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The state-of-the-art in the field of research on semiconductor nanoparticles is analyzed;
cadmium chalcogenide nanoparticles are considered in most detail. Emphasis is placed on the
methods of synthesis and on control of the size, composition, and structure of semiconductor
nanoparticles — "quantum dots". The state of the surface plays a significant role in determining
the properties of nanoparticles. Organized nanostructures comprised of quantum dots are
considered. The properties of semiconductor nanoparticles are described. Prospects for appli-
cations of semiconductor nanomaterials are discussed.
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1. Introduction

Nanoscience is a field of knowledge of the properties
of matter in the nanostate. The subject of nanoscience is
investigation of fundamental mechanisms of structure for-
mation, structural organization and transformation at a
nanolevel in organic, inorganic, hybrid organo-inorganic,
and biological systems and involves complex interdisci-

* Dedicated to Academician V. I. Minkin on the occasion of his
70th birthday.

plinary investigations of the physical and chemical prop-
erties of nanoscale objects.

Nanoscience serves as a basis for nanotechnology. The
main goal of the latter is to develop economically and
environmentally efficient methods for the design of novel
nanostructured materials and highly disperse systems,
preparation of films and coatings, fabrication of func-
tional nanostructures and elements of nanoelectronic de-
vices that are promising for applications in various fields
from the information and telecommunication systems,
optoelectronics, and catalysis to medicine and bioengi-
neering.
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Tremendous progress of nanoscience and nanotech-
nology involves researchers working in different fields.
The main goal of this review is to analyze the advances in
one of the key avenues of nanoscience — chemistry of
semiconductor nanoparticles — and to reveal trends and
promising avenues of future development.

Semiconductor materials are basic to modern elec-
tronic devices. A characteristic trend of progress in elec-
tronics is continuous miniaturization of functional ele-
ments and corresponding increase in the degree of inte-
gration of integrated circuits and other devices.

Miniaturization of functional elements of integrated
circuits down to the nanolevel using conventional tech-
nologies faces two serious problems. First, electronic, op-
tical, magnetic and other properties of nanomaterials can
be significantly different from the properties of corre-
sponding bulk phases. The nanolevel is also characterized
by manifestation of novel physical effects, e.g., electron
tunneling, size quantization of energy levels, efc. Second,
traditionally used methods of fabrication of functional
elements for planar technologies, which involve a number
of lithographic processes, approach the physical limit of
the resolution of lithographic systems and cause economic
problems due to exponential increase in the cost of pro-
duction of more and more miniature devices.

It is believed! that the advancement of technologies
to the nanolevel and the development of real nano-
technologies requires economically efficient, simple (as
simple as possible), and environmentally friendly ap-
proaches. In our opinion, chemical synthesis, func-
tionalization, ordered spatial organization of nano-
particles, and design of nanomaterials and devices based
on them meet these common requirements. Methods of

Si atom

Si, dimer Si, cluster

(<1 nm)

synthesis as well as the structure and properties of
nanoparticles have been considered in a monograph? and
in a collection of works.3

Researchers first interested in semiconductor nano-
crystals in the 1980s. At that time, the concept of size
quantization was formulated;4—3 it was further developed
in more recent studies.®10 Since then, considerable
progress was achieved in this field. However, the results
obtained in studies of the optical properties and in other
physical experiments were difficult to interpret for long
owing to polydispersity, presence of surface defects, and a
low degree of crystallinity of the nanoparticles synthe-
sized. This "backyard" was cleaned up only recently.
Progress of research in this field was stimulated by the
possibility of using semiconductor nanocrystals as materi-
als for field-effect transistors, light-emitting diodes,
photocatalysts, biological labels, and sensors.

As the size of semiconductor nanoparticles decreases,
a threshold value characteristic of each type of semicon-
ductors is reached. At smaller nanoparticle sizes, the
energy gap (bandgap) increases and the optical spec-
trum is shifted toward the short-wavelength region!!
(Figs 1 and 2).

At sufficiently small size of semiconductor and metal
nanoparticles (in the so-called "quantum dot" state), the
density of states of conduction electrons can take only
particular discrete values, which is responsible for the
quantum size effect, i.e., transition from a continuous to
discrete energy spectrum of conduction electrons.415:16

As a result, nanoparticles possess unique optical and
electronic properties not observed for corresponding bulk
samples. Owing to a substantial increase in the fraction of
surface atoms and to increasing role of the surface effects
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Fig. 1. Changes in the energy levels on going from Si atom to Si, clusters, Si nanoparticles with a gradually increasing size

(2 to 30 nm), and Si bulk semiconductor.12:13
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Fig. 2. Shift of absorption bands (solid curves) and photolumi-
nescence bands (dashed lines) with an increase in the size of
CdTe nanoparticles!4: d = 3.2 (1), 3.3 (2), 3.5 (3), 3.6 (4),
3.8 (5), 4.2 (6), 4.6 (7),5.3(8),6.2(9,7.7(10), 8.4 (11), and
9.1 nm (12).

no only the optical properties but also other character-
istics of materials (structure of electronic energy lev-
els and transitions, electron affinity, conductivity, phase
transition temperatures, efc.) also become dependent
on the nanoparticle size and shape; these changes are
usually called the "size effect". For instance, the melt-
ing temperature of semiconductor nanoparticles (e.g.,
CdS 17:18 and GaAs 19) decreases as the particle size de-
creases.™®

The "quantum dot". As applied to semiconductor par-
ticles, the term "nanoparticles"** was first used in the
literature only recently. Even in 1998, nanoscale CdSe
particles were called?3 "colloidal particles" or "semicon-
ductor cluster-molecules”.*** Since then semiconductor
nanoparticles have more and more often been called

* As it often happens, the spread of knowledge about nano-
particles and their properties among allied sciences rapidly
showed that nanoscale objects are quite abundant in nature. For
instance, it is known that sulfide minerals are abundant in the
Earth crust; it is also believed that ZnS nanoparticles are a
product of vital activity of sulfate-reducing microorganisms in
zinc-enriched rocks.2? Si nanoparticles in the interstellar space
were reported.2! More detailed treatment of the issue is pre-
sented in a monograph.2?

** The term "nanocrystallites” is used in a more narrow sense
and concerns only the nanoparticles with a well-defined (and
established in some way) crystal structure.

*** Comprehensive history of these investigations is presented
in a review.24

"quantum dots"* and this term has been commonly ac-
cepted.?s

If an electron-hole pair (exciton) is formed inside a
spherical particle whose diameter is equal to or smaller
than the natural electron-hole separation in the material,
no motion is possible for the exciton. This particle is
called a "quantum dot" (QD)** because the number of
degrees of freedom of the exciton is zero (0D). An exciton
formed inside a particle extended in one direction (along,
e.g., the z axis) can not move along the x and y axes, but
can move along the z axis. This one-dimensional (1D)
situation is possible for nanorods, nanowires, and nano-
fibers. In two-dimensional (2D) nanodisks, an exciton
can move along two axes.?’ It was initially assumed and
then confirmed in numerous experiments that such
changes in the shape of nanoparticles must affect their
spectral and luminescence characteristics.28 For instance,
anisotropic rod-like CdSe semiconductor nanocrystals
emit polarized light; the polarization direction coincides
with the long axis of the nanorod.2?

In the case of semiconductor nanoparticles it is quite
easy to answer the question of where is the boundary
between the "nano" and "non-nano" regions. This is a
particle size at which the width of the energy gap becomes
different from the corresponding value for compact mate-
rial; in most cases this occurs at particle diameters less
than 30 nm.

Nanoparticle size threshold. Taking CdS as an example,
it was established that on going from compact material to
nanoparticles and then to cluster molecules of the type
Cd;,S4(SPh);-4DMF the bandgap (AE) of this semi-
conductor compound is gradually shifted3? from ~2.5 to
4.5 eV. If the CdS particle size is still in the nanometer
range, but AE = 2.5 eV, it is no longer possible to distin-
guish the optical characteristics of these particles from
those of bulk material. Powders formed by such particles
are called ultradisperse powders. In this review we leave
them out of consideration.

Here, the emphasis is placed on the best studied
nanoparticles, namely, chalcogenide nanoparticles and
first of all, cadmium chalcogenide ones. Taking them as
an example, we will analyze the main approaches and
trends in progress of this field and then fragmentarily
outline the available information on other types of semi-
conductor nanoparticles. We will leave nanostructured
semiconductor materials, dense ensembles of nano-
particles, efc. out of consideration. The only case in point
is individual nanoparticles isolated from one another in
various media.

*"Quantum dots" (in English-language literature); the terms
"quantum sphere”, "quantum crystallite”, and "Q-particle" are
used as synonyms.

** The fundamentals of physical approach to quantum dots are

given in a book.26



830 Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

Gubin et al.

2. Chalcogenides (sulfides, selenides, tellurides)*

The physical characteristics of this class of semicon-
ductors vary over a rather wide range, namely, the bandgap
and the Bohr exciton radius vary from 3.68 ¢V and 2 nm
for cubic ZnS to a negative value of —0.15 eV and ~40 nm
for HgTe semimetal.

2.1. Methods of synthesis

Methods of synthesis significantly influence certain
characteristics of the resulting objects and play the key
role on the way to success. Therefore, we will consider a
number of synthetic routes to semiconductor nano-
particles.

The most important requirements for nanoparticles
synthesized include a narrow size distribution, high de-
gree of crystallinity, desired surface layer composition,
and high quantum yield of luminescence. As to methods
of synthesis, one must use readily available and low-toxic
reagents and obtain reproducible results. Among other
parameters important in applied aspect are the cost of the
final products, duration of the synthetic procedure, possi-
bility of synthesis of large amounts of products, efc. The
aforesaid concerns methods of synthesis of all nano-
particles. In the text below we will consider the main
routes to realization of these general propositions taking
cadmium chalcogenide nanoparticles as an example.

The known chemical methods** of synthesis of chal-
cogenide nanoparticles are usually grouped3? depending
on the reagents used. Each method has its own limi-
tations.

For instance, a yellow CdS powder can be synthesized
with ease by bubbling H,S through solutions of cadmium
salts. The process was arrested33 at the stage of nano-
particle formation by adding p-octylthiol and p-hexadecyl-
trimethylammonium bromide to a CdSO, solution; the
CdS nanoparticles (2—10 nm) coated with alkylthiol
groups were obtained by varying the reaction temperature
and by dosing H,S bubbled.

It is quite natural that researchers want to remove H,S
(and moreover H,Se) from the list of reagents employed
for the synthesis of quantum dots. Hydrogen sulfide was
generated34 in situ by the reaction of sulfur with tetralin at
220 °C immediately in the reaction mixture containing
cadmium stearate. Adding conventional stabilizers (tri-
octylphosphine oxide, TOPO, or dodecanethiol) resulted
in 4-nm cubic CdS nanoparticles.

* If necessary, in some Sections of this Chapter we analyze the
results of studies on other types of semiconductor nanoparticles.
** Among physical methods of fabrication of nanoparticles, an
aerosol technique3! suitable for the synthesis of nanoparticles of
different compositions seems to be the best approximation to
chemical methods.

Sodium salts are often used as sources of chalcogen; a
typical example is provided by the synthesis of ZnS
nanoparticles coated with mercaptoethanol as the stabi-
lizing ligand.35:36

A simple and convenient method for the synthesis of
CdS nanoparticles was proposed.3” Here, a Cd cup-
ferronate solution in toluene is thoroughly poured on the
surface of Na,S aqueous solution to form nanoparticles at
the interface. The nanoparticle size can be to some extent
controlled by varying the reagent concentrations, tem-
perature, and duration of the reaction. It was suggested38
that mechanochemical method for the preparation of CdS
nanoparticles (4.3—8.2 nm) involving Na,S is at least
competitive with the methods based on the exchange re-
actions in solutions (see above).

Much more often nanoparticles were synthesized
from compounds containing active sulfur (or selenium).
A highly efficient method for the synthesis of the PbS,
ZnS, CdS, and MnS nanoparticles of size 6—13 nm was
elaborated.3? Here, complexes of simple metal salts with
oleylamine are mixed with sulfur; subsequent heating leads
to formation of nanoparticles.

The choice of the starting reagents plays a significant
role in obtaining monodisperse particles. CdMe, is used
as cadmium source, chalcogens are delivered from their
bis-trimethylsilyl derivatives (TMS),E (E = S, Se, Te),
and a mixture of trioctylphosphine (TOP) with TOPO
(TOP—TOPO system) acts as a medium (solvent) for the
nucleation, growth, and annealing of nanocrystallites. It
is believed that this mixture of coordinating solvents plays
the determining role in control of the growth and stabili-
zation of colloidal dispersion and also passivates the sur-
face of nanoparticles thus formed.!! However, CdMe, is a
highly toxic, pyrophoric, and expensive reagent. More
environmentally friendly ("green") synthetic routes in-
volving cadmium oxide,*® cadmium carbonate,*! or cad-
mium acetate4142 as Cd sources were also proposed. Us-
ing these procedures, CdSe nanocrystallites characterized
by a quantum yield of luminescence of 85% at room tem-
perature were obtained. Sulfur and selenium powders can
be used as chalcogen sources to prepare cadmium chalco-
genide nanoparticles by the electrochemical reduction of
Cd%" ion in DMSO.43

A promising and versatile method for the synthesis
of metal sulfide nanoparticles from xanthates
(RCH,CH,0CS,),M (R is hexadecyl) containing both
the metal and sulfur was reported.44 Taking cadmium
salts as examples, it was shown that the technique is suit-
able for the synthesis of 3.5—5.2-nm quantum dots with a
narrow size distribution and good spectral characteristics
at relatively low temperatures (70—100 °C). Heating of
Cd(S,CNEt,), in hexadecylamine to 180 °C also leads to
formation of CdS nanoparticles with various morpholo-
gies.45 A versatile method for the synthesis of 4—5-nm
CdS and CdSe nanoparticles by thermal decomposition
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of corresponding dithiocarbamates or diselenocarbamates
in TOPO at 250 °C was developed.46

Selenium forms stable 1 : 1 complexes with phos-
phines, which represent convenient selenium sources in
the synthesis of metal selenides. For instance, a sele-
nium—tributylphosphine complex was used4’ for the syn-
thesis of PbSe nanoparticles (with Pb salts of organic
acids as a lead source). Tellurium also possesses similar
properties; the reaction of a Te—TOP complex with HgBr,
in TOPO yields 17-nm HgTe nanoparticles.48

Selenium complexes with PR; are inappropriate for
syntheses in water due to their insolubility. In these cases
a Na,SeSO; aqueous solution is used, which is readily
formed by boiling selenium in aqueous sodium sulfite.
The following reaction occurs on adding Cd salts:

Cd?* + SeS042~ + 2 OH- — CdSe + SO,2~ + H,0.

Tellurium is less reactive than Se; therefore, meta-
stable hexagonal CdTe nanoparticles (~10 nm) are syn-
thesized¥? from cadmium stearate and Te, which slowly
dissolves in TOP on heating (220 °C). The amount of
dissolved Te is sufficient for gradual growth of spherical
and 1D nanoparticles. To obtain aqueous colloids of CdTe
nanoparticles, it is more convenient to use a freshly pre-
pared NaHTe solution;3? in this case (in contrast to the
preceding one) only ~4-nm spherical nanoparticles with
a zinc blende structure are formed. However, the quan-
tum yield of luminescence of such particles is low (18%).
A high quantum yield (65%) can be achieved using CdMe,
and Te powder in a TOP—dodecylamine mixture.51,52

Synthesis in reverse micelles. Reverse micelles are con-
venient nanoreactors for the synthesis of nanoparticles of
various composition.33 Routine experiments aimed at ob-
taining CdS nanoparticles of a preset size¥ in inert atmo-
sphere involve preparation of two mixtures, water—hep-
tane and water—surfactant (sodium salt of bis(2-ethyl-
hexyl)sulfosuccinic acid, AOT). The aqueous phase con-
tains the necessary amounts of a Cd salt (in one solution)
and sodium sulfide (in the other solution); mixing of these
reagents in micelles results in the formation of nano-
particles with the desired composition and size. The
method allows the size of micelles, the reagent concen-
tration, and other parameters to be varied. The effect of
the water content in reverse micelles on the size and
spectral characteristics of 2-4-nm CdS nanoparticles was
studied.>s

Solvothermal method is most often used to synthesize
nanoparticles with highly anisotropic shape (usually,
nanorods). For instance, heating of CdCl, and S, Se or
Te for 24 h in an autoclave filled with ethylenediamine
(80% of the total volume) resulted in CdS, CdSe or CdTe
nanorods, respectively.5¢ By conducting the process over
a period of 3 to 7 days one can synthesize colorless rhom-
bohedral CdSe-0.5en single crystals whose structure was

established by X-ray analysis. It was shown that in this
structure the CdSe networks are separated by ethylenedi-
amine linkers.

2.2. Target variation of particle size

Luminescent and other physical characteristics are very
responsive to size; therefore, methods for the synthesis of
nanoparticles of preset size have been developed inten-
sively. Possible formation mechanisms of colloids were
considered’” in relation to various factors affecting the
growth of CdS nanoparticles were also studied. The re-
sults obtained are quite important for the understanding
and control of processes occurring during the growth of
nanoparticles.

Conventional methods for the synthesis of nano-
particles are characterized by nonuniform temperature
distribution over the reaction vessel volume on heating of
the reaction mixture; this leads to different conditions for
the formation and growth of nanoparticles. In the case of
microwave heating the whole volume is heated homoge-
neously and rapidly due to the interaction between the
electromagnetic field and molecular dipoles; therefore,
the most recent microwave-assisted methods are more
and more often used in the synthesis of nanoparticles.58
In particular, they were successfully employed?® to obtain
CdS nanoparticles of thoroughly controlled size using the
Cd(OAc), - 2H,0—thiourea system in DMF solution. It
was shown that the duration of irradiation time (from a
few to 40 s) affects the size of nanoparticles synthesized.
For instance, the temperature of the reaction mixture
increases to 353 K after irradiation for 18 s and the par-
ticle size was 2.6 nm (according to transmission electron
microscopy, TEM).

