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PREPARATION OF NANOPARTICLE
MATERIALS

RELATED APPLICATIONS

The present application is a continuation-in-part of U.S.
application Ser. No. 11/579,050, filed on Oct. 27, 2006, which
is the U.S. national stage application of International (PCT)
Patent Application Serial No. PCT/GB2005/001611, filed
Apr. 27, 2005, which claims the benefit of GB Application
No. 0409877.8, filed Apr. 30, 2004. The entire disclosure of
each of these applications is hereby incorporated by refer-
ence.

BACKGROUND

There has been substantial interest in the preparation and
characterization of compound semiconductors in the form of
particles with dimensions in the order of 2-50 nanometers
(nm), often referred to as quantum dots, nanoparticles, or
nanocrystals. Interest has arisen mainly due to the size-related
electronic properties of these materials that can be exploited
in many commercial applications such as optical and elec-
tronic devices, biological labeling, solar cells, catalysis, bio-
logical imaging, light-emitting diodes, general space light-
ing, and electroluminescent and photoluminescent displays.

Two fundamental factors, both related to the size of the
individual semiconductor nanoparticle, are responsible for
their unique properties. The first is the large surface-to-vol-
ume ratio: as a particle becomes smaller, the ratio of the
number of surface atoms to that in the interior increases. This
leads to the surface properties playing an important role in the
overall properties of the material. The second factor is the
change in the electronic properties of the material with size,
e.g., the band gap gradually becomes larger because of quan-
tum confinement effects as the size of the particle decreases.
This effect is a consequence of increased carrier confinement
giving rise to discrete energy levels similar to those observed
in atoms and molecules, rather than the continuous band of
the corresponding bulk semiconductor material. Thus, for a
semiconductor nanoparticle, because of the physical param-
eters, the carriers (i.e., electrons and holes) produced by the
absorption of electromagnetic radiation (i.e., a photon) with
energy greater then the first excitonic transition, are closer
together than in the corresponding bulk (or macrocrystalline)
material, so that the coulombic interaction cannot be
neglected. This leads to a narrow bandwidth emission, which
is dependent upon the particle size and composition. Thus,
quantum dots have higher kinetic energy than the correspond-
ing macrocrystalline material and, consequently, the first
excitonic transition (i.e., the bandgap) increases in energy
with decreasing particle diameter.

Among the most studied semiconductor quantum dot
materials have been the chalcogenide II-VI materials, namely
zine sulfide (ZnS), zinc selenide (ZnSe), cadmium sulfide
(CdS), cadmium selenide (CdSe), cadmium telluride (CdTe).
Reproducible quantum dot production methods have been
developed from “bottom-up” techniques, whereby particles
are prepared atom-by-atom, i.e. from molecules to clusters to
particles, using wet chemical procedures. The coordination
about the final inorganic surface atoms in any nanoparticle
may be incomplete, with highly reactive non-fully coordi-
nated atomic “dangling bonds” on the surface of the particle,
which can lead to particle agglomeration. This problem may
be overcome by passivating (e.g., capping) the bare surface
atoms with protective organic groups.
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Single-core semiconductor nanoparticles, which generally
consist of a single semiconductor material along with an outer
organic passivating layer, tend to have relatively low quantum
efficiencies due to non-radiative electron-hole recombination
occurring at defects and dangling bonds situated on the nano-
particle surface. FIG. 1A schematically depicts an indium
phosphide (InP) single-core nanoparticle 100 with a core 110
including InP and an organic passivation layer 120. The
hydrocarbon chains of passivation layer 120 promote mono-
dispersity of a group of nanoparticles in solution.

One method to eliminate defects and dangling bonds is
growth of a second inorganic material, having a wider band-
gap and small lattice mismatch to that of the core material,
epitaxially on the surface of the core particle to produce a
“core-shell” nanoparticle. Core-shell nanoparticles separate
any carriers confined in the core from surface states that
would otherwise act as non-radiative recombination centers.
Small lattice mismatch between the core and shell materials
also minimizes non-radiative recombination. One example of
a core-shell nanoparticle is ZnS grown on the surface of CdSe
cores. FIG. 1B schematically depicts a core-shell nanopar-
ticle 140 with a core 150 including InP and a shell 160
including ZnS.

Another approach is the formation of a core-multi shell
structure where the electron-hole pair is completely confined
to a single shell layer. In these structures, the core is of a wide
bandgap material, surrounded by a thin shell of narrower
bandgap material, and capped with a further wide bandgap
layer, such as CdS/HgS/CdS. In such a structure, a few mono-
layers of mercury sulfide (HgS) are formed on the surface of
the core CdS nanocrystal and then capped by additional CdS.
The resulting structures exhibit clear confinement of photo-
excited carriers in the narrower bandgap HgS layer. FIG. 1C
schematically depicts a multi-shell nanoparticle 170 with a
core 180 including InP, a shell 190 including ZnSe, and an
outer shell 195 including ZnS. FIG. 2 schematically depicts a
nanoparticle 200 coated with a capping layer 210 having a
head group 220 (bonded to the nanoparticle) and hydrocarbon
chains 230.

