova N, Kotov NA, Chen W, Studer J (2002) Antigen/antibody immunocomplex
from CdTe nanoparticle bioconjugates. Nano Lett 2: 817–822

[159] Wolcott A, Gerion D, VisconteM, Sun J, Schwartzberg A, Chen S, Zhang JZ (2006) Silica-coated
CdTe quantum dots functionalized with thiols for bioconjugation to IgG proteins. J Phys Chem B
110: 5779–5789

[160] Li J, Zhao K, Hong X, Yuan H, Ma L, Li J, Bai Y, Li T (2005) Prototype of immunochromato-
graphic assay strips using colloidal CdTe nanocrystals as biological luminescent label. Colloid
Surf B 40: 179–182

[161] Byrne SJ, Corr SA, Rakovich TY, Gun�ko YK, Rakovich YP, Donegan JF, Mitchell S, Volkov Y
(2006) Optimization of the synthesis and modification of CdTe quantum dots for enhanced live
cell imaging. J Mater Chem 16: 2896–2902

[162] Tang Z, KotovNA, GiersigM (2002) Spontaneous organization of single CdTe nanoparticles into
luminescent nanowires. Science 297: 237–240

[163] Tang Z, Ozturk B, Wang Y, Kotov NA (2004) Simple preparation strategy and one-dimensional
energy transfer in CdTe nanoparticle chains. J Phys Chem B 108: 6927–6931

[164] Volkov Y, Mitchell S, Gaponik N, Rakovich YP, Donegan JF, Kelleher D, Rogach AL (2004) In-
situ observation of nanowire growth from luminescent CdTe nanocrystals in a phosphate buffer
solution. Chem Phys Chem 5: 1600–1602

[165] Zhang H, Wang D, M€ohwald H (2006) Ligand-selective aqueous synthesis of one-dimensional
CdTe nanostructures. Angew Chem, Int Ed 45: 748–751

[166] Zhang L, Gaponik N, M€uller J, Plate U, Weller H, Erker G, Fuchs H, Rogach AL, Chi L (2005)
Branched wires of CdTe nanocrystals using amphiphilic molecules as templates. Small 1:
524–527

[167] Zhang H, Wang D, Yang B, M€ohwald H (2006) Manipulation of aqueous growth of CdTe
nanocrystals to fabricate colloidally stable one-dimensional nanostructures. JAmChem Soc 128:
10171–10180

[168] Rakovich YP, Volkov Y, Sapra S, Susha AS, Doeblinger M, Donegan JF, Rogach AL (2007) CdTe
nanowire networks: fast self-assembly in solution, internal structure, and optical properties. J Phys
Chem C 111: 18927–18931

[169] Niu H, GaoM (2006) Diameter-tunable CdTe nanotubes templated by 1D nanowires of cadmium
thiolate polymer. Angew Chem, Int Ed 45: 6462–6466

98 N. Gaponik, A. L. Rogach



[170] Wang Z, Li J, Liu B, Hu J, Yao X, Li J (2005) Chemiluminescence of CdTe nanocrystals induced
by direct chemical oxidation and its size-dependent and surfactant-sensitized effect. J Phys
Chem B 109: 23304–23311

[171] Lee J, Govorov AO, Kotov NA (2005) Nanoparticle assemblies with molecular springs: A
nanoscale thermometer. Angew Chem, Int Ed 44: 7439–7442

[172] Salgueirino-Maceira V, Correa-Duarte MA, Spasova M, Liz-Marzan LM, Farle M (2006)
Composite silica spheres with magnetic and luminescent functionalities. Adv Funct Mater 16:
509–514

[173] Susha AS, Caruso F, Rogach AL, Sukhorukov GB, Kornowski A, M€ohwald H, Giersig M,
Eychm€uller A, Weller H (2000) Formation of luminescent spherical core-shell particles by the
consecutive adsorption of polyelectrolyte and CdTe(S) nanocrystals on latex colloids. Colloid
Surf A 163: 39–44

[174] RogachA, SushaA, Caruso F, SukhorukovG,KornowskiA, KershawS,M€ohwaldH, Eychm€uller
A, Weller H (2000) Nano- and microengineering. Three-dimensional colloidal photonic crystals
prepared from submicrometer-sized polystyrene latex spheres pre-coated with luminescent
polyelectrolyte/nanocrystal shells. Adv Mater 12: 333–337

[175] Radtchenko IL, Sukhorukov GB, Gaponik N, Kornowski A, Rogach AL, M€ohwald H (2001)
Core-shell structures formed by the solvent-controlled precipitation of luminescent CdTe
nanocrystals on latex spheres. Adv Mater 13: 1684–1687

[176] Wang D, Rogach AL, Caruso F (2002) Semiconductor quantum dot-labeled microsphere
bioconjugates prepared by stepwise self-assembly. Nano Lett 2: 857–861

[177] ShavelA, Gaponik N, Eychm€uller A (2005) The assembling of semiconductor nanocrystals. Eur J
Inorg Chem: 3613–3623

[178] Gaponik N, Radtchenko IL, Sukhorukov GB, Rogach AL (2004) Luminescent polymer micro-
capsules addressable by a magnetic field. Langmuir 20: 1449–1452

[179] SukhorukovGB, Rogach AL, Zebli B, Liedl T, Skirtach AG, Koehler K, AntipovAA,Gaponik N,
Susha AS, Winterhalter M, Parak WJ (2005) Nanoengineered polymer capsules: tools for
detection, controlled delivery, and site-specific manipulation. Small 1: 194–200

[180] Zebli B, Susha AS, Sukhorukov GB, Rogach AL, Parak WJ (2005) Magnetic targeting and
cellular uptake of polymer microcapsules simultaneously functionalized with magnetic and
luminescent nanocrystals. Langmuir 21: 4262–4265

[181] Nabiev I,Mitchell S, DaviesA,WilliamsY,Kelleher D,Moore R, Gun�koYK, Byrne S, Rakovich
YP, Donegan JF, Sukhanova A, Conroy J, Cottell D, Gaponik N, Rogach A, Volkov Y (2007)
Nonfunctionalized nanocrystals can exploit a cell�s active transport machinery delivering them to
specific nuclear and cytoplasmic compartments. Nano Lett 7: 3452–3461

Aqueous synthesis of semiconductor nanocrystals 99