Unfortunately, in some cases it is impossible to obtain
nanoparticles of certain sizes. Therefore, methods for the
nanoparticle size selection are elaborated. For instance, if
a dispersion of CdS nanoparticles is stabilized by lyophilic
coating of each particle with alkyl groups of phosphine
oxide coordinated to the surface of the particle, the addi-
tion of a solvent capable of destroying this surface shield-
ing and increasing the polarity of the medium causes pre-
cipitation, which first of all involves the largest particles.
Separation of such particles by filtering off or centrifuga-
tion makes the size distributions of both the particles in
solution and the precipitated particles narrower. Succes-
sive addition of MeOH to a dispersion of CdS nano-
particles 3.5 nm £10% in size and separation of precipi-
tate formed afforded!! a dispersion of CdS nanoparticles
with a narrower size distribution (3.7 nm £5%). It should
be noted that even so small differences in the average
particle size caused the absorption spectrum of the latter
dispersion to exhibit clearly seen maxima near ~400 and
530 nm (in the spectrum of the initial solution these
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maxima were "diffuse” due to high polydispersity). The
technique allows nanoparticles of size 1.2 to 11.5 nm with
a rather narrow size distribution to be prepared.!! How-
ever, this method is labor- and time-consuming and there-
fore inappropriate for the synthesis of large amounts of
nanoparticles.

Yet another approach involves photo-etching®? of large
nanoparticles fabricated by conventional chemical ex-
change methods. The method of size-selective photo-
etching is based on the fact that metal chalcogenide semi-
conductor particles undergo photo-induced corrosion in
aqueous solutions on exposure to light and that the energy
band of the semiconductor nanoparticles regularly in-
creases as the particle size decreases. When using mono-
chromatic radiation, the wavelength is initially chosen to
induce photoexcitation of the largest nanoparticles only
(to cause selective photo-etching of these particles and
thus to obtain smaller particles). The process is repeated
at a shorter wavelength and a dispersion of progressively
smaller nanoparticles is thus obtained. The observed spec-
tral picture is similar to that shown in Fig. 2.9 Nano-
particles with an average diameter of 1.7 nm (TEM data)
were obtained at A = 365 nm.%® Surface stabilization of
these particles by adding thiophenol led to nanoparticles
structurally similar to the largest structurally character-
ized cluster molecule Cd3,S,4(SPh);+4DMF.30

Modern applied methods allow the synthesis of large
amounts of products with narrow size distributions. Among
them is the use of flow reactors. For instance, a flow
microreactor with continuous spectral monitoring allows
preparation of suspensions of CdS nanoparticles with pre-
set dispersity in the range 3.2—12.0 nm.%! The use of
dosed sonication during the synthesis of ZnS nanoparticles
with a narrow size distribution was reported.%2

2.3. Methods affecting the structure
of nanoparticles formed

Most often, nanoparticles freshly prepared by "solu-
tion" methods are X-ray amorphous and their crystalliza-
tion usually requires an increase in the temperature of
synthesis or annealing by heating a dispersion of the
nanoparticles formed in a high-boiling solvent. Yet an-
other factor that can influence the structure of nano-
particles is sonication of the reaction mixture. For in-
stance, an increase in the duration of continuous sonica-
tion of the reaction mixture from 6 to 60 s leads to the
synthesis of hexagonal crystalline rather than amorphous
CdS nanoparticles.%3

For some polymorphs with strongly different physical
properties the synthesis of quantum dots with particular
crystal structure is of crucial importance. A method for
controlling the structure of nanoparticles formed was pro-
posed.® Sphalerite-type ZnS nanoparticles were synthe-

sized in alcohol at 120 °C over a period of 12 h. Wiirtzite-
type ZnS nanoparticles were obtained by low-tempera-
ture synthesis of ZnS(NH,CH,CH,NH,),, 5 complex fol-
lowed by heating of the complex in vacuo at 500 °C for
30 min.

2.4. Nanoparticle shape control

The shape of nanoparticles is the key parameter in the
design of materials possessing the anisotropy of properties
(dependence on the direction along which external fac-
tors act). Nanoparticle shape control is immediately re-
lated to the understanding of processes occurring in the
initial steps of the growth of a new phase under particular
conditions of nanoparticle synthesis. Growth of nano-
particles in liquid media is often studied using various
surfactants. It is believed® that they can be selectively
bound to a face of the growing nanocrystallite, which
makes its faces energetically inequivalent and favors non-
uniform growth of different faces. By default, it is as-
sumed that the growth of a new phase since the very early
stages involves buildup of crystallographic planes rather
than proceeds by the "onion" model. At the same time the
smallest nanoparticles always have a spheroidal shape.

2.4.1. Quasi-1D nanoparticles

These objects are usually called "nanorods”, "nano-
wires", or "nanofibers" — without regard to fine linguistic
details. In the text below we will use only one term,
namely, "nanowires". By default we will also assume that
all the terms listed above become synonyms after adding
the prefix "nano". Not only do nanowires possess unique
electrical, optical, and mechanical properties, which of-
fer a number of possible applications of these objects, but
also serve as materials for experimental check-up of fun-
damental concepts used in quantum mechanics.

Recently developed methods permit particle shape
control in order to obtain anisotropically shaped semi-
conductor nanoparticles with optimum spectral charac-
teristics. Nanowires suitable for most applications must
be crystalline and defect-free. Their diameters must range
from a few to tens of nanometers (at most 100 nm) and
the lengths must much exceed the diameters. The neces-
sary length-to-diameter ratio (aspect ratio) of nanowires
is specified for each given composition. For instance, a
GaAs nanowire must be several times longer than the
Bohr exciton radius (9—13 nm) and its diameter must lie
between 2 and 13 nm. These requirements are hard to
fulfill using most known methods, but attempts to meet
the conditions have been made continuously, e.g., the
synthesis in rigid templates (in anodic alumina mem-
branes, % other porous membranes,5” carbon nanotubes®3)
and in "softer" matrices, namely, liquid crystals,®® mi-
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celles,” and polymers.”! The known methods for the syn-
thesis of quantum dots are modified in order to obtain
anisotropically shaped nanoparticles: modifications of the
solvothermal method, which involves the coordinating
solvents,”? syntheses from a single precursor containing
the necessary elements in a stoichiometric ratio,* and
the so-called "vapor—liquid—solid" (VLS) method.”!

Naturally, researchers are first of all interested in an-
swering the question as how to perform unidirected growth
of nanocrystallites in homogeneous media. To solve this
problem, ethylenediamine is often used as solvent in
solvothermal processes owing to high chelate-forming
ability of this compound.”—75 The CdS nanowires thus
obtained have diameters (d) ranging from 10 to 50 nm
and lengths (/) between 60 and 400 nm. The addition of
dodecylthiol to ethylenediamine causes the formation of
a material comprising bundles of nanorods of nearly the
same size.”® Longer nanowires are obtained upon adding
8-hydroxyquinoline to ethylenediamine.”” The diameter
of the nanowires remains nearly unchanged (~30 nm),
while the length increases from 300 nm to 3 um. It is
important that the nanowire length is proportional to the
amount of 8-hydroxyquinoline added to the reaction mix-
ture. Later, it was established that there is no need of
using bidentate ethylenediamine as the necessary compo-
nent, because the CdS nanowires (d = 7—10nm, / =
30—55 nm), as well as CdSe, ZnSe, and PbSe nanowires
can be successfully synthesized in #-butylamine.” CdSe
nanowires (d = 2nm, / = 10 nm) were prepared from
cadmium naphthenate and a TOP—selenium complex in
hexadecylamine.”?

Detailed studies of the nucleation and growth of
aspherical CdS nanoparticles revealed3? that the
Gibbs—Thompson classical equation is inapplicable in
this case and the initial stages of growth of a new phase
involve formation of the so-called "magic" clusters com-
prised of seventeen Cd atoms.8! The "magic” clusters are
believed to be the "building blocks" for the growing aniso-
tropic structures; conditions for the growth of particles
with different shapes were established. In studies of the
mechanism of directed growth of CdSe nanowires in a
hexylphosphoric acid—TOPO mixture it was shown$2 that
the shape of the particles formed is affected by the
acid/surfactant ratio, the reagent feed rate, and duration
of the reaction.

Polyethylene glycol (PEG-400) also can promote the
formation of nanowires. For instance, the reaction of
aqueous cadmium acetate and sodium sulfide in the pres-
ence of PEG-400 results in the formation of rod-like
(d = 10 nm, / < 300 nm) CdS nanoparticles.83 Even more
pronounced is the role of the polymeric environment in
the formation of extended 1D structures,34 namely, long
(up to 30 um) CdSe or CdTe nanowires are formed only
in polyvinyl alcohol; otherwise, only short nanorods are
formed under identical conditions.

Shape control methods of PbS nanoparticles have been
elaborated.85 The synthesis involves thermal decomposi-
tion of Pb(S,CNEt,), in diphenyl ether in the presence of
dodecanethiol at 230 °C and results in the formation of
bead-like, star-like, cubic, and rod-like particles and their
bundles. The key parameters influencing the shape of
particles formed are thought to be the temperature and
the duration of the reaction.

The role of the kinetic and thermodynamic factors in
related processes was studied in detail.86 It was estab-
lished8® that rather long nanowires (~5x50 nm) are
formed at high concentration of the starting reagent,
Cd(S,COEt),, a reaction duration of 3 h, and at tempera-
tures below 200 °C, whereas spherical nanoparticles are
formed at a low concentration of Cd xanthogenate and a
reaction duration of ~12 h. The use of coordination poly-
mers instead of simple salts as a source of metal also
favors the growth of anisotropically shaped nanoparticles
under conventional solvothermal conditions.8”

At present, general methods for the vapor-phase
growth of nanowires are well developed and allow not
only the composition and size of nanowires but also the
crystal growth direction to be controlled. For instance,
the sphalerite-type ZnS nanowires with diameters rang-
ing from 10 to 20 nm and a few micrometers long were
grown along the [111] direction.8 The formation of long
nanowires usually requires the presence of growth-"cata-
lyst" nanoparticles (most often, readily available gold
nanoparticles). Usually, the diameter of the growing
nanowires is nearly 40% smaller than that of the catalyst
nanoparticles. However, the use of the VLS method and
gold particles requires high temperatures (500 °C) and the
diameter of the resulting nanowires usually exceeds the
desired value.8%90 It was assumed that the use of metals
with lower melting points (In, Bi) as "catalyst" nano-
particles will permit significant improvement of param-
eters of the process and the properties of particles. CdSe
nanowires up to a few micrometers long with diameters
ranging from 5 to 20 nm were prepared®! from cadmium
stearate and R;PSe in TOPO at 240—300 °C using
Bi nanoparticles as growth catalysts. GaAs nanowires
(d = 6—17 nm) were synthesized by the "solution—lig-
uid—solid" (SLS) method.?? The reaction between Bu';Ga
and As(SiMe;); was carried out in 1,3-diisopropylbenzene
(b.p. 203 °C) in the presence of In nanoparticles as growth
"catalysts" and a mixture of polymers of rather complex
composition as stabilizer. Selenium nanowires covered
with CdS nanoparticles were also obtained.?3

Sublimation and condensation of nanoscale CdS pow-
der can be used to obtain long CdS nanowires (d = 40 nm,
[ up to hundreds of micrometers) in a flow system in Ar
stream over a period of 90 min.*4 A possible nanowire
growth mechanism was suggested.?* Similar results were
obtained by the authors of Ref. 95. Epitaxial growth of the
CdS or ZnS nanowires from the corresponding volatile
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compounds M(S,CNEt,), using 10-nm gold nanoparticles
as catalysts was reported.?® At the same time ZnS nano-
wires were prepared by thermal evaporation of ZnS with-
out any growth catalysts.9?

Yet another possible growth mechanism of nanowires
involves assembling of spheroidal primary nanoparticles
along a certain direction rather than a layer-by-layer
buildup of a crystallite face. For instance, conditions for
the preparation of PbSe nanowires (d = 60—150 nm, / =
1—1.5 um) from lead cyclohexanebutyrate and Se in a
tributylphosphine solution were established.4” Here, the
nanowires are comprised of nearly 10-nm cubic individual
nanoparticles (clearly seen in TEM micrographs) rather
than anisotropic crystallites. The conductivity of a nano-
wire is ~7.0 Ohm~! cm~!. There are also convincing proofs
that growth of the SnS nanowires in water involves the
formation of spherical nanoparticles followed by their self-
assembly into nanowires.?8

Special-purpose methods of growth of variable-com-
position nanowires were developed and used to obtain
1D InAs/InP.,*® GaP/GaAs and n-Si/p-Si 190 and
Si/Si—Ge 101 structures.

2.4.2. Nanotubes

Nanotubes are nanowires with an internal channel
passing along the entire wire. Recently, "inorganic"
nanotubes have attracted considerable attention of re-
searchers.192—104 No general methods for the preparation
of inorganic nanotubes have been developed as yet; only
one more or less versatile method of synthesis of metal
oxide nanotubes in organic gel was reported.195 CdS
nanotubes with a nearly 100-nm external diameter and
the wall thickness ranging from 3 to 27 nm were first
synthesized from CdCl, and (NH,),CS upon dissolution
of the anodic aluminum matrix in the pores of which they
were formed.1% Considerable recent progress in this field
led to preparation of not only the CdS and CdSe nano-
tubes 106—108 byt also oxide nanotubes (TiO,,19 Ga,0;,
In,0;,119 ZnO 1) and Te nanotubes.!12 It is possible to
obtain different-type nanotubes in the same reactor. In
this case the synthesis of Ga,05; nanotubes (first stage) is
followed by the change of the carrier gas from N, to NH;
and subsequent synthesis of GaN nanotubes ~10 um long
with an inner diameter of 80 nm, walls 20 nm thick.113 An
interesting method for the synthesis of GaN nanotubes
was reported.114 It is based on similarity of the unit cell
parameters of the wiirtzite ZnO and GaN. First, ZnO
nanorods are grown; next, GaN layers are epitaxially de-
posited on them, and then ZnO is removed under the
action of NHj; at high temperature to give GaN nanotubes
with the diameters between 30 and 200 nm and wall thick-
ness ranging from 5 to 50 nm. Evaporation!!s of ZnS
powder in CO + H, atmosphere leads to the synthesis of

nanocables comprising a zinc core 20 nm in diameter and
a ZnS shell 8 nm thick; subsequent evaporation of the
zinc core affords ZnS nanotubes.

2.5. Growth of the surface and its effect on the properties
of nanoparticles

All nanoparticles, even ultrasmall ones, are comprised
of at least two fragments, the core and the shell. The shell,
i.e., the surface layer of nanoparticles contains the main
structural defects (bond angle and bond length distor-
tions, nonstoichiometry of composition, efc.) and impu-
rities (atoms of the environment). The shell protects the
core from the action of external factors and can signifi-
cantly influence the physical properties of the material. In
nanoparticles the proportions of the surface and inner
atoms are nearly equal. As a result, the effect of the sur-
face on the structure and optical characteristics of nano-
particles often plays the key role. In particular, the forbid-
den band energy in the surface layers and in the core can
be strongly different owing to surface nonstoichiometry,
uncompensated bonds, efc. It is accepted that control of
the composition and structure of the surface of quantum
dots plays the key role in fabrication of highly lumines-
cent nanoparticles. By varying the properties of the sur-
face in a directed fashion one can minimize the effect of
side processes owing to elimination of non-fluorescent
recombination centers.

2.5.1. Formation of surface
as nanoparticle stabilization technique

Quantum dots can be stabilized by adding organic
compounds, whose molecules contain long hydrocarbon
radicals and terminal functional groups, to the reaction
medium. Usually, these are phosphines, amines, or thiols
donating an electron pair to the surface metal atoms. It is
believed!16 that by varying the Cd : S ratio during the
synthesis the surface of nanoparticles can be made neutral
(1:1), positively charged (2 : 1) (Fig. 3, A), or negatively
charged (1 : 2) (Fig. 3, B). The charged surface should
favor the preferred sorption of corresponding charged
ligands.

Ligands can not only stabilize nanoparticles but also
significantly affect their spectral characteristics. This al-
lows the absorption band and luminescence of nano-
particles of the same size to be "tuned" (within certain
limits) by replacing ligands.®® The role of the hydrocar-
bon radical is to block access to the surface of nanoparticles
and impart it hydrophobic properties (see Fig. 3, C). Tak-
ing the interaction of CdSe quantum dots with dodecyl-
amine as an example, theoretical estimation of the rela-
tive contributions of the kinetic and thermodynamic pa-
rameters to the total nanoparticle stabilization energy was
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Fig. 3. Model of the surface of a CdS nanoparticle: negatively
charged surface owing to the presence of excess sulfur ions (A),
positively charged surface owing to the presence of excess cad-
mium ions (B), and surface modified by SR groups (C).116

made.!17 It was shown that the entropy factor makes the
major contribution to the interaction energy as the
nanoparticle size decreases, whereas for larger particles
the interaction (packing) energy between hydrocarbon
chains on the surface of nanoparticles becomes significant.

Stabilizer molecules coordinated to the surface of
nanoparticles also affect their solubility in organic sol-
vents. Chemisorption of amphiphilic molecules on the
surface of nanoparticles prevents their aggregation and,
hence, enlargement. Thiols, polyphosphates, and the
TOP—TOPO system were used as stabilizers. In some
cases stabilizers behave as conventional ligands, being
constituents of the surface of nanoparticles. For instance,
thiols are components of CdS nanoparticles (clusters) with
gradually increasing nuclearities: [Cd;S4(SPh),]*,118
[Cd;784(SPh) 5>, 11 Cd,;S,(SCH,CH,0H) 6 120
and Cd1,S4[SCH,CH(Me)OH]+ 4H,0,121

Fig. 4. Cd3,S 4[SCH,CH(Me)OH];4-4H,0 cluster core struc-
ture.121 CH,CH(Me)OH groups linked to each external S atom
are not shown; each atom Cd(3), Cd(3"), Cd(5), and Cd(12) is
bound to the O atom of the coordinated water molecule.

Cd3,84(SPh)34(DMF),,% Cd;,Se 4(SePh);4(PPh;), and
Hg;,Se 4(SePh);4(PPhs) 4,122 and a series of Cu—Se clus-
ters.123:124 The authors of these studies prepared single
crystals of all compounds listed above and structurally
charactetized them by X-ray analysis. Of course, the most
difficult was to crystallize the largest cluster, Cd3,S4.
White prismatic Cds,S;4 crystals about 150 um in size are
extremely unstable; because of this, they were studied
being placed in a capillary containing crystals and mother
liquor. Only the core atom positions (Fig. 4) were deter-
mined reliably, and it is more correctly to describe the core
comprised of a total of thirteen assembled adamantane-
like CdS frameworks as a tetrahedral fragment of cubic
CdS lattice.

Further progress in this field permitted fabrication of a
3D superlattice (face-centered cubic lattice, fcc) from
the 3.5-nm CdSe nanoparticles covered with TOPO.125
The synthesis of pyramidal CdSe nanocrystals with a
pyramid base edge of 70 nm and a height of 57 nm,
built of nanoparticles 8-9 nm in size should also be
pointed out.126

Ligand exchange is an intrinsic property of the coordi-
nation compounds and molecular clusters. It was estab-
lished the stabilizer ligands on the surface of nanoparticles
can be replaced by other groups using a conventional
procedure based on the exchange equilibrium. The reac-
tion was monitored by NMR spectroscopy.1?? Cleavage
of S—C bonds in thiol-stabilized CdS nanoparticles was
studied.128
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2.5.2. Surface chemistry of quantum dots

A review!?? concerned with the surface chemistry of
compact semiconductors is available, but the surface
chemistry of nanoparticles is still in the early stage of
development. At the same time, it is often necessary to
modify the surface of nanoparticles. In this connection
mention may be made of a target variation of the spectral
and luminescence characteristics, variation of the hydro-
phobic-hydrophilic properties, incorporation of nano-
particles into certain matrices, binding of nanoparticles
to biomolecules, and, finally, immobilization, on the sur-
face of nanoparticles, of certain monomer units capable
of incorporating nanoparticles into the growing polymer
chain. Some examples are given below. The surface mol-
ecules (linkers) comprise an anchor group bound to the
surface of nanoparticles and a functional group; they are
separated by a chain formed by a limited number of units
(spacer). Amino or thiol groups are most often used as the
surface-coordinating groups in the case of sulfide and
selenide nanoparticles. For instance, suspensions of
TOPO-covered CdS/ZnS nanoparticles in chloroform
were treated!3? with aqueous mercaptoacetic acid at
pH 11; the mercapto group replaced TOPO and the par-
ticles went to the aqueous phase. Subsequent interaction
with an oligomeric macroligand containing ammonium
and phosphonium groups led to the reaction between them
and the carboxylate anions of the surface ligands. As a
result, the particles returned to the chloroform solution
and were isolated in the form of a polymeric composite.

Oligomeric phosphines containing various peripheral
functional groups were successfully used!3! to cover the
surface of CdSe/ZnS quantum dots.

2.5.3. Core-shell quantum dots

Very recently, considerable attention has been given
to nanoparticles comprised of different-composition core
and shell. All shells can be divided into two types, organic
and inorganic shells. The former are built of non-specific
or specific ligands and have been considered above. Usu-
ally, organic ligands cause a shift of luminescence toward
the long-wavelength region and do not always provide a
reliable protection for the surface of nanoparticles. Often,
they do not cover the whole core surface and can be
involved in conventional ligand dissociation processes.
Besides, the quantum yields of luminescence at room
temperature are, as a rule, at most 10%.

Inorganic shells can be fabricated from a semiconduc-
tor materials whose compositions differ from the core
composition or from a metal. Usually, inorganic shells
are more stable to chemical degradation or photooxida-
tion than organic ones.

One of the main goals of studies on the preparation of
the core-shell quantum dots is to obtain systems with
holes confined mainly in the core and electrons mainly
delocalized over the shell. 1s—Is-Electronic transitions
in spherical quantum dots covered with a different-type
semiconductor were calculated.132 The greatest difficulty
in the experiments concerning creation of core-shell quan-
tum dots is to prove the composition and structure of the
nanoparticles formed.

Metal coatings are still rare. Methods of coverage of
ZnO nanoparticles with gold or platinum and the emis-
sion characteristics of such particles were analyzed.133
"Platination” of CdS nanoparticles and their catalytic ac-
tivity were reported,!34 but the structure of the particles
was not reliably established in that study.

Semiconductor—semiconductor systems. The battle for
increase in the quantum yield of luminescence required
design of core-shell and more complex nanoparticles.

Consider the so-called "nanoheterostructures”,24 i.e.,
core-shell quantum dots where the core and the shell are
two different semiconductor materials with different en-
ergy band structures. Two possible cases are shown
in Fig. 5.

Most experiments were carried out using the
CdSe—CdS system!35 with the wiirtzite structure of both
components whose unit cell volumes differ by 3.9% only;
this is sufficient for epitaxial growth and at the same time
precludes alloying of components. The forbidden band
energy difference is large enough to provide an increase in
the quantum yield of luminescence with an increase in
the shell size; this simultaneously makes the particle core
more stable. At present, the most promising method of
shell buildup by deposition of cations and anions on the
surface of nanoparticles seems to be the Successive Ion
Layer Adsorption and Reaction (SILAR) approach,!36
which was, in particular, used to produce large amounts
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Fig. 5. Energy gap model for core—shell semiconductor nano-
particles comprised of two different semiconductors: (a) core
(narrow-gap semiconductor)—shell (wide-gap semiconductor);
(b) core (wide-gap semiconductor)—shell (narrow-gap semi-
conductor).24 Valence band (7), forbidden band (2), and con-
duction band (3).
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of monodisperse CdS—CdS nanoparticles.137 In this case
the SILAR method involved successive introduction of a
precursor giving a Cd layer on the surface of CdS nano-
particles and then a precursor forming an S layer on the
formed Cd monolayer into the solution. The amounts of
the Cd and S precursors, necessary to form the first and
each subsequent monolayer, were determined by the num-
ber of surface atoms in the layer. The average thickness of
the CdS monolayer was accepted to be 0.35 nm; the
buildup of a monolayer increased the particle diameter
by 0.7 nm. The synthesis was performed in an octa-
decene—octadecylamine mixture in Ar atmosphere at
240 °C with cadmium oxide and elemental sulfur as
sources of Cd and S, respectively. Using this method, one
can obtain!37 a few grammes of CdSe—CdS nanoparticles
with the desired number of layers. A rather simple one-step
method of production of highly luminescent CdSe—CdS
nanocrystallites (quantum yield ~80%) was elaborated.138
Methods for controllable-size growth of ZnS 139140 (epj-
taxial growth), CdS 135 or ZnSe 14! (solvothermal method)
shells on the surface of the CdS nanoparticles were pro-
posed. This not only increases the efficiency of photolu-
minescence but also improves the stability of photo-
characteristics and the chemical stability of nanoparticles.
However, the lattice parameter difference between, e,g,,
CdSe and ZnS (~12%) can produce defects in the shell
(especially, in a thin shell).

The addition of 3-mercaptopropyltrimethoxyxilane to
a toluene solution of the di(2-ethylhexyl)sulfosuccinate-
stabilized CdS nanoparticles was reported;142 the former
compound replaced the stabilizer molecules on the sur-
face of nanoparticles. Dropwise addition of water to the
boiling solution resulted in precipitation of CdS nano-
particles covered with SiO, with a core : shell size ratio of
5.0 : 5.2. This short communication also concerned the
methods suitable for answering the question of the struc-
ture of these complex nanoparticles.

The luminescent characteristics of the CdS/HgS 24
and CdS/PbS 43  core-shell nanoparticles and
CdS/HgS/CdS three-layer nanoparticles.24 were obtained
and studied. CdTe/CdSe and CdSe/ZnTe nanoparticles
were synthesized!44 by the methods mentioned above.
The possibility of control of charge carrier distribution
inside the quantum dots was demonstrated. A con-
trolled fabrication and structural characterization of
CdSe/CdS/ZnS three-layer nanoparticles was reported.145
In order to incorporate nanoparticles into biological ob-
jects, one should synthesize water-soluble core-shell
nanoparticles, which was donel4® taking CdSe/ZnS
nanoparticles as an example using an alkylcarboxylic acid
with two SH groups bound to the surface of nanoparticles
as ligand.

The next step toward improvement of stability and an
increase in the quantum yield of quantum dot lumines-
cence involved elaboration of shape control methods for

complex nanoparticles. The possibility of selective nucle-
ation and epitaxial growth of a different material on a
particular crystallographic face of the core was demon-
strated.147 This allowed the shape of the growing semi-
conductor heterostructures to be controlled by combin-
ing a spherical 0D CdSe core with a rod-like 1D CdS
shell, which led to considerable increase in the quantum
yield of luminescence.

A semiconductor—semiconductor nanoparticle sys-
tem can be represented as a solid solution of two chalco-
genides; such nanoparticles exhibit a higher efficiency of
luminescence. For instance, Zn,Cd;_,Se (0.28 < x <0.67)
nanoparticles 5.8—7.5 nm in size!¥8 are characterized by
a systematic shift of the emission peak toward the short-
wavelength region (quantum efficiency of 70—85%). Simi-
lar results were obtained for CdSeS particles ~5 nm
in size.149

2.6. Organized quantum dot nanostructures
2.6.1. Quantum dots on substrates

Planar technology still dominates in production of
electronic devices. Therefore, formation of organized pla-
nar ensembles of nanoparticles and nanowires on the sur-
face of various substrates and electrode systems is a topi-
cal problem. The possibilities of the molecular epitaxy
and MOCVD (Metal Organic Chemical Vapor Deporsi-
tion) methods for fabrication of nano-island quantum dot
films were demonstrated15? taking InGaAs/AlGaAs diode
lasers as examples.

Recently developed chemical methods are also effi-
cient in this respect. For instance, coverage of a smooth
surface of a gold substrate with 1,6-hexanedithiol or
1,10-decanedithiol led to formation of self-assembled
monolayers.!5! Immersion of the substrate into a suspen-
sion of the CdS nanoparticles ~3 nm in size prepared by
conventional technique in reverse micelles and stabilized
with sodium bis(2-ethylhexyl)sulfosuccinate led to for-
mation of a monolayer of CdS nanoparticles. Further
addition of dithiol gave more complex layer-by-layer
structures.15! Interesting phenomena were observed!52
upon coverage of an oxidized surface of a silicon wafer
with CdS nanoparticles 10 nm in size. Nanoparticles self-
organized on annealing at 850 °C and formed concentric
circles (d < 1 um) comprised of individual nanoparticles,
which retained the luminescent properties.

Layer-by-layer alternate adsorption was employed to
fabricate biosensors containing incorporated quantum
dots.153 In order to design nanocomposite photorefractive
materials, an ITO (indium tin oxide) wafer was coated!54
with a solution containing poly(N-vinylcarbazole) with
some additives and mercury acetate. After removal of the
solvent the sample was kept in H,S atmosphere and then
heated in vacuo to remove volatile products. The authors!34
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stated that they first obtained a material containing nar-
row-gap HgS semiconductor nanoparticles (~50 nm in
size) in the photorefractive polymer matrix, which can
operate in the IR telecommunication region (at 1.31 um).
Studies on the synthesis of CdSe, CdTe, and TiO,
nanoparticles on the surface of carbon nanotubes should
also be pointed out.155

2.6.2. Quantum dots in Langmuir—Blodgett films

Langmuir—Blodgett films are often used for prepara-
tion of organized quantum dot nanostructures. For in-
stance, CdS nanoparticles 2.5—5.0 nm in size are formed
in a fatty acid monolayer from a cadmium salt of the same
acid and dodecanethiol;!5%:157 PbS and other metal sul-
fide nanoparticles were synthesized from the correspond-
ing salts.158—160 Often, sulfide nanoparticles are synthe-
sized by exposure of films to H,S atmosphere.161—165 Mul-
tilayer composite Langmuir—Blodgett films containing
CdS nanoparticles and conducting polymers were ob-
tained.106 However, semiconductor (in particular, CdS
and PbS) nanoparticles synthesized in multilayer planar
molecular "nanoreactors” — Langmuir—Blodgett films —
are often characterized by a rather large size dispersion
and shape anisotropy. The possibility of efficient shape
control of the semiconductor nanoparticles produced by
this method is doubtful. Besides, stabilization of nano-
particles in the film matrix makes further manipulation of
the particles difficult. These reasons are responsible for a
relatively limited use of that technique for the synthesis of
semiconductor nanoparticles.

2.6.3. Quantum dots in inorganic matrices

The size of the inner cavities of most zeolites permits
the synthesis and stabilization of nanoparticles at most
1 nm in diameter; so small nanoparticles can hardly be
obtained and stabilized by other methods. A detailed study
of the methods of synthesis and spectral characteristics of
CdS and PbS nanoparticles in a number of zeolite matri-
ces and in porous glass was carried out.17 It was shown
that zeolites restrict the particle size to 1 nm, whereas the
use of porous glass allows a possible particle size to be
increased to 4 nm. Ion exchange followed by bubbling
H,S through the zeolite Y matrix yielded%8 isolated CdS
and PbS nanoparticles less than <1.3 nm in size.

Mesoporous silica gel (usually, SBA-15 comprised of
hexagonally arranged nanotubes of diameter 9 nm)1? is
often used as a matrix for the synthesis and stabilization of
1D nanoparticles of different compositions. For instance,
CdS nanoparticles were bonded to Zn atoms of Zn-doped
SBA-15 (pore diameter ~6 nm) through dithiol bridges.17
Samples thus obtained exhibited a high photocatalytic
activity. CdS nanostructures can also be formed inside

SBA-15 pores by impregnating the mesoporous silica with
aqueous cadmium thioglycolate and subsequent anneal-
ing at 160 °C for 24 h.17! Dissolution of SiO, in 2 M
NaOH affords a material comprised of CdS nanowires of
diameter 6 nm with a ~3 nm separation between wires.
CdS, CdSe, In,Se;, PbS, HgSe, Bi,S;, and Agl nano-
particles can be incorporated into silicate glass with re-
tention of the main spectral characteristics and lumines-
cent properties.1’2 Highly luminescent samples were
fabriced by incorporating CdTe nanoparticles during the
synthesis of glass in the sol-gel process.173

2.6.4. Quantum dots in polymers

It is believed that only creation of quantum dot as-
semblies evenly distributed over the polymer matrix and
isolated from one another can help realization of their
potential unique photoluminescence properties; 174175 this
also must be favored by good mechanical characteristics
and optical properties of polymers.17® However, research
in this field faces many problems.

The main problem is to retain the high luminescent
characteristics of the initial nanoparticles in the course of
monomer coordination on the surface of quantum dots
and subsequent polymerization; unfortunately, it does not
always happen.!”” In particular, an attempt to obtain CdS
nanoparticles within a Nafion membrane film failed, be-
cause the spectral characteristics of the nanoparticles ap-
peared to be identical to those of compact CdS.178
These difficulties can be avoided.!” First, CdTe nano-
particles 2.8, 3.3, 3.6, and 4.0 nm in size were obtained in
the reaction of CdCl, with NaHTe in water in the pres-
ence of a stabilizer (3-mercaptocarboxylic acid). Next, a
specific surfactant, octadecyl-p-vinylbenzyldimethyl-
ammoniym chloride, was synthesized. Using a styrene
solution of this surfactant, CdTe nanoparticles were com-
pletely extracted from the aqueous phase, thus replacing
3-mercaptocarboxylic acid. Polymerization of the styrene
solution under conventional conditions resulted in centi-
meter-sized rod-like nanocomposites, which can lumi-
nesce in the spectral regions from orange to green de-
pending on the size of the incorporated CdTe nano-
particles.

In some cases polymerization is carried out using
nanoparticles as initiators. For instance, CdS nano-
particles on the surface of SiO, nanogranules were modi-
fied!80 with a radical polymerization initiator and then
polymerization of methyl methacrylate was carried out.
A solution of the polymer containing nanoparticles was
poured on the substrate and, after removal of the solvent,
the spectral characteristics of nanoparticles were studied.
But more often, classical polymerization initiators are
employed. The synthesis of CdS nanoparticles from CdCl,
and NH,CSNH, and polymerization of acrylamide (with
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2,2 -azobis(isobutyronitrile) as initiator) in an autoclave
at 140 °C over a period of 12 h were carried out simulta-
neously. '8 A composite thus obtained contained the CdS
nanoparticles ~7 nm in size, while the corresponding re-
actions involving ZnS and PbS performed under identical
conditions produced larger nanoparticles. In block co-
polymers, nanoparticles are grouped within certain do-
mains rather than evenly distributed over the entire vol-
ume of the polymer, thus forming materials with micro-
domain morphology.18? Ligand-coated 2-nm CdS nano-
particles can be linked to one another by multiple
p-xylylene groups to give a polymer containing uniformly
distributed nanoparticles.183

In the text above we considered the incorporation of
quantum dots into polymers during polymerization of cer-
tain monomers; however, polymers themselves can also
be used for this purpose. For instance, polystyrene and
n-dodecyl mercaptan stabilized CdS nanoparticles 6.3 nm
in size were dispersed!3 by sonication in CHCls; the
dispersion formed was poured onto substrate at room tem-
perature. The spectral characteristics of the film thus ob-
tained corresponded to the expected values (see Ref. 185).
Layer-by-layer assembly of hybrid films formed by the
CdS nanoparticles and poly(vinylpyridine) molecules was
also reported. 186

Layer-by-layer alternate adsorption of the polycation
(poly(diallylmethylammonium chloride)) molecules and
negatively charged semiconductor nanoparticles (CdS,
PbS, TiO,) was successfully used to form ultrathin com-
posite films.187 This technique was also employed to pre-
pare highly luminescent CdTe/polycation films on solid
substrates!88 and films containing incorporated CdS
nanoparticles covered with poly(acrylic acid).!89

Composite films containing quantum dots and poly-
electrolytes were obtained using a combined approach
involving layer-by-layer alternate adsorption of unlikely
charged film components and the Langmuir—Scheffer
method. 199

Of particular interest are studies in which nanoparticles
are incorporated into the polymers that can not only act
as matrices but also possess certain functional character-
istics, namely, electrical conductivity, spectral, and mag-
netic characteristics. Polyaniline is one of the most widely
used conducting polymers. A polyaniline-based material
containing ~10-nm TiO, nanoparticles (nanotubes with
diameters ranging from 90 to 130 nm) was obtained.!91
Design of materials for light-emitting diodes involved the
synthesis!®? of stabilized InAs/ZnSe core-shell nano-
particles (4.8 and 1.5 nm in size, respectively) with in-
tense photo-emission near 1.3 um followed by mixing
with a polymer solution in a toluene solution. The film
obtained after removal of the solvent exhibited good func-
tional characteristics (luminescence efficiency of ~0.5%).

Considerable attention has been given to preparation
of polymeric nanocomposites with high refractive index.193

Nanoparticles 2—5 nm in size covered with 4-thiomethyl-
styrene were introduced!%4 into a solution in which poly-
merization of an urethane-methacrylate monomer was
performed simultaneously. This resulted in a composite
film containing evenly distributed nanoparticles, which is
highly transparent in the visible region, and has a high
refractive index. CdS quantum dots were incorporated
into a poly(acrylic acid) film.195

The Langmuir technology was used to synthesize pla-
nar complexes of DNA and an amphiphilic water in-
soluble polycation (alkylated polyvinylpyridine deriva-
tive), which were then used for the synthesis of CdS
nanoparticles.!%0 This gave stable ultrathin polymeric
nanocomposite films containing the amphiphilic poly-
cation, DNA molecules, and organized quasi-linear en-
sembles of semiconductor nanoparticles as structure
constituents.197:198 The same immobilized planar
DNA—amphiphilic polycation complexes were used to
obtain organized nanostructures comprised of CdSe
nanorods (d = 4 nm, / = 25 nm)%? (Fig. 6). Complexes of
DNA with CdSe cationic nanorods belong to a novel
class of highly organized bioinorganic nanostructures in
which luminescent semiconductor nanorods form oriented
collinear structures nearly 1 pm long. It was found2??
that the formation of organized complexes DNA/CdSe
nanorods depends on the reaction duration and on the
concentration of nanorods in a complex fashion.

In the text above we presented a number of examples
of polymeric materials containing incorporated nano-
particles. At the same time, polymers are often used only
as thin (sometimes, monolayer) coatings on the surface of
nanoparticles: polyvinyl alcohol—CdSe nanoparticles
4.3 nm in size;2%1 PbS rods (10x250 nm) coated with poly-

Fig. 6. Electron micrograph of CdSe nanorods incorporated into
DNA—amphiphilic polycation planar complexes; the inset shows
a part of the image (magnified) to demonstrate individual
nanorods.1%?
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vinyl acetate 5 nm in size,292 and CdSe nanoparticles
coated with poly(amidoamino) dendrimers.203

2.7. Determination of the size, composition,
and structure of quantum dots

In determining the structure of quantum dots research-
ers face the same methodological problems as those posed
in the case of metal nanoparticles. The particle size is
most often determined using TEM and its modification,
high resolution TEM (HRTEM). The possibilities of mod-
ern methods, as applied to nanotechnology problems, have
been analyzed in a review.2%4 In some cases the small-
angle X-ray scattering (SAXS) and EXAFS methods are
employed (see a review?4). X-Ray phase analysis data are
presented in most studies but do not serve as the only
source of reliable information; usually, the results ob-
tained are confirmed by other structural methods. Some
examples are given below. The size and size distribution
of the same nanoparticles obtained by different methods
were compared in a number of studies; the results ob-
tained are in good agreement. For instance, the size of
ZnS nanoparticles is 2.8+£0.2 nm from the absorption edge
in the visible and UV spectra, 3.0+0.3 nm according to
TEM data, and 1.4 nm according to X-ray phase analysis
data (based on the Debye—Scherer relation).205 A similar
study of ZnO nanoparticles was also reported.206

The methods listed above are used in studies of
nanoparticles of all compositions. Specific methods em-
ployed in the studies of quantum dots include NMR of
ligands, EPR, absorption and emission spectra of nano-
particle solutions, pulsed photolysis and pulsed radiolysis,
Auger spectroscopy, mass spectrometry, nonlinear optics
methods, photoelectron spectroscopy, efc.

Often, the core and the shell structures are deter-
mined using different approaches and somewhat different
methods. The composition, structure and, often, the crys-
tal structure of the core nanoparticles have been studied
much better than the surface of these objects. At the same
time the surface of nanoparticles plays an important role
in the determination of their structural, thermodynamic,
optical, magnetic, and transport properties. Moreover,
taking the ZnS nanoparticles 3 nm in size as an example,
it was reliably proved2%5 that so small change in the com-
position of the surface as the surface sorption or desorp-
tion of methanol or replacement of methanol by water
causes a measurable (using EXAFS) reversible change in
the core structure from disordered to sphalerite-like one.
Due to low symmetry of atomic environment and the
absence of long-range order in the surface layer conven-
tional methods for determination of the surface structure
are little informative in this case. X-Ray photoelectron
spectra of different-size CdSe nanoparticles on a gold
substrate were measured?07 and it was shown that access

to all surface Cd atoms was blocked by TOPO, whereas
Se atoms were free and oxidized on exposure to air, thus
forming a SeO, surface layer. In contrast to this, neither
Cd nor Se were passivated in pyridine and both types of
surface atoms oxidized being exposed to air.

2.8. Optical properties

Detailed consideration of the spectral characteristics
and specific features of quantum dot luminescence goes
beyond the scope of this review. The readers are addressed
to comprehensive reviews,27,208—211

Manifestation of the quantum size effects in the opti-
cal characteristics of semiconductor nanoparticles has
been extensively studied for long.212—214 Efficient meth-
ods for theoretical description of the system of electronic
energy levels and their transformation as a result of the
quantum size effects in semiconductor nanoparticles have
been elaborated.208:215—217 Among disperse semiconduc-
tors, of particular interest are nanoparticles 2—20 nm in
diameter, because it is this size range in which the major
changes in the electronic and spectral characteristics com-
pared to the corresponding bulk materials are observed
(see a review?18).

The CdS absorption bands are shifted as the particle
size varies;21? a typical picture was reported in Ref. 11.
Nanoparticles larger than 6 nm (i.e., larger than the exci-
ton radius in compact material) exhibit efficient absorp-
tion at ~515 nm, which corresponds to a photon energy of
~2.4 eV, which corresponds to the bandgap in compact
CdS. As the particle size decreases, the absorption edge is
shifted toward the short-wavelength region so that the
CdS particles smaller than 2.2 nm become colorless. How-
ever, at a particle size of less than 1 nm the absorption
peak is shifted to 280 nm and no emission is observed
even at 4.2 K.168 Ag the particle size decreases, the ab-
sorption spectrum is structurized (maxima and shoulders
appear). Particle size variation also affects the lifetime of
luminescence.220

A review of the spectral features of individual CdSe
nanoparticles has been reported.22! The absorption spec-
tra of CdSe nanoparticles were measured!! and the shift
of the absorption maximum depending on the particle
size randing from 1.2 to 11.5 nm (100—30000 atoms per
particle) was monitored. As the particle size, the maxi-
mum is regularly shifted toward the long-wavelength spec-
tral region but does not reach a value typical of bulk
material (716 nm) even for the largest particles. Accord-
ing to calculations, in this case the energy gap (energy
difference between the highest occupied and lowest un-
occupied MOs, HOMO and LUMO)) gradually changes
by more that 1 eV.

In the early studies the quantum yields of lumines-
cence of CdS nanoparticles were at most 1%. The low
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efficiency of luminescence was attributed to the fact that
the CdS quantum dots had defects suitable for nonradiative
recombination of charge carriers. Detailed surface "qual-
ity" analysis of CdSe, CdTe, and InAs nanoparticles and
of the effect of surface on the efficiency of photolumines-
cence of certain fractions of nanoparticles with a narrow
size distribution was carried out.222 It was possible to ma-
nipulate defects in the surface layer (and, hence, the effi-
ciency of luminescence) by varying the nature of ligands,
solvent, matrix, etc. The authors of the early studies?23,224
pointed to considerable increase in the quantum yield
upon introduction of small amounts of alkylamines into
solutions of CdS nanoparticles. The CdS nanoparticles
4—6 nm in size were "activated" by covering their surfaces
with cadmium hydroxide, which led to an increase in the
quantum yield to more than 50%.214 Analogously, "passi-
vation" of the surface of CdTe nanoparticles with thio-
glycolic acid was responsible for considerable increase in
the quantum yield of photoluminescence.11® p-Phenylene-
diamine, a well-known hole acceptor, efficiently traps
photogenerated holes on the surface of CdSe quan-
tum dots.225

Along with changes in the particle size the factors
mentioned above affect the shape of the fluorescence spec-
trum, i.e., the change in the color of the emitted light (see
also Ref. 226). A review?4 of the results of single-quan-
tum-dot luminescence measurements is available.

The change in the shape of nanoscale objects on going
from quantum dots to nanowires causes removal of en-
ergy level degeneracy characteristic of spherical nano-
particles and separation of the absorption and emission
peaks, which is of great importance for such applied as-
pects of optoelectronics as fabrication of light-emitting
diodes or quantum dot lasers. In the case of CdSe
nanoparticles the HOMO is mainly composed of the Se
4p-AOs, whereas the major contribution to the LUMO
comes from Cd 5s-AO. From the simplest orbital symme-
try considerations it follows that the spherical Cd s-orbit-
als and Se px,y-orbitals are much less responsive to the
0D — 1D transition and to changes in the length of
nanowires. Semiempirical calculations?2” of the electronic
structure of CdSe nanowires carried out by the pseudo-
potential method with variation of nanowire length showed
that extension of the system causes discrete energy levels
to merge into a single energy level, i.e., the situation
approaches that characteristic of a compact material. It
was theoretically shown228:229 that variation of the shape
of nanoparticles causes not only changes in the structure
of electronic energy levels but also influences the forma-
tion of the surface states. The motion of excitons across
the surface along the long axis of ellipsoidal nanoparticles
or (which is better) nanorods is less hindered than in the
case of spherical nanoparticles. As a result, CdSe nanorods
emit polarized light even at room temperature.2?

Photocatalysis. The photocatalytic activity of CdS
nanoparticles (3.7—5.1 nm in size) connected to zinc-
modified SiO, nanogranules via dithiols (dt) was stud-
ied.23 It was shown that H, release from aqueous solu-
tion of isopropyl alcohol upon UV irradiation is maxi-
mum when the CdS—dt—Zn—SiO, system is used as
catalyst. This effect was explained by electron transfer
from a more readily photoexcited ZnS (S atom of dt) to
CdS nanoparticles, whereas isopropyl alcohol is an elec-
tron donor, which blocks access to holes formed upon
photoexcitation of CdS. Specific features of photooxida-
tion-induced luminescence were also studied.231:232

2.9. Quantum dots in biochemical and medical research

The unique photophysical properties of chalcogenide
quantum dots allow them to be used as efficient fluores-
cent labels or photoelectrochemical tests for various bio-
medical applications. The development of this avenue of
research is due to not only the quantum size effects but
also the fact that the average sizes of nanoparticles used
are comparable with the size of biomacromolecules. This
consistence between the characteristic sizes opens pros-
pects for practical applications of semiconductor nano-
particles in biomedical technologies and provides an ex-
ample of integration of nanotechnology and biology. In
the future, this can lead to emergence of nanobio-
technology, a novel field of high-efficiency and great-
practical-value research. At present, investigations using
quantum dots led to some advances in diagnosis, directed
therapy, and molecular and cell biology.

To this end, various quantum dot bioconjugates were
prepared. In some cases CdSe nanoparticles can be used
instead of fluoresecent dyes in the visualization of bio-
logical objects.233:234 Energy transfer between quantum
dots (donors) and proteins containing fluorescent labels
(acceptors) was studied in detail.235 In addition to in vitro
"grafting" of quantum dots to cell structures236:237 the
possibility of using semiconductor nanoparticles for
in vivo visualization of individual structures was demon-
strated.238:239 Going this way, researchers faced a number
of problems. In particular, aggregation of nanoparticles
was often observed owing to high surface activity of
nanoparticles and a weak interaction between them and
biomolecules in freshly prepared specimens. Besides,
methods of synthesis of nanoparticles were too complex
and poorly reproducible; often, syntheses were carried
out in organic solvents and the transition to aqueous me-
dia was problematic.

Semicondustor nanoparticles (1.3 nm CdS) stable in
water were obtained using tripeptide glutathione as the
surface ligand.240

Elimination of these problems involves the synthesis
of quantum dots immediately inside biomolecules. For
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Y =COOH, SH, NH,; n=1—10; E — protein.

Fig. 7. Model for surface modification of a core-shell
nanoparticle by HS(CH,),—Y linkers; a possible type of
linker—protein amino group binding is shown on the right.244

instance, a biopolymer chitozan was used24! as a matrix
for the synthesis and stabilization of CdS nanoparticles
4.2 nm in size (chitozan exhibits some attractive proper-
ties, namely, it is hydrophilic, biocompatible and biode-
gradable, and also possesses a protein and DNA affinity.)
Besides, the binding of CdS nanoparticles with phosphoro-
thioate oligonucleotide was established.242

Mercaptopropionic acid stabilized CdSe/ZnS core-
shell nanoparticles 4.2 nm in size were modified?43 with
an oligonucleotide containing a thiolate group and used
then as fluorescent labels in the studies of reactions in-
volving DNA (Fig. 7). The same quantum dot system
stabilized with mercaptopropionic acid can be covalently
linked to biomolecules (e.g., transferrin) and successfully
used for recognition of specific antibodies or antigenes.244

Magnetic luminescent nanocomposite nanoparticles
with the magnetic core (superparamagnetic Fe,O; nano-
particle stabilized by a polymer layer) covered with
adsorbed monolayer of CdSe/ZnS quantum dots were
synthesized.24> Combination of the properties of such
nanostructures allows them to be employed in various
bioanalytical methods including luminescent sensorics and
magnetic separation. The possibilities were demonstrated
of using such magnetic-luminescent composite nano-
particles for the detection of malignant cells. The func-
tionalized CdS nanoparticles were used as fluorescent la-
bels for DNA detection and determination.246 Chemi-
sorption of proteins on the surface of quantum dots was
analyzed.247:248 The results of studies on the design of
hybrid functional devices based on proteins and nano-
particles with different compositions were collected in a
review.24?

It is quite natural that the problem of toxicity of semi-
conductor nanoparticles posed immediately after the start
of investigations aimed at their immobilization on bio-
logical objects in vitro and the more so in vivo. It was hard
to expect that incorporation of so toxic elements as Cd or
Te into biological objects will cause no response in
organism(s). In vitro cytotoxicity of CdSe quantum dots
to hepatocites was studied.230 Toxicity of the objects un-

der study was established with certainty and it was shown
that its intensity is proportional to the amount of free
Cd?" ions produced owing to partial destruction of the
CdSe surface. At the same time it was established that
coverage of nanoparticles with, e.g., ZnS monolayers sig-
nificantly reduces the toxicity. Thus, in each particular
case research and development must be accompanied by
performing thorough toxicity tests.

3. Nitrides, phosphides, arsenides

Compared to chalcogenide nanoparticles, semicon-
ductor nanoparticles of the AIIBY type have been much
poorer studied. They luminesce in the interval between
the near IR (InAs) and blue (GaN) regions and can find a
broad spectrum of applications. AI'BV-type semiconduc-
tor nanoparticles are rather large compared to A'BY! ones,
but large Bohr exciton radius allows them to retain the
quantum properties.251 However, AIBY nanoparticles and
nanofibers synthesized in the early studies were unaccept-
ably large (long) and highly polydisperse.252:253 This was
due to the lack of corresponding precursors and to prob-
lems in the crystallization of A"BY semiconductor
nanoparticles at temperatures below 400 °C owing to high
bond covalencies in these compounds.

Gallium nitride GaN belongs to the most important
semiconductors. The emphasis is placed on fabrication of
nanorods, nanowires, nanotubes, and other 1D nano-
structures including nanocomposite structures based on
GaN using arc discharge,?54 laser vaporization,255 subli-
mation and pyrolysis,236:257 and the CVD method.258:259
A version of the CVD technique was used2?6? to ob-
tain single-crystalline wiirtzite GaN nanowires (d =
50—60 nm) hundreds of micrometers long. GaN nano-
wires with diameters ranging from 15 to 60 nm can
be prepared from Ga acetylacetonate and NH; at
620—750 °C.261 Thermal CVD method was employed to
synthesize large amounts of GaN nanowires (d = 30 nm,
up to 1 mm long) on Fe nanoparticles and to simulta-
neously obtain GaN nanowires covered with graphitized
BCN layers.262 GaN nanorods can also be efficiently cov-
ered with graphitized carbon layers. Si-doped (3%) GaN
nanowires were fabricated.263

Aluminum nitride. Stability of AIN nanotubes was pre-
dicted theoretically;264 the material was obtained?65 by
the action of NH;—N, mixture on Al powder impreg-
nated with a small amount of cobalt sulfate (1 mmol
per g of Al) at 1100 °C. It was suggested that these
nanotubes (d = 30—80 nm), which can be up to a few
micrometers long, are an excellent substrate for growth of
GaN layers (the lattice parameters differ by 2% only) in
order to fabricate heterostructures for nanoelectronics.

Gallium arsenide GaAs also belongs to the most im-
portant semiconductors. It is widely used in optoelec-
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tronic devices and solar cells. GaAs nanoparticles are
obtained in a variety of fashions,19:266—269 the particles
having a slightly extended shape (the ratio of radii is 1.2
to 1.3) and containing an excess amount of Ga (5 : 4)
compared to the stoichiometric composition. GaAs
nanoparticles 4.4—6.2 nm in size were also obtained from
GaCls and As(NMe,); in 4-ethylpyridine.2’® GaAs nano-
wires were grown?’! by molecular epitaxy.

Gallium phosphide GaP is a widely used wide-gap,
thermally stable semiconductor material (AE = 2.26 eV).
GaP quantum dots and nanowires were prepared?’2 by
thermal decomposition of specially synthesized precursor
Ga(PBu'y); in amines. This method permits the synthesis
of monodisperse nanoparticles with identical shape. GaP
nanowires (d = 40 nm, / < 300 um) were grown on nickel
nanoparticles as "catalysts" by sublimation of GaP pow-
der.2’3 The optical properties of GaP nanowires (d =
20—50 nm) were studied.274

Indium phosphide InP is of interest as a material for
fiber optics. InP nanowires grown in the presence of
nanocatalysts can be used as sensitive 1D photodetec-
tors.2”3 or light-emitting diodes. 1% InP quantum dots were
synthesized and their photoluminescence was studied in
detail.2’® InP nanorods (d = 20—25 nm, / = 700 nm) with
vertical orientation were grown by metal-organic vapor-
phase epitaxy on a substrate using gold nanoparticles as

"catalysts".277

4. Oxides

Indium oxide In,0; is a transparent n-type semicon-
ductor with a bandgap of ~3.6 eV. It is widely used in solar
cells, displays, and sensors. Indium oxide based nano-
particles?’ and nanowires?’”? were prepared. A rather
simple method?8? of synthesis of In,0; nanoparticles of
controlled size (4, 6, or 8 nm) involves thermal decompo-
sition of In(acac); in oleylamine; the size of nanoparticles
formed was controlled by varying the reaction conditions.
In,O5 nanoparticles 30 nm in size can be produced by
oxidation of metallic In nanoparticles.281

Coaxial nanotubes with the Ga,0; inner layer inside
and the ZnO outer layer were synthesized.282

Tin oxide SnO, is a stable wide-gap semiconductor
(AE = 3.6 eV). This is an excellent material for gas sen-
sors, transistors, solar cells, and electrodes. SnO, nano-
particles were synthesized by hydrothermal, 283 sol-gel, 284
and CVD 285 methods, by magnetron sputtering,286 and
under microwave irradiation conditions.287 A mesoporous
material comprised of SnO, nanoparticles was prepared
by high-temperature hydrolysis of mixed tin alcohol-
ate/acetylacetonate.28% Nanomaterials for gas sensors
are synthesisized?8? using thermal decomposition of
[Sn(NMe,),], in anisole at 150 °C; Sn/SnO, nanoparticles
thus formed are calcined in air at 600 °C and the resulting

nearly 10-nm SnO, nanoparticles are doped with Pd and
then transferred on a silicon nitride plate.

Single-crystalline SnO, is the best candidate for fab-
rication of miniature ultrasensitive gas sensors.290
A one-step method of synthesis of SnO, nanorods
((8—15)x(150—200) nm) under mild conditions was
developed.?®! Large amounts of SnO, nanostrips
((30—150)x(10—30) nm) hundreds of micrometers
long?®? and 1-5-nm SnO, nanoparticles on the surface of
BN nanotubes?3 were obtained.

Zinc oxide (ZnO) nanoparticles are usually synthe-
sized by the reaction of zinc acetate with an alkali in
isopropyl alcohol; nanoparticles thus obtained are stabi-
lized by adding octanethiol to the solution.200 A detailed
study of non-hydrolytic route to ZnO nanoparticles 3.5 to
9.0 nm in size was reported.294 It was shown2?4 that a slow
heating of the mixture of alkylamine, fert-butylphosphonic
acid (TBPA), and zinc acetate is a simple and convenient
method for the sysnthesis of ZnO nanoparticles from
handy chemicals. Yet another method for the synthesis of
rather large ZnO nanoparticles (~50 nm) is provided by
thermal decomposition of zinc acetate in an oxygen
flow.295 In this case, the experimental setup allows
thermogravimetric analysis and Raman spectra measure-
ments to be done simultaneously and continuously during
the thermal decomposition. Controlled oxidation of Et,Zn
with dioxygen in octylamine in the presence of TOPO
produces more stable ZnO nanocrystals that are not prone
to further enlargement.2% A nanocomposite comprising
3.5-nm ZnO nanoparticles and poly(ethylene oxide)
was obtained.?7 ZnO nanowires (d = 20—100 nm, / =
0.5—10 um) were synthesized by vaporization of zinc ox-
ide powder,298 vaporization of metallic Zn,?%? and from
ZnO0 nanoparticles.3%® A more convenient route3?! to ZnO
nanowires (d = 80—100 nm, / < 10 um) involves hydro-
thermal treatment of aqueous zinc carbonate. The zinc
oxide nanowires are suitable for the synthesis of ZnO
nanotubes.302 Often, oxide nanoparticles are covered with
shells of different compositions. Attempts at coating ZnO
nanoparticles with an Al,O5 layer were reported;3%3 how-
ever, analysis showed that the zinc oxide particles formed
(50—60 nm in size) were covered with a ZnAl,0, shell
4-5 nm thick.

Germanium oxide GeO, is a good insulator and a prom-
ising material for optical waveguides for integrated optics.
GeO,-based 1D structures (their synthesis was reported
in Ref. 304) are also of interest because they combine
stability and both insulating and catalytic properties.305,306
Long a-GeO, nanowires (d = 150 nm, /= 100 um) were
obtained by thermal oxidation of nanocrystalline ger-
manium.307

Titanium dioxide (titania) TiO, and titania-based ma-
terials are widely used in many fields owing to their bio-
logical and chemical inertness, high stability to photoin-
duced and chemical corrosion, and low cost. Titania is an
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efficient catalyst for the photooxidation and dehydroge-
nation of various organic compounds. However, TiO, has
a bandgap of 3.2 eV and therefore efficiently operates on
UV irradiation but not in the visible spectral region. At
the same time, the TiO, and TiO,_, N, nanoparticles 6 to
10 nm in size are efficient photocatalysts for photoin-
duced processes in the visible spectral region.308

The TiO, nanoparticles of various shape were synthe-
sized®s following the reaction

TiCl, + Ti(OR), — 2 TiO, + 4 RCI

in dioctyl ether in the presence of lauric acid and TOPO.
Hydrolysis of TiF2~ in octadecylamine film permits the
synthesis of 4-nm TiO, nanoparticles uniformly distrib-
uted over the matrix.3% Preparation of films for hybrid
solar cells from TiO, nanoparticles 50—300 nm insize
was reported.319 Multi-wall carbon nanotubes were also
coated with the 2-10-nm TiO, nanoparticles.3!1

An original method for the growth of TiO, nanotubes
on titanium foil was proposed.312 Titanium foil was coated
with a fraction of ultrasmall particles, which was sepa-
rated by centrifugation of aqueous suspension of the com-
mercially available TiO, powder, and treated with a
NaOH solution in an autoclave at 160 °C; as a result,
TiO, nanotubes (internal diameter 3.7 nm, outer diam-
eter 12 nm) were grown on the foil surface (see also
Ref. 313).

Zirconia (Zr0O,) nanoparticles were prepared by sev-
eral methods,31:314:315 put the best results were likely ob-
tained by the reaction of zirconium isopropylate and zir-
conium chloride at 340 °C, which produced monodis-
perse 4-nm tetragonal ZrO, nanoparticles.316

5. Silicon, germanium, and silicon carbides

Research at the nanolevel is of particular interest for
the investigations of narrow-gap semiconductors, because
it allows the bandgap to be considerably increased. How-
ever, only a few studies on Si (AE = 1.17 e¢V) and Ge
(AE = 0.67 eV) nanoparticles are available, while the "so-
lution" routes to such particles are rara avis. The only
study available so far3!7 concerns an interesting method
of synthesis of small (less than 3 nm) Si nanoparticles
with simultaneous modification of the ligand shell.
Namely, partial dechlorination of SiCly by sodium in
diglyme followed by treatment of the reaction mixture
with H,O, MeOH, or BulLi in order to produce Si
nanoparticles with different surface properties. Such a
change in the ligand shell affected not only the hydropho-
bic-hydrophilic characteristics but also (which is of cru-
cial importance) permitted variation of the luminescence
characteristics of nanoparticles. Most often, silicon
nanoparticles were synthesized by laser vaporization and
gas-phase evaporation of elemental silicon or in silane

plasma.318—320 Spherical Si nanoparticles (d = 7 nm) cov-
ered with a thin (~1 nm) layer of amorphous silica were
prepared by arc evaporation of silicon.32!

Low-pressure chemical vapor decomposition
(LPCVD) of silane at 570—610 °C resulted in the forma-
tion of 2.5-3.0-nm-sized Si quantum dots on SiO, or
Si;N, substrates with a density of 6+ 10! cm~2.322 Silicon
nanoparticles 4 nm in size were produced by CO, laser-
induced decomposition of SiH, in a flow reactor.3?3 Sili-
con nanowires were synthesized by CVD 324 and other
method.325:326 The surfaces of silicon nanowires treated
with aqueous HF solution were shown to be hydrogen
terminated and different Si—H bonds were detected.327

Germanium nanoparticles are often produced as in-
corporated into a SiO, matrix.328:32% The sol-gel tech-
nique starting from traditionally used TEOS (Si(OEt),)
and GeCl, was also reported for the first time.33? In addi-
tion to TEOS, HOOCC,H,GeCl; was also used33! as
Ge source; this resulted in the formation of cubic Ge
nanocrystals (6x9 nm) in the SiO, matrix. An interesting
route to Ge quantum dots involves preparation of a thin
layer of the Si,Ge, O, mixed oxide on the substrate surface
followed by selective reduction of the oxide upon subse-
quent fast (300 s) annealing at 1000 °C in N, atmosphere
with the formation of a layer of 9.5-nm Ge nanoparticles
on the SiO, surface with a density of ~5+ 10! ¢cm—2,332

Regularities of the growth of Ge nanocrystallites on Si
were considered in detail in a review.333

Germanium nanoparticles (d = 10—20 nm, / = 5 nm)
precipitate on gold surface in the electrolysis of GeBr, in
ionic liquid 1-butyl-3-methylimidazolium hexafluoro-
phosphate.334

Germanium nanowires are of interest because the Borh
exciton radius of Ge is larger than that of Si and, hence,
germanium should be more responsive to the quantum
size effects. Germanium nanowires were first prepared by
the solvothermal method;335 they were also grown on
gold nanoparticles in supercritical cyclohexane.33¢ More
often, supercritical CO, was used33 as solvent for the
growth of ordered Ge nanowire structures with a density
of ~1012 cm~2. But the simplest route to single-crystalline
Ge nanowires is to use the CVD method with GeH, and
gold nanoparticles as "catalysts".338

Silicon carbide SiC is a wide-gap semiconductor (AE =
2.2—2.8 eV). Exposure of the silicon carbide surface to
high-power IR laser pulses leads to formation of SiC
nanoparticles ~120 nm in size.33? Silicon carbide nano-
wires (for methods of synthesis, see Refs 340 and 341) are
of inerest because they can be used in electronic devices
and composite materials. A simple and efficient method
for the synthesis of large amounts of B-SiC nanowires
(d = 40 nm, / < 500 um) involves their growth from the
silicon plate in the reaction with methane and hydrogen
at 1100 °C in the presence of Fe, Ga, or GaN nanoparticles
as "catalysts".342
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6. Conclusion

In this review we have clearly demonstrated the role of
"chemical" synthetic methods for the formation of semi-
conductor nanoparticles with different compositions.
A number of methods have been more thoroughly elabo-
rated compared to the "classical" approaches (e.g., syn-
thesis of cadmium chalcogenide nanoparticles), while
other methods require further development (synthesis of
Si and Ge nanoparticles). But there is a marked trend,
which can be formulated as follows: as the planar tech-
nology will approach its natural limit, the demands for
"chemical" methods for the fabrication of various func-
tional nanostructures will increase continuously.

Design of superstructures using chemically produced
individual nanocrystalline quantum dots as "building
blocks" and studies on the co-operative properties of these
advanced artificial nanostructured materials has been a
novel avenue of research.343 Theoretical foundations of
design of quantum computers using a system of intercon-
nected quantum dots have been considered.34 A trend
toward the use of nanoparticles with different composi-
tions for solving this problem is quite well-defined.

Unique possibilities of fabrication of quantum dots
with various compositions and structures and with preset
and very narrow size distributions in almost all pre-speci-
fied environments make the semiconductor nanoparticles
an ideal object of 0D-physics.345 Since inhomogeneity of
the 0D or 1D nanomaterials leads to deterioration of many
physical characteristics, successful development of nano-
technology requires reproducible fabrication of nano-
structures with ordered arrangement of monodisperse
nanoparticles of the same shape. All rational methods of
solving this problem involve the use of "chemical" ap-
proaches.

For instance, a method of directed fabrication of 2D
arrays of sub-10-nm single-crystalline Si nanorods with a
density of ~4+10!9 cm~2 using cobalt nanoparticle masks
was developed by combining elements produced by the
"classical" planar technology and materials based on
chemically synthesized nanoparticles.346 A rather large
number of such "hybrid" approaches is available at the
moment and they seem to play an increasing role.

Prospects for applications of semiconductor nano-
particles are quite versatile.347 Recently, the possibilities
of using quantum dots as emitters for thin-film light-
emitting diodes (LED),12 low-threshold lasers,348 opti-
cal amplifiers for telecommunication networks,34° bio-
logical labels,23? light-emitting diodes,!%0 photodetec-
tors,275 phosphors,350 solar cells,!3 catalysts,35! and
photoelements352 have been studied. Due to physical limi-
tations and high cost, lithography methods can no longer
be employed for further miniaturization of optical and
electronic devices.333 Therefore, intensive search for "non-
lithographic" methods for fabrication of nanoscale inte-

grated circuits (including the use of self-assembly of ma-
terials with complex nanoarchitecture from nanosized
"building blocks" present in solution or at the interface)
seems to be quite logical.354—356 A single-electron tran-
sistor based on an isolated 5.5-nm CdSe nanoparticle
placed in a ~10-nm gap between gold electrodes was fab-
ricated and studied.357 Nanofilaments in 1D nano-
structures can act as both nanoelements and nanowires
connecting them.

The first example of a solar cell element based on
CdSe nanorods (7x60 nm) was reported.!3 The nanorods
were dispersed in poly(trihexylthiophene) (a conducting
polymer) and placed between electrodes in a conven-
tional cell; the coefficient of solar energy conversion
was 1.7%. Optical amplification in the system of 3D pho-
tonic crystals containing incorporated CdS nanoparticles
was observed.338 Quantum dots are suitable for design of
electrochromic devices operating in the visible or IR spec-
tral regions.3%?

The use of CdSe nanorods dispersed in liquid-crystal-
line media3%? seems to be quite promising for creation of
new-generation displays. A technology was developed for
fabrication of a nanocable (d = 100 nm) comprising a
silicon substrate covered with a CdSe layer.3¢! A core-
shell nanowire with a GaN core (d = 5—40 nm, refrac-
tive index 2.54) and a Alj;5Gag,5N shell (thickness
50—200 nm, refractive index 2.25) was fabricated.362 The
authors302 stated that they first realized an UV laser based
on gallium nitride nanowires. Ultrahigh-density nanowire
lattices with different compositions are thought3¢3 to be
used for fabricaton of high-frequency nanomechanical
resonators, high-density semiconductor sensors, efc.

Recently, the possibility of hydrogen storage in car-
bon nanotubes has been the subject of intensive studies.
Likely, this is also a field of possible application of semi-
conductor nanotubes. For instance, ZnO nanowires can
be used for hydrogen storage. The H, uptake is 0.83% w/w
at room temperature and a pressure of 30 atm; about 71%
of the stored hydrogen can be released under normal con-
ditions.364

Undoubtedly, quantum dots are of considerable inter-
est for nanobiotechnological and medical applications. In
this connection, search for efficient methods for modifi-
cation of the properties of quantum dots in order to attain
biofunctionalization and biocompatibility is topical.
Biocompatible fluorescent semiconductor quantum dots
are developed and marketed by Quantum Dot Corp.
(USA). The Evidot quantum-dot kits based on monodis-
perse CdSe nanocrystals are produced by and can be pur-
chased from Evident Technologies, Inc. (USA).

From the aforesaid it follows that the time comes when
nanoscale semiconductor particles possessing unique
physical properties including the quantum size effects be-
come components of various technological processes and
devices. The design of such devices and development of
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corresponding technologies for production at economi-
cally acceptable level requires elaboration of efficient
methods for fabrication of organized nanostructures from
nanoscale semiconductor (and other) elements, which in
turn gives an impetus to further improvement of promis-
ing "chemical" methods of synthesis, stabilization, and
functionalization.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 05-03-32083
and 04-03-32090), the International Science and Tech-
nology Center (Project No. 1991), and the Presidium of
the Russian Academy of Sciences (in the framework of
the Basic Research Programs "Fundamental Problems of
Physics and Chemistry of Nanoscale Systems and Nano-
materials" and "Directed synthesis of inorganic com-
pounds with Preset Properties and Design of Functional
Materials Based on Them").

References

1. Nanotechnology Research Directions: IWGN Workshop Re-
port, Eds M. C. Roco, R. S. Williams, and P. Alivisatos,
Kluwer Academic Publishers, Dordrecht—Boston—Lon-
don, 2002, 270 pp.

2.T. Sugimoto, Monodispersed Particles,
Amsterdam—London—New York, 2001, 792 pp.

3. Nanoparticles in Solids and Solutions, Eds J. H. Fendler and
I. Dekany, Kluwer Academic Publishers, Dordrecht—Bos-
ton—London, 1996, 517 pp.

4.Al. L. Efros and A. L. Efros, Fizika i Tekhnika
Poluprovodnikov, 1982, 1209 [Sov. Phys. Semicond., 1982,
16, 772 (Engl. Transl.)].

5.A. 1. Ekimov and A. A. Onushchenko, Pis'ma v Zhurn.
FEksp. i Teor. Fiziki, 1984, 40, 337 [Sov. Phys. JETP Lett.,
1984, 40, 1136 (Engl. Transl.)].

6. A. 1. Ekimov, Al. L. Efros, and A. A. Onushchenko, Solid
State Commun., 1985, 56, 921.

7.A. 1. Ekimov and A. A. Onushchenko, Fizika i Tekhnika
Poluprovodnikov, 1982, 16, 1215 [Sov. Phys. Semicond.,
1982, 16, 775 (Engl. Trransl.)].

8. R. Rossetti, S. Nakahara, and L. E. Brus, J. Chem. Phys.,
1983, 79, 1086.

9. H. Weller, Ber. Bunsenges. Phys. Chem., 1991, 95, 1361.

10. A. Henglein, Chem. Rev., 1989, 89, 1861.

11. C. B. Murray, D. J. Norris, and M. G. Bawendi, J. Am.
Chem. Soc., 1993, 115, 8706.

12. M. L. Steigerwald and L. E. Brus, Acc. Chem. Res., 1990,
23, 183.

13. W. U. Huynh, J. J. Dittmer, and A. P. Alivisatos, Science,
2002, 295, 2425.

14. W. W. Yu, Y. A. Wang, and X. Peng, Chem. Mater., 2003,
15, 4300.

15. W. P. Halperin, Rew. Mod. Phys., 1986, 58, 533.

16. A. P. Alivisatos, Science, 1996, 271, 933.

17. M. L. Steigerwald, A. P. Alivisatos, J. M. Gibson, T. D.
Harris, R. Kortan, A. J. Muller, A. M. Thayer, T. M.
Duncan, D. C. Douglass, and L. E. Brus, J. Am. Chem.
Soc., 1988, 110, 3046.

Elsevier,

18. V. L. Colvin, A. N. Goldstein, and A. P. Alivisatos, J. Am.
Chem. Soc., 1992, 114, 5221.

19. M. A. Olshavsky, A. N. Goldstein, and A. P. Alivisatos,
J. Am. Chem. Soc., 1990, 112, 9438.

20. M. Labrenz, G. K. Druschel, T. Thomsen-Ebert,
B. Gilbert, S. A. Welch, K. M. Kemner, G. A. Logan, R. E.
Summons, G. D. Stasio, P. L. Bond, B. Lai, S. D. Kelly,
and J. F. Banfield, Science, 2000, 290, 1744.

21. A. Li and B. T. Draine, Astrophys. J., 2002, 564, 803.

22. Nanoparticles and the Environment, Eds J. F. Banfield and
A. Navrotsky, Washington, DC, USA, Reviews in Mineral-
ogy and Geochemistry, 2001, 44, 536 pp.

23. M. L. Steigerwald, A. P. Alivisatos, J. M. Gibson, T. D.
Harris, R. Kortan, A. J. Muller, A. M. Thayer, T. M.
Duncan, D. C. Douglass, and L. E. Brus, J. Am. Chem.
Soc., 1998, 110, 3046.

24. A. Eychmuller, J. Phys. Chem. B, 2000, 104, 6514.

25. L. P. Kouwenhoven and P. L. McEuen, Nanotechnology,
Ed. G. Timp, Aip Press, Springer, New York, 1996, p. 471.

26. R. Turton, The Quantum Dot: A Journey into the Future of
Microelectronics, Oxford U. Press, Oxford (UK), 1995.

27. A. D. Yoffe, Adv. Phys., 1993, 42, 173.

28. C. F. Landes, S. Link, M. B. Mohamed, B. Nikoobakht,
and A. E. Sayed, Pure. Appl. Chem., 2002, 74, 1675.

29. X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher,
A. Kadavanich, and A. P. Alivisatos, Nature, 2000, 404, 59.

30. N. Herron, J. C. Calabrese, W. E. Farneth, Y. Wang, and
Y. Wang, Science, 1993, 259, 1426.

31. B. Xia, I. W. Lenggoro, and K. Okuyama, Adv. Mater.,
2001, 13, 1579.

32.Y. Li, H. Liao, Y. Ding, Y. Fan, Y. Zhang, and Y. Qian,
Inorg. Chem., 1999, 38, 1382.

33. Z. Weiguang, Z. Yun, F. Jun, S. Siquao, T. Ning, T. Minyu,
and W. Longmin, Sci. China, Ser. B, 2003, 46, 196.

34. U. K. Gautam, R. Seshadri, and C. N. R. Rao, Chem. Phys.
Lert., 2003, 375, 560.

35. W. Vogel, P. H. Borse, N. Deshmukh, and S. K. Kulkami,
Langmuir, 2000, 16, 2032.

36. F. Huang, H. Zhang, and J. F. Banfield, J. Phys. Chem. B,
2003, 107, 10470.

37. U. K. Gautam, M. Ghosh, and C. N. R. Rao, Chem. Phys.
Lett., 2003, 381, 1.

38. T. Tsuzuki and P. G. McCormick, NanoStructured Mater.,
1999, 12, 75.

39.J.Joo, H. B. Na, T. Yu, J. H. Yu, Y. W. Kim, F. Wu, J. Z.
Zhang, and T. Hyeon, J. Am. Chem. Soc., 2003, 125, 11100.

40. Z. A. Peng and X. Peng, J. Am. Chem. Soc., 2001, 123, 183.

41. L. Qu, Z. A. Peng, and X. Peng, Nano Lett., 2001, 1, 333.

42.]). Aldana, Y. A. Wang, and X. Peng, J. Am. Chem. Soc.,
2001, 123, 8844.

43. 1. Ruach-Nir, Y. Zhang, R. Popovitz-Biro, I. Rubinstein,
and G. Hodes, J. Phys. Chem. B, 2003, 107, 2174.

44, N. Prafhan and S. Efrima, J. Am. Chem. Soc., 2003,
125, 2050.

45.Y.-W. Jun, S.-M. Lee, N.-J. Kang, and J. Cheon, J. Am.
Chem. Soc., 2001, 123, 5150.

46. T. Trindade and P. O"Brien, Chem. Mater., 1997, 9, 523.

47. A. Sashchiuk, L. Amirav, M. Bashouti, M. Krueger,
U. Sivan, and E. Lifshitz, Nano Lett., 2004, 4, 159.

48. M. Green, G. Wakefield, and P. Dobson, J. Mater. Chem.,
2003, 13, 1076.



Nanoparticles of semiconductor materials

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

847

49
50

S1.

52.

53.

54.

55.

56

57.

58.

59.

60.

61.

62.

63.

64

65.

66.

67.

68.

69.

70

71.

72.

73.

74.

75.

76.

77.
78.

79.

80

81.

. S. Kumar and T. Nann, Chem. Commun., 2003, 2478.

. H. Zhang, L. Wang, H. Xiong, L. Hu, B. Yang, and W. Li,
Adv. Mater., 2003, 15, 1712.

D. V. Talapin, S. Haubold, A. L. Rogach, A. Kornowski,
M. Haase, and H. Weller, J. Phys. Chem. B, 2001, 105, 2260.
S. F. Wuister, F. van Drie, and A. Meijerink, Phys. Chem.
Chem. Phys., 2003, 5, 1253.

M.-P. Pileni, T. Zemb, and C. Petit, Chem. Phys. Lett.,
1985, 118, 414.

P. Lianos and J. K. Thomas, Chem. Phys. Lett., 1986,
125, 299

C. Petit and M. P. Pileni, J. Phys. Chem., 1988, 92, 2282.
.Z.X. Deng, L. Li, and Y. Li, Inorg. Chem., 2003, 42, 2331.
Ch. Barglik-Chory, A. F. Munster, H. Strohm,
Ch. Remenyi, and G. Muller, Chem. Phys. Lett., 2003,
374, 319.

Microwave-Enhanced Chemistry, Eds H. M. Kingston and
S. J. Haswell, Am. Chem. Soc., Washington (DC), 1997,
539 pp.

Y. Wada, H. Kuramoto, J. Anand, T. Fitamura, T. Sakata,
H. Mori, and S. Yanagida, J. Mater. Chem., 2001, 11, 1936.
T. Torimoto, H. Kontani, Y. Shibutani, S. Kuwabata,
T. Sajata, H. Mori, and H. Yoneyama, J. Phys. Chem. B,
2001, 105, 6838.

J. B. Edel, R. Fortt, J. C. deMello, and A. J. deMello,
Chem. Commun., 2002, 1136.

R. K. Rana, L. Zhang, J. C. Yu, Y. Mastai, and
A. Gedanken, Langmuir, 2003 19, 5904.

J.-P. Ge, Y.-D. Li, and G.-Q. Yang, Chem. Commun.,
2002, 1826.

. S.-H. Yu and M. Yoshimura, Adv. Mater., 2002, 14, 296.
Y.-W. Jun, M. F. Casula, J.-H. Sim, S. Y. Kim, J. Cheon,
and A. P. Alivisatos, J. Am. Chem. Soc., 2003, 125, 15981.
D.S. Xu, Y. J. Xu, D. P. Chem, L. G. Guo, L. L. Gui, and
Y. O. Tang. Adv. Mater., 2000, 12, 520.

H. Zhang, X. Ma, J. Xu, J. Niu, D. Sha, and D. Yang,
J. Cryst. Growth, 2002, 246, 108.

B. C. Satishkumar, A. Govindaraj, E. M. Vogl,
L. Basumallick, and C. N. B. Rao, J. Mater. Res., 1997,
12, 604.

Y. Li, J. Wan, and Z. Gu, Mater. Sci. Eng. A, 2000, 286, 106.
. P. Zhang and L. Gao, Langmuir, 2003, 19, 208.

Y. W. Wang, G. W. Meng, L. D. Zhang, C. H. Liang, and
J. Zhang, Chem. Mater., 2002, 14, 1773.

M. Chen, Y. Xie, J. Lu, Y. Xiong, S. Zhang, Y. T. Qian,
and X. Liu, J. Mater. Chem., 2002, 12, 748.

W. S. Sheldrick and M. Wachhold, Angew. Chem., Int. Ed.,
1997, 36, 206.

Y. D. Li, H. W. Liao, Y. Ding, Y. T. Qian, L. Yang, and
G. E. Zhou, Chem. Mater., 1998, 10, 2301.

J. H. Zhan, X. G. Yang, D. W. Wang, S. D. Li, Y. Xie, and
Y. T. Qian, Adv. Mater., 2000, 12, 1348.

F. Gao, Q. Lu, S. Xie, and D. Zhao, Adv. Mater., 2002,
14, 1537.

F. Gao, Q. Lu, and D. Zhao, Chem. Lett., 2002, 732.

J. Yang, C. Xue, S. H. Yu, J. H. Zeng, and Y. T. Qian,
Angew. Chem., Int. Ed., 2002, 41, 4697.

T. Nann and J. Riegler, Chem. Eur. J., 2002, 8, 4791.

. Z.A. Peng and X. Peng, J. Am. Chem. Soc., 2002, 124, 3343.
V. N. Soloviev, A. Eichhofer, D. Fenske, and U. Banin,
J. Am. Chem. Soc., 2000, 122, 2673.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.
93.

94.

95.
96.

97.

98.

99.

100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.

112.

113.

L. Manna, E. C. Sher, and A. P. Alivisatos, J. Am. Chem.
Soc., 2000, 122, 12700.

Y. Chen, Y. Guo, L. Kong, and H. Li, Chem. Lett.,
2002, 602.

Q. Yang, K. Tang, C. Wang, Y. Qian, and S. Zhang, J. Phys.
Chem. B, 2002, 106, 9227.

S.-M. Lee, Y.-W. Jun, S.-N. Cho, and J. Cheon, J. Am.
Chem. Soc., 2002, 124, 11244.

Y. Li, X. Li, C. Yang, and Y. Li, J. Mater. Chem., 2003,
13, 2641.

Z.-P. Qiao, G. Xie, J. Tao, Z.-Y. Nie, Y.-Z. Lin, and
X.-M. Chen, J. Solid State Chem., 2002, 166, 49.

H. M. Meng, J. Liu, Y. Jiang, W. W. Chen, C. S.
Lee, 1. Bello, and S. T. Lee, Chem. Phys. Lett., 2003,
382, 434.

M. S. Gudiksen, J. Wang, and C. M. Lieber, J. Phys. Chem.
B, 2001, 105, 4062.

Y. Wu and P. Yang, J. Am. Chem. Soc., 2001, 123, 3165.
H. Yu, J. Li, A. Loomis, P. C. Gibbons, L.-W. Wang, and
W. E. Buhro, J. Am. Chem. Soc., 2003, 125, 16168.

H. Yu and W. E. Buhro, Adv. Mater., 2003, 15, 417.

X. Jiang, B. Mayers, T. Herriicks, and Y. Xia, Adv. Mater.,
2003, 15, 1740.

C. Ye, G. Meng, Y. Wang, Z. Jiang, and L. Zhang, J. Phys.
Chem. B, 2002, 106, 10338.

Y.-J. Hsy and S.-Y. Lu, Langmuir, 2004, 20, 23.

C. J. Barrelet, Y. Wu, D. C. Bell, and C. M. Lieber, J. Am.
Chem. Soc., 2003, 125, 11498.

P.Hu, Y. Liu, L. Fu, L. Cao, and D. Zhu, J. Phys. Chem. B,
2004, 108, 936.

Y. Liu, D. Hou, and G. Wang, Chem. Phys. Lett., 2003,
379, 67.

M. T. Bjork, B. J. Ohlsson, T. Sass, A. 1. Persson,
C. Thelander, M. H. Mangusson, K. Deppert, L. R.
Wallenberg, and L. Samuelson, Nano Lett., 2002, 2, 87.
M. S. Gudiksen, L. J. Lauhon, J. Wang, D. C. Smith, and
C. M. Lieber, Nature, 2002, 415, 617.

Y. Wu, R. Fan, and P. D. Yang, Nano Lett., 2002, 2, 83.
W. Tremel, Angew. Chem., Int. Ed., 1999, 38, 2175.

J. Hu, T. W. Odom, and C. M. Lieber, Acc. Chem. Res.,
1999, 32, 435.

R. Tenne, Angew. Chem., Int. Ed., 2003, 42, 5124.

G. Gundiah, S. Mukhopadhyay, U. Govind Tumkurkar,
A. Govindaraj, U. Maitra, and C. N. R. Rao, J. Mater.
Chem., 2003, 13, 2118.

T. Peng, H. Yang, K. Dai, X. Pu, and K. Hirao, Chem.
Phys. Lett., 2003, 379, 432.

Y. J. Xiong, Y. Xie, J. Yang, R. Zhang, C. Z. Wu, and G. A.
Du, J. Mater. Chem., 2002, 12, 3712.

C. N. R. Rao, A. Govindaraj, F. L. Deepak, N. A. Gunari,
and M. Nath, Appl. Phys. Lett., 2001, 78, 1853.

M. Nath and C. N. R. Rao, Angew. Chem., Int. Ed., 2002,
41, 3451.

B. Cheng and E. T. Samulski, J. Mater. Chem., 2001,
11, 2901.

J. Q. Hu, Q. Li, X. M. Meng, C. S. Lee, and S. T. Lee,
Chem. Mater., 2003, 15, 305.

M. S. Mo, J. H. Zeng, X. M. Liu, W. C. Yu, S. Y. Zhang,
and Y. T. Qian, Adv. Mater., 2002, 14, 1658.

J. Hu, Y. Bando, D. Goldberg, and Q. Liu, Angew. Chem.,
Int. Ed., 2003, 42, 3493.



848

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

Gubin et al.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

J. Goldberger, R. He, Y. Zhang, S. Lee, H. Yan, H. J.
Choi, and P. Yang, Nature, 2003, 422, 599.

Y.-C. Zhu, Y. Bando, and Y. Uemura, Chem. Commun.,
2003, 836.

H. Borchert, D. V. Talapin, N. Gaponik, C. McGinley,
S. Adam, A. Lobo, T. Moller, and H. Weller, J. Phys.
Chem. B, 2003, 107, 9662.

R. W. Meulenberg, S. Bryan, C. S. Yun, and G. F. Strouse,
J. Phys. Chem. B, 2002, 106, 7774.

I. G. Dance, A. Choy, and M. L. Scudder, J. Am. Chem.
Soc., 1984, 106, 6285.

G. S. H. Lee, D. C. Craig, I. Ma, M. L. Scudder, T. D.
Bailey, and 1. G. Dance, J. Am. Chem. Soc., 1988,
110, 4863.

T. Vossmeyer, G. Reck, L. Katsikas, E. T. Haupt, B. Schulz,
and H. Weller, Science, 1995, 267, 1476.

T. Vossmeyer, G. Reck, B. Schulz, L. Katsikas, and
H. Weller, J. Am. Chem. Soc., 1995, 117, 12881.

S. Bthrens, M. Bettenhausen, A. C. Deveson, A. Eichhofer,
D. Fenske, A. Lohde, and U. Woggon, Angew. Chem., Int.
Ed., 1996, 35, 2215.

N. Zhu and D. Fenske, J. Chem. Soc., Dalton Trans.,
1999, 1067.

M. Bettenhausen, A. Eichhofer, D. Fenske, and
M. Semmelmann, Z. Anorg. Allg. Chem., 1999, 625, 593.
D. V. Talapin, E. V. Shevchenko, A. Kornowski,
N. Gaponik, M. Haase, A. L. Rogach, and H. Weller, Adv.
Mater., 2001, 13, 1868.

Y. Chen and L. Gao, Chem. Lett., 2002, 556.

J. R. Sachleben, V. Colvin, L. Emsley, E. W. Wooten, and
A. P. Alivisatos, J. Phys. Chem. B, 1998, 102, 10117.

H. Dollefeld, K. Hoppe, J. Konly, K. Schilling, H. Weller,
and A. Eychmuller, Phys. Chem. Chem. Phys., 2002,
4, 4747.

F. Seker, K. Meeker, T. F. Kuech, and A. B. Ellis, Chem.
Rev., 2000, 100, 2505.

1. Potapova, R. Mruk, S. Prehl, R. Zentel, T. Basche, and
A. Mews, J. Am. Chem. Soc., 2003, 125, 320.

S. Kim and M. G. Bawendi, J. Am. Chem. Soc., 2003,
125, 14652.

D. Schooss, A. Mews, A. Eychmuller, and H. Weller, Phys.
Rev., 1994, 49, 17072.

V. Subramanian, E. E. Wolf, and P. V. Kamat, J. Phys.
Chem. B, 2003, 107, 7479.

M. Meyer, C. Wallberg, K. Kurihara, and J. H. Fendler,
J. Chem. Soc., Chem. Commun., 1984, 90.

X. Peng, M. C. Schlamp, A. V. Kadavanich, and A. P.
Alivisatos, J. Am. Chem. Soc., 1997, 119, 7019.

S. Park, B. L. Clark, D. A. Keszler, J. P. Bender, J. F.
Wager, T. A. Reynolds, and G. S. Herman, Science, 2002,
297, 65.

J.J. Li, Y. A. Wang, W. Guo, J. C. Keay, T. D. Mishima,
M. B. Johnson, and X. Peng, J. Am. Chem. Soc., 2003,
125, 12567.

I. Mekis, D. V. Talapin, A. Kornowski, M. Haase, and
H. Welle, J. Phys. Chem. B, 2003, 107, 7454.

M. A. Hines and P. Guyot-Sionnest, J. Phys. Chem., 1996,
100, 468.

D. V. Talapin, A. L. Rogach, A. Kornowski, M. Haase, and
H. Weller, Nano Lett., 2001, 1, 207.

P. Reiss, J. Bleuse, and A. Pron, Nano Lett., 2002, 2, 781.

142

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

. T. Torimoto, J. P. Reyes, K. Iwasaki, B. Pal, T. Shibayama,
K. Sugawara, H. Takahashi, and B. Ohtani, J. Am. Chem.
Soc., 2003, 125, 316.

H. S. Zhou, 1. Honma, J. W. Haus, H. Sasebe, and
H. Komiyama, J. Luminescence, 1996, 70, 21.

S. Kim, B. Fisher, H.-J. Eisler, and M. Bawendi, J. Am.
Chem. Soc., 2003, 125, 11466.

L. Manna, E. C. Sher, L.-S. Li, and A. P. Alivisatos, J. Am.
Chem. Soc., 2002, 124, 7136.

H. Mattoussi, J. M. Mauro, E. R. Goldman, G. P.
Anderson, V. C. Sundar, F. V. Mikulec, and M. G. Bawendi,
J. Am. Chem. Soc., 2000, 122, 12142.

D. V. Talapin, R. Koeppe, S. Gotzinger, A. Kornowski,
J. M. Lupton, A. L. Rogach, O. Benson, J. Feidmann, and
H. Weller, Nano Lett., 2003, 3, 1677.

X. Zhong, M. Han, Z. Dong, T. J. White, and W. Knoll,
J. Am. Chem. Soc., 2003, 125, 8589.

E. Jang, S. Jun, and L. Pu, Chem. Commun., 2003, 2964.
M. Grundman, N. N. Ledentsov, N. Kirstaedter,
F. Heinrichsdorff, A. Krost, D. Bimberg, A. O. Kosogov,
S. S. Ruvimov, P. Werner, V. M. Ustinov, P. S. Kop’ev,
and Zh. 1. Alferov, Thin Solid Films, 1998, 318, 83.

T. Nakanishi, B. Ohtani, and K. Uosaki, J. Phys. Chem. B,
1998, 102, 1571.

K. Prabhakaran, F. Meneau, G. Sankar, K. Sumitomo,
T. Murashita, Y. Homma, G. N. Greaves, and T. Ogino,
Adv. Mater., 2003, 15, 1522.

C. A. Constantine, K. M. Gattas-Asfura, S. V. Mello,
G. Crespo, V. Rastogi, T.-C. Cheng, J. J. DeFrank, and
R. M. Leblanc, Langmuir, 2003, 19, 9863.

J. G. Winiarz, L. Zhang, J. Park, and P. N. Prasad, J. Phys.
Chem. B, 2002, 106, 967.

S. Banerjee and S. S. Wong, J. Am. Chem. Soc., 2003,
125, 10342.

A. Samokhvalov, R. W. Gurney, M. Lahav, and R. Naaman,
J. Phys. Chem. B, 2002, 106, 9070.

A. Samokhvalov, R. W. Gurney, M. Lahav, S. Cohen,
H. Cohen, and R. Naaman, J. Phys. Chem. B, 2003,
107, 4245.

X. K. Zhao, J. Yang, L. D. McCormick, and J. H. Fendler,
J. Phys. Chem., 1992, 96, 9933.

X. K. Zhao and L. D. McCormick, Appl. Phys. Lett., 1992,
61, 849.

E. V. Rakova, V. V. Kleckovskaya, N. D. Stepina, and L. A.
Feigin, Crystallogr. Repts, 2002, 47, 177.

J. Y. Wang, R. A. Uphaus, S. Ameenuddin, and D. A.
Rintoul, Thin Solid Films, 1994, 242, 127.

E. S. Smotkin, C. Lee, A. J. Bard, A. Campion, M. A. Fox,
T. E. Mallouk, S. E. Webber, and J. M. White, Chem. Phys.
Lett., 1988, 152, 265.

A. V. Nabok, A. K. Ray, A. K. Hassan, J. M. Titchmarsh,
F. Davis, T. Richardson, A. Starovoitov, and S. Bayliss,
Mater. Sci. Eng. C, 1999, 8—9, 171.

V. Erokhin, L. Feigin, G. Ivakin, V. Klechkovskaya,
Yu. Lvov, and N. Stiopina, Macromol. Chem. Macromol.
Symp., 1991, 46, 359.

R. S. Urquhart, C. L. Hoffmann, D. N. Furlong, N. J.
Geddes, J. F. Rabolt, and G. Franz, J. Phys. Chem., 1995,
99, 15987; Thin Solid Films, 1993, 232, 245.

V. Vidya, N. P. Kumar, S. N. Narang, S. Major, S. Vitta,
S. S. Talwar, P. Dubcek, H. Amenitsc, and S. Bernstorff,



Nanoparticles of semiconductor materials

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

849

167.

168.
169.

170.

171.
172.

173
174.
175.
176
177.
178.
179.

180
181.

182

183.
184.

185.

186.

187.

188.

189.
190.

191.
192.

193.

194.

195.

196.

197.

198.

Colloids and Surfaces. A: Physicochemical and Engineering
Aspects, 2002, 198—200, 67.

R. D. Stramel, T. Nakamura, and J. K. Thomas, J. Chem.
Soc., Faraday Trans. 1, 1998, 84, 1287.

Y. Wang and N. Herron, J. Phys. Chem., 1987, 91, 257.

B. Marler, U. Oberhagemann, S. Vortmann, and H. Gies,
Mesoporous Mater., 1996, 6, 375.

T. Hirai, M. Nanba, and 1. Komasawa, J. Colloid and Inter-
face Sci., 2003, 268, 394.

F. Gao, Q. Lu, and D. Zhao, Adv. Mater., 2003, 15, 739.
T. Rajh, M. 1. Vucemilovic, N. M. Dimitrijevic, and O. 1.
Micic, Chem. Phys. Lett., 1988, 143, 305.

. C. Li and N. Murase, Langmuir, 2004, 20, 1.

W. Caseri, Macromol. Rapid Commun., 2000, 21, 705.
L. L. Beecroft and C. K. Ober, Chem. Mater., 1997, 9, 1302.

. L. Erskine, T. Emrick, A. P. Alivisatos, and J. M. J. Frechet,

Polym. Prepr., 2000, 41, 593.

H. Skaff, M. F. Ilker, E. B. Coughlin, and T. Emrick,
J. Am. Chem. Soc., 2002, 124, 5729.

J. P. Kuczynski, B. H. Milosavljevic, and J. K. Thomas,
J. Phys. Chem., 1984, 88, 980.

H. Zhang, Z. Cui, Y. Wang, K. Zhang, X. Ji, C. Lu, B. Yang,
and M. Gao, Adv. Mater., 2003, 15, 777.

. S. C. Farme and T. E. Patten, Chem. Mater.,2001, 13, 3920.

Y. Zhou, S. Yu, C. Wang, X. Li, Y. Zhu, and Z. Chen,
Chem. Commun., 1999, 1229.

. D. E. Fogg, Macromolecules, 1997, 30, 8433.

H. Noglik and W. J. Pietro, Chem. Mater., 1995, 7, 1333.
H. C. Liang, M. Z. Rong, M. Q. Zhang, H. M. Zeng,
H. Xiang, S. F. Wang, and Q. H. Gong, Polym. Polym.
Composites, 2003, 11, 441.

D. Sajinovic, Z. V. Saponjic, N. Cvjeticanin, M. Marinovic-
Cincovic, and M. Nedeljkovic, Chem. Phys. Lett., 2000,
329, 168.

E. Hao and T. Lian, Langmuir, 2000, 16, 7879.

N. A. Kotov, I. Dekany, and J. H. Fendler, J. Phys. Chem.,
1995, 99, 13065.

C. Lesser, M. Gao, and S. Kirstein, Mater. Sci. Eng. C,
1999, 8—9, 159.

L. I. Halaoui, Langmuir, 2001, 17, 7130.

G. M. Lowman, S. L. Nelson, S. M. Graves, G. F. Strouse,
and S. K. Buratto, Langmuir, 2004, 20, 2057.

L. Zhang and M. Wan, J. Phys. Chem. B, 2003, 107, 6748.
N. Tessler, V. Medvedev, M. Kazes, S. H. Kan, and
U. Banin, Science, 2002, 295, 1506.

R.J. Nussbaumer, W. R. Caseri, P. Smith, and T. Tervoort,
Macromol. Mater. Eng., 2003, 288, 44.

C. Lu, Z. Cui, Y. Wang, Z. Li, C. Guan, B. Yang, and
J. Shen, J. Mater. Chem., 2003, 13, 2189.

L. Sheeney-Haj-Ichia, Z. Cheglakov, and I. Willner,
J. Phys. Chem. B, 2004, 108, 11.

M. N. Antipina, R. V. Gainutdinov, A. A. Rachnyanskaya,
A. L. Tolstikhina, T. V. Yurova, and G. B. Khomutov,
Surface Sci., 2003, 532—535, 1025.

G. B. Khomutov, V. V. Kislov, M. N. Antipina, R. V.
Gainutdinov, S. P. Gubin, A. Yu. Obydenov, S. A. Pavlov,
A. A. Rakhnyanskaya, A. N. Sergeev-Cherenkov, E. S.
Soldatov, D. B. Suyatin, A. L. Tolstikhina, A. S. Trifonov,
and T. V. Yurova, Microelectr. Eng., 2003, 69, 373.

G. B. Khomutov, M. N. Antipina, A. N. Sergeev-
Cherenkov, T. V. Yurova, A. A. Rakhnyanskaya, V. V.

199.

200.

201.

202.

203.

204.

205

206.
207.
208.
209.
210.
211.
212.

213.

214

215.

216

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Kislov, R. V. Gainutdinov, and A. L. Tolstikhina, Mater.
Sci. Eng. C, 2003, 23, 903.

M. Artemyev, D. Kisiel, S. Abmiotko, M. N. Antipina,
G. B. Khomutov, V. V. Kislov, and A. A. Rakhnyanskaya,
J. Am. Chem. Soc., 2004, 126, 10594.

M. Artemyev, D. Kisiel, S. Abmiotko, M. N. Antipina,
G. B. Khomutov, V. V. Kislov, and A. A. Rakhnyanskaya,
J. Am. Chem. Soc., 2004, 126, 10594.

X.-D. Ma, X.-F. Qian, J. Yin, H.-A. Xi, and Z.-K. Zhu,
J. Colloid Interface Sci., 2002, 252, 77.

J. Zeng, Y. Zhu, Y. Liu, and Y. T. Qian, Chem. Lett.,
2001, 1000.

C. Zhang, S. O’Brien, and L. Balogh, J. Phys. Chem. B,
2002, 106, 10316.

Z. L. Wang, Adv. Mater., 2003, 15, 1497.

. H. Zhang, B. Gilbert, F. Huang, and J. F. Banfield, Nature,

2003, 424, 1025.

N. S. Pesika, K. J. Stebe, and P. C. Searson, J. Phys.
Chem. B, 2003, 107, 10412.

J. E. B. Katari, V. L. Colvin, and A. P. Alivisatos, J. Phys.
Chem., 1994, 98, 4109.

M. Bawendi, M. L. Steigerwald, and L. E. Brus, Ann. Rev.
Phys. Chem., 1990, 41, 477.

A. Henglein, Current Chem., 1998, 143, 115.

M. Nirmal and L. Brus, Acc. Chem. Res., 1999, 32, 407.

L. E. Brus and J. K. Trautman, Phil. Trans. R. Soc. Lond.
A, 1995, 353, 313.

A. 1. Eklimov, Al. L. Efros, and A. A. Onushchenko, Solid
State Commun., 1985, 56, 921.

A. Klimov, J. Luminescence, 1996, 70, 1.

. L. Spanhel, M. Haase, H. Weller, and A. Henglein, J. Am.

Chem. Soc., 1987, 109, 5649.
L. E. Brus, J. Chem. Phys., 1984, 80, 4403.

. L. E. Brus, J. Chem. Phys., 1983, 79, 5566.
217.

H. Weller, H. M. Schmidt, U. Koch, A. Foitik, S. Baral,
A. Henglein, W. Kunath, K. Weiss, and E. Diekmann,
Chem. Phys. Lett., 1986, 124, 557.

T. Trindade, P. O. Brien, and N. L. Pickett, Chem. Mater.,
2001, 11, 3843.

R. Rossetti, J. L. Ellison, J. M. Gibson, and L. E. Brus,
J. Phys. Chem., 1984, 80, 4464.

J. P. Kuczynski, B. H. Milosavljevic, and J. K. Thomas,
J. Phys. Chem., 1983, 87, 3368.

S. Empedocles and M. Bawendi, Acc. Chem. Res., 1999,
32, 389.

D. V. Talapin, A. L. Rogach, E. V. Shevchenko,
A. Kornowski, M. Haase, and H. Weller, J. Am. Chem.
Soc., 2002, 124, 5782.

T. Dannhauser, M. O"Neil, K. Johansson, D. Witten, and
G. McLendon, J. Phys. Chem., 1986, 90, 6074.

J. Kuczynski and J. K. Thomas, J. Phys. Chem., 1983,
87, 5498.

S. N. Sharma, Z. S. Pillai, and P. V. Kamat, J. Phys.
Chem. B, 2003, 107, 10088.

S. A. Filonovich, Y. P. Rakovich, M. 1. Vasilevskiy, M. V.
Artemyev, D. V. Talapin, A. L. Rogach, A. G. Rolo, and
M. J. M. Gomes, Monatsh. Chem., 2002, 133, 909.

J. Hu, L.-W. Wang, L.-S. Li, W. Yang, and A. P. Alivisatos,
J. Phys. Chem., B, 2002, 106, 2447.

G. Cantele, D. Ninno, and G. ladonisi, J. Phys.: Condens.
Matter., 2000, 12, 9019.



850

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

Gubin et al.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245

246.

247.

248.

249.
250.

251.

252.

253.

254.

255.

G. Cantele, D. Ninno, and G. ladonisi, Nano Lett.,
2001, 1, 121.

T. Hirai, M. Nanba, and 1. Komasawa, J. Colloid Interface
Sci., 2002, 252, 89.

X. Wang, L. Qu, J. Zhang, X. Peng, and M. Xiao, Nano
Lett., 2003, 3, 1103.

S. Baral, A. Fojtik, H. Weller, and A. Henglein, J. Am.
Chem. Soc., 1986, 108, 375.

W. C. Chan, D. J. Maxwell, X. Gao, R. E. Bailey, M. Han,
and S. Nie, Curr. Opin. Biotechnol., 2002, 13, 40.

M. Bruchez, Jr., M. Moronne, P. Gin, S. Weiss, and A. P.
Alivisatos, Science, 1998, 281, 2013.

A. R. Clapp, I. L. Medintz, J. M. Mauro, B. R. Fisher,
M. G. Bawendi, and H. Mattoussi, J. Am. Chem. Soc.,
2004, 126, 301.

K. Hanaki, A. Momo, T. Oku, A. Komoto, S. Maenosono,
Y. Yamaguchi, and K. Yamamoto, Biochem. Biophys. Res.
Commun., 2003, 302, 496.

J. K. Jaiswal, H. Mattoussi, J. M. Mauro, and S. M. Simon,
Nature Biotechnol., 2003, 21, 47.

D. R. Larson, W. R. Zipfel, R. W. Williams, S. W. Clark,
M. P. Bruchez, F. W. Wise, and W. W. Webb, Science,
2003, 300, 1434.

B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux,
A. H. Brivanlou, and A. Libchaber, Science, 2002,
298, 1759.

Ch. Barglik-Chory, D. Buchold, M. Schmitt, W. Kiefer,
C. Heske, C. Umpf, O. Fuchs, L. Weinhardt, A. Stahl,
E. Umbach, M. Lentze, J. Geurts, and G. Muller, Chem.
Phys. Lett., 2003, 379, 443.

Z. Li, Yu. Du, Z. Zhang, and D. Pang, React. Funct. Poly-
mers, 2003, 55, 35.

L. Jiang, B. Q. Yang, Y. D. Ma, Y. C. Liu, W. S. Yang, T. J.
Li, and C. C. Sun, Chem. Phys. Lett., 2003, 380, 29.

F. Patolsky, R. Gill, Y. Weizmann, T. Mokari, U. Banin,
and 1. Willner, J. Am. Chem. Soc., 2003, 125, 13918.

W. C. W. Chan and S. Nie, Science, 1998, 281, 2016.

. D. Wang, J. He, N. Rosenzweig, and Z. Rosenzweig, Nano

Lett., 2004, 4, 409.

F. Gao, L. Wang, L.-Y. Wang, Z.-Y. Yu, and Z.-M. Wu,
The Analyst, 2002, 127, 977.

N. N. Mamedova, N. A. Kotov, A. L. Rogach, and
J. Studer, Nano Lett., 2001, 1, 281.

D. M. Willard, L. L. Carillo, J. Jung, and A. van Orden,
Nano Lett., 2001, 1, 469.

C. M. Niemeyer, Angew. Chem., Int. Ed., 2003, 42, 5796.
A. M. Derfus, W. C. W. Chan, and S. N. Bhatia, Nano
Lett., 2004, 4, 11.

S. V. Gaponenko, Optical Properties of Semiconductor
Nanocrystals, Cambridge University Press, Cambridge,
1998, 645 pp.

O. 1. Micic, S. P. Ahrenkiel, D. Bertram, and A. Nozik,
J. Appl. Phys. Lett., 1999, 75, 478.

T. J. Trentler, S. C. Goel, K. M. Hickman, A. M. Viano,
M. Y. Chiang, A. M. Beatty, P. C. Gibbons, and W. E.
Buhro, J. Am. Chem. Soc., 1997, 119, 2172.

W. Han, P. Redlich, F. Ernst, and M. Ruhle, Appl. Phys.
Lett., 2000, 76, 652.

X. Duan and C. M. Lieber, J. Am. Chem. Soc., 2000,
122, 188.

256

257.
258.

259.

260.

261.

262.

263.

264.

265.

266.

267.
268.

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282

283.

284.

285.

286.

.J.Y. Li, X. L. Chen, Z. Y. Qiao, Y. G. Cao, and Y. C. Lan,
J. Cryst. Growth, 2000, 213, 408.

W.-Q. Han and A. Zettl, Appl. Phys. Lett., 2002, 80, 303.
H. W. Seo, S. Y. Bae, J. Park, H. Yang, K. S. Park, and
S. Kim, J. Chem. Phys., 2002, 116, 9492.

H.-M. Kim, D. S. Kim, Y. S. Park, D. Y. Kim, T. W. Kang,
and K. S. Chung, Adv. Mater., 2002, 14, 991.

S. C. Lyu, O. H. Cha, E.-K. Suh, H. Ruh, H. J. Lee, and
C.J. Lee, Chem. Phys. Lett., 2003, 367, 136.

K.-W. Chang and J.-J. Wu, J. Phys. Chem. B, 2002,
106, 7796.

H. W. Seo, S. Y. Bae, and J. Park, J. Phys. Chem. B, 2003,
107, 6739.

J. Liu, X.-M. Meng, Y. Jiang, C.-S. Lee, I. Bello, and S.-T.
Lee, Appl. Phys. Lett., 2003, 83, 4241.

D. Zhang and R. Q. Zhang, Chem. Phys. Lett., 2003,
371, 426.

Q. Wu, Z. Hu, X. Wang, Y. Lu, X. Chen, H. Xu, and
Y. Chen, J. Am. Chem. Soc., 2003, 125, 10176.

P. C. Sercel, W. A. Saunders, H. A. Atwater, and R. C.
Flagan, Appl. Phys. Lett., 1992, 61, 696.

S. S. Kher and R. L. Wells, Chem. Mater., 1994, 6, 2056.
J. F. Janik, R. L. Wells, V. G. Young, A. L. Rehngold, and
I. A. Guzei, J. Am. Chem. Soc., 1998, 120, 532.

H. Uchida, C. J. Curtis, P. V. Kamat, K. M. Jones, and
A.J. Nozik, J. Phys. Chem., 1992, 96, 1156.

M. A. Mallk, P. OBrien, S. Noiagev, and J. Smith, J. Mater.
Chem., 2003, 13, 2591.

Z. H. Wu, X. Mei, D. Kim, M. Blumin, and H. E. Ruda,
Appl. Phys. Lett., 2003, 83, 3368.

Y.-H. Kim, Y.-W. Jun, B.-H. Jun, S.-M. Lee, and J. Cheon,
J. Am. Chem. Soc., 2002, 124, 13656.

H. W. Seo, S. Y. Bae, J. Park, H. Yang, and S. Kim, Chem.
Commun., 2002, 2564.

R. Gupta, Q. Xiong, G. D. Mahan, and P. C. Eklund,
Nano Lett., 2003, 3, 1745.

J. F. Wang, M. S. Gudiksen, X. F. Duan, Y. Cui, and C. M.
Lieber, Science, 2001, 293, 1455.

R. J. Ellingson, J. L. Blackburn, P. Yu, G. Rumbles, O. I.
Micic, and A. J. Nozik, J. Phys. Chem. B, 2002, 106, 7758.
S. Bhunia, T. Kawamura, and Y. Watanabe, Appl. Phys.
Lert., 2003, 83, 3371.

A. Murali, A. Barve, V. J. Leppert, S. H. Risbud, I. M.
Kennedy, and H. W. H. Lee, Nano Lett., 2001, 1, 287.

X. S. Peng, G. W. Meng, J. Zhang, X. F. Wang, Y. W.
Wang, C. Z. Wang, and L. D. Zhang, J. Mater. Chem.,
2002, 12, 1602.

W. S. Seo, H. H. Jo, K. Lee, and J. T. Park, Adv. Mater.,
2003, 15, 795.

Y. Zhao, Z. Zhang, Z. Wu, and H. Dang, Langmuir,
2004, 20, 27.

.J. Hu, Y. Bando, and Z. Liu, Adv. Mater., 2003, 15, 1000.
A. C. Bose, D. Kalpana, P. Thangadurai, and S. Ramasany,
J. Power Sources, 2002, 107, 138.

E. R. Leite, I. T. Weber, E. Longo, and J. A. Varela, Adv.
Mater., 2002, 12, 965.

Z. H. Han, N. Guo, F. Q. Li, W. Q. Zhang, H. Q. Zhao,
and Y. T. Qian, Mater. Lett., 2001, 48, 99.

L. B. Fraigi, D. G. Lamas, and N. E. W. de Reca, Mater.
Lert., 2001, 47, 262.



Nanoparticles of semiconductor materials

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

851

287.

288.

289.

290.

291.

292.

293.
294.

295.

296.

297.

298.

299.

300.

301.

302

303.

304.

305.

306.

307.

308.

309.

310.

311.
312.

313.

314.

315.

316.

J.J. Zhu, J. M. Zhu, X. H. Liao, J. L. Fang, M. G. Zhou,
and H. Y. Chen, Mater. Lett., 2002, 53, 12.

T. Toupance, O. Babot, B. Jousseaume, and G. Vilaca,
Chem. Mater., 2003, 15, 4691.

C. Nayral, E. Viala, V. Colliere, P. Fau, F. Senocq,
A. Maisonnat, and B. Chaudret, Appl. Surface Sci., 2000,
164, 219.

A. Maiti, J. A. Rodriguez, M. Law, P. Kung, J. R.
McKinney, and P. Yang, Nano Lett., 2003, 3, 1025.

D. F. Zhang, L. D. Sun, J. L. Yin, and C. H. Yan, Adv.
Mater., 2003, 15, 1022.

J. Q. Hu, X. L. Ma, N. G. Shang, Z. Y. Xie, N. B. Wong,
C.S. Lee,and S. T. Lee, J. Phys. Chem. B, 2002, 106, 3823.
W.-Q. Han and A. Zettl, J. Am. Chem. Soc., 2003, 125, 2062.
P. D. Cozzoli, M. L. Curri, and A. Agostiano, J. Phys.
Chem. B, 2003, 107, 4756.

A. V. Ghule, B. Lo, S.-H. Tzihg, K. Ghule, H. Chang, and
Y. C. Ling, Chem. Phys. Lett., 2003, 381, 262.

M. Shim and P. Guyot-Sionnest, J. Am. Chem. Soc., 2001,
123, 11651.

H.-M. Xiong, X. Zhao, and J.-S. Chen, J. Am. Chem. Soc.,
2001, 105, 10169.

D. Banerjee, J. Y. Lao, D. Z. Wang, J. Y. Huang, and Z. F.
Ren, Appl. Phys. Lett., 2003, 83, 2061.

Y. Zhang, H. Jia, X. Luo, X. Chen, D. Yu, and R. Wang,
J. Phys. Chem. B, 2003, 107, 8289.

Z. R. Tian, J. A. Voigt, J. Liu, B. Mckenzie, M. J.
Mcdermott, M. A. Rodriguez, H. Konishi, and H. Xu,
Nature Materials, 2003, 2, 821.

J. Wang and L. Gao, J. Mater. Chem., 2003, 13, 2551.

. X.-H. Zhang, S.-Y. Xie, Z.-Y. Jiang, X. Zhang, Z.-Q. Tian,

Z.-X. Xie, R.-B. Huang, and L.-S. Zheng, J. Phys. Chem. B,
2003, 107, 10114.

Y. Fangli, H. Peng, Y. Chunlei, H. Shulan, and L. Jinlin,
J. Mater. Chem., 2003, 13, 634.

Y.J. Zhang, J. Zhu, Q. Zhang, Y. J. Yan, N. L. Wang, and
X. Z. Zhang, Chem. Phys. Lett., 2000, 317, 504.

B. C. Satishkumar, A. Govindaraj, M. Nath, and C. N. R.
Rao, J. Mater. Chem., 2000, 10, 2115.

Y. K. Liu, C. L. Zheng, W. Z. Wang, Y. J. Zhan, and G. H.
Wang, J. Cryst. Growth, 2001, 233, 8.

J.-Q. Hu, Q. Li, X.-M. Mend, C.-S. Lee, and S.-T. Lee,
Adv. Mater., 2002, 14, 1396.

C. Burda, Y. Lou, X. Chen, A. C. S. Samia, J. Stout, and
J. L. Gole, Nano Lett., 2003, 3, 1049.

S. Shiv, D. Rautaray, R. Pasricha, N. R. Pavaskar, A. B.
Mandale, and M. Sastry, J. Mater. Chem., 2003, 13, 1108.
C. L. Huisman, A. Goossens, and J. Schoonman, Chem.
Mater., 2003, 15, 4617.

S.-W. Lee and W. M. Sigmund, Chem. Commun., 2003, 780.
Z. R. Tian, J. A. Voigt, J. Liu, B. Mckenzie, and H. Xu,
J. Am. Chem. Soc., 2003, 125, 12384.

R. Ma, Y. Bando, and T. Sasaki, Chem. Phys. Lett., 2003,
380, 577.

P. G. McCormick, T. Tsuzuki, J. S. Robinson, and J. Ding,
Adv. Mater., 2001, 13, 1008.

F. C. M. Woudenberg, W. F. C. Sager, N. G. M. Sibelt,
and H. Verweij, Adv. Mater., 2001, 13, 514.

J.Joo, T. Yu, Y. W. Kim, H. M. Park, F. Wu, J. Z. Zhang,
and T. Hyeon, J. Am. Chem. Soc., 2003, 125, 6553.

317.

318.

319.

320.

321.

322.

323.

324

32s.

326.

327.

328.

329.

330.
331.

332.
333.
334.
33s.
336.
337.
338.
339.
340.
341.
342.

343.

344.

345.
346.

D. E. Harwell, J. C. Croney, W. Qin, J. T. Thornton, J. H.
Day, E. K. Hajime, and D. M. Jameson, Chem. Lett., 2003,
32, 1194.

H. Hofmeister, J. Dutta, and H. Hofman, Phys. Rev. B,
1996, 54, 2856.

H. Hofmeister, P. Kodderitzsch, and U. Gosele, Ber.
Bunsenges. Phys. Chem., 1997, 101, 1647.

H. Hofmeister, P. Kodderitzsch, and J. Dutta, J. Non-
Crystalline Solids, 1998, 232—234, 182.

H. Hofmeister and P. Kodderitzsch, NanoStructured Mate-
rials, 1999, 12, 203.

T. Baron, F. Martin, P. Mur, C. Wyon, M. Dupuy,
C. Busseret, A. Souifi, and G. Guillot, Appl. Surface Sci-
ence, 2000, 164, 29.

F. Huisken and B. Kohn, Appl. Phys. Lett., 1999, 74, 3776.

.J.-Y. Yu, S.-W. Chuhg, and J. R. Heath, J. Phys. Chem. B,

2000, 104, 11864.

W.S. Shi, H. Y. Peng, Y. F. Zheng, N. Wang, N. G. Shang,
Z. W. Pan, C. S. Lee, and S. T. Lee, Adv. Mater., 2000,
12, 1343.

N. R. B. Coleman, M. A. Morris, T. R. Spalding, and J. D.
Holmes, J. Am. Chem. Soc., 2001, 123, 187.

X. H. Sun, S. D. Wang, N. B. Wong, D. D. D. Ma, and
S. T. Lee, Inorg. Chem., 2003, 42, 2398.

X. L. Wu, T. Gao, X. M. Bao, F. Yan, S. S. Jiang, and
D. Feng, J. Appl. Phys., 1997, 82, 2704.

K. Masuda, M. Yamamoto, and Y. Kanemitsu, J. Non-
Cryst. Solids, 2002, 299—302, 1097.

M. Nogami and Y. Abe, Appl. Phys. Lett., 1994, 65, 2545.
H. Yang, X. Yao, X. Wang, S. Xie, Y. Fang, S. Liu, and
X. Gu, J. Phys. Chem. B, 2003, 107, 13319.

E. W. H. Kan, W. K. Choi, C. C. Leoy, and W. K. Chim,
Appl. Phys. Lett., 2003, 83, 2059.

R. S. Williams, G. Medeiros-Ribeiro, T. 1. Kamins, and
D. A. A. Ohlberg, Acc. Chem. Res., 1999, 32, 425.

F. Endres and S. Z. El Abedin, Phys. Chem. Chem. Phys.,
2002, 4, 1640.

J. R. Heath and F. K. LeGoues, Chem. Phys. Lett., 1993,
208, 263.

T. Hanrath and B. A. Kokgel, J. Am. Chem. Soc., 2002,
124, 1424.

K. M. Ryan, D. Erts, H. Olin, M. A. Morris, and J. D.
Holmes, J. Am. Chem. Soc., 2003, 125, 6284.

D. Wang and H. Dai, Angew. Chem., Int. Ed., 2002, 41,4783.
Y. Dong and P. Molian, Appl. Phys. Lett., 2004, 84, 10.
W. Shi, Y. Zheng, H. Peng, N. Wang, C. S. Lee, and S. T.
Lee, J. Am. Ceram. Soc., 2000, 83, 3228.

T. Seeger, P. Kohler-Redlich, and M. Ruhle, Adv. Mater.,
2000, 12, 279.

H. Y. Kim, J. Park, and H. Yang, Chem. Commun.,
2003, 256.

A. L. Rogach, D. V. Talapin, E. V. Shevchenko,
A. Kornowski, M. Haase, and H. Weller, Adv. Funct. Mater.,
2002, 12, 653.

N.-J. Wu, M. Kamada, A. Natori, and H. Yasunaga, Jpn
J. Appl. Phys., 2000, 39, 4642.

D. Gammon and D. G. Steel, Physics Today, 2000, 36.

Y. K. Hong, J. H. Bahng, G. Lee, H. Kim, W. Kim, S. Lee,
J. Y. Koo, J. Park, W. Lee, and J. Cheon, Chem. Commun.,
2003, 3034.



852

Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

Gubin et al.

347.
348.

349.

350.

351.

352.

353.
354.

355.

356.

P. Alivisatos, Pure Appl. Chem., 2000, 72, 3.

V. 1. Klimov, A. A. Mikhailovsky, S. Xu, J. A.
Hollingsworth, C. A. Leatherdale, H. J. Eisler, and M. G.
Bawendi, Science, 2000, 290, 314.

M. T. Harrison, S. V. Kershaw, M. G. Burt, A. L. Rogach,
A. Kornowski, A. Eychmuller, and H. Weller, Pure Appl.
Chem., 2000, 72, 295.

J. Lee, V. C. Sundar, J. R. Heine, M. G. Bawendi, and
K. F. Jensen, Adv. Mater., 2000, 12, 1102.

T. S. Ahmadi, Z. L. Wang, T. C. Green, A. Henglein, and
M. A. Elsayed, Science, 1996, 272, 1924.

J.-A. He, R. Mosurkal, L. A. Samuelson, L. Li, and
J. Kumar, Langmuir, 2003, 19, 2169.

D. Maydan, Mater. Sci. Eng., 2001, A302, 1.

W.T.S. Huck, J. Tien, and G. M. Whitesides, J. Am. Chem.
Soc., 1998, 120, 8267.

G. M. Whitesides, J. P. Mathias, and C. T. Seto, Science,
1991, 254, 1312.

G. M. Whitesides and B. Grzybowski, Science, 2002,
295, 2418.

357

358.

359.

360.
361.

362

363.

364.

. D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and
P. L. McEuen, Nature, 1997, 389, 699.

Yu. A. Vlasov, K. Luterova, 1. Pelant, B. Honerlage, and
V. N. Astratov, Thin Solid Films, 1998, 318, 93.

P. Guyot-Sionnest and C. Wang, J. Phys. Chem. B, 2003,
107, 7355.

L. S. Liand A. P. Alivisatos, Adv. Mater., 2003, 15, 408.
Q. Liand C. Wang, J. Am. Chem. Soc., 2003, 125, 9892.

. H.-J. Choi, J. C. Johnson, R. He, S.-K. Lee, F. Kim,
P. Pauzauskie, J. Goldberger, R. J. Saykally, and P. Yang,
J. Phys. Chem. B, 2003, 107, 8721.

N. A. Melosh, A. Boukai, F. Diana, B. Gerardot,
A. Badolato, P. M. Petroff, and J. R. Heath, Science, 2003,
300, 112.

Q. Wan, C. L. Lin, X. B. Yu, and T. H. Wang, Appl. Phys.
Lett., 2004, 83, 124.

Received June 18, 2004;
in revised form November 29, 2004