The outermost layer of organic material (i.e., the capping
agent) or sheath material helps to inhibit particle aggregation,
and further protects the nanoparticle from the surrounding
chemical environment. It also may provide a means of chemi-
cal linkage to other inorganic, organic, or biological material.
In many cases, the capping agent is the solvent in which the
nanoparticle preparation is undertaken, and consists of a
Lewis base compound or a Lewis base compound diluted in a
inert solvent such as a hydrocarbon. The capping agent
includes a lone pair of electrons that are capable of donor-type
coordination to the surface of the nanoparticle, and may
include mono- or multi-dentate ligands of the types: phos-
phines (trioctylphosphine, triphenolphosphine, t-butylphos-
phine), phosphine oxides (trioctylphosphine oxide), alkyl
phosphonic acids, alkyl-amine (hexadecylamine, octy-
lamine), aryl-amines, pyridines, long chain fatty acids, and
thiophenes. Other types of materials may also be appropriate
capping agents.

The outermost layer (capping agent) of a quantum dot may
also consist of a coordinated ligand that processes additional
functional groups that can be used as chemical linkage to
other inorganic, organic or biological material. In such a case,
the functional group may point away from the quantum dot
surface and is available to bond/react with other available
molecules, such as primary, secondary amines, alcohols, car-
boxylic acids, azides, or hydroxyl groups. The outermost
layer (capping agent) of a quantum dot may also consist of a
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coordinated ligand, processing a functional group that is
polymerizable, which may be used to form a polymer around
the particle.

The outermost layer (capping agent) may also consist of
organic units that are directly bonded to the outermost inor-
ganic layer, and may also process a functional group, not
bonded to the surface of the particle, that may be used to form
a polymer around the particle.

Important issues related to the synthesis of high-quality
semiconductor nanoparticles are particle uniformity, size dis-
tribution, quantum efficiencies, long-term chemical stability,
and long-term photostability. Early routes applied conven-
tional colloidal aqueous chemistry, with more recent methods
involving the kinetically controlled precipitation of nanocrys-
tallites, using organometallic compounds.

SUMMARY OF THE INVENTION

In accordance with embodiments of the invention, conver-
sion of a precursor composition to nanoparticles is effected in
the presence of a molecular cluster compound. Molecules of
the cluster compound act as a seed or nucleation point upon
which nanoparticle growth may be initiated. In this way, a
high-temperature nucleation step is not required to initiate
nanoparticle growth because suitable nucleation sites are
already provided in the system by the molecular clusters. The
molecules of the cluster compound act as a template to direct
nanoparticle growth. “Molecular cluster” is a term which is
widely understood in the relevant technical field, but for the
sake of clarity should be understood herein to relate to clus-
ters of three or more metal atoms and their associated ligands
of sufficiently well-defined chemical structure such that all
molecules of the cluster compound possess approximately
the same relative molecular formula. (When the molecules
possess the same relative molecular formula, the molecular
clusters are identical to one another in the same way that one
H,O molecule is identical to another H,O molecule.) The
molecular clusters act as nucleation sites and are much better
defined than the nucleation sites employed in other methods.
The use of a molecular cluster compound may provide a
population of nanoparticles that are essentially monodis-
perse. A significant advantage of this method is that it can be
more easily scaled-up to production volumes when compared
to other methods of nanoparticle generation. Methods of pro-
ducing suitable molecular cluster compounds are known
within the art, examples of which can be found at the Cam-
bridge Crystallographic Data Centre (www.ccdc.ca.ac.uk).

Accordingly, in a first aspect, the invention features a nano-
particle including a molecular cluster compound incorporat-
ing ions from groups 12 and 16 of the periodic table, as well
as a core semiconductor material incorporating ions from
groups 13 and 15 of the periodic table provided on the
molecular cluster compound. The molecular cluster com-
pound and the core semiconductor material may have com-
patible crystal phases, and the molecular cluster compound
may incorporate zinc ions.

Various embodiments of the invention incorporate one or
more of the following features. The group 16 ions may
include at least one member of the group consisting of oxide
ions, sulfide ions, selenide ions, and telluride ions. The group
13 ions may include at least one member of the group con-
sisting of aluminum ions, gallium ions, and indium ions. The
group 15 ions may include at least one member of the group
consisting of nitride ions, arsenide ions, and antimonide ions.
The nanoparticle may exhibit a quantum efficiency ranging
from about 20% to about 60%.
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In an embodiment, the nanoparticle includes a first layer
including a first semiconductor material provided on the
nanoparticle core. The first semiconductor material may
incorporate ions from group 12 of the periodic table, e.g., zinc
ions, and/or from group 16, e.g., at least one member of the
group consisting of oxide ions, sulfide ions, selenide ions, and
telluride ions. A second layer including a second semicon-
ductor material may be provided on the first layer.

In a second aspect, the invention features a method for
producing nanoparticles including the steps of providing a
nanoparticle precursor composition including group 13 ions
and group 15 ions, and effecting conversion of the nanopar-
ticle precursor into nanoparticles. The conversion is effected
in the presence of a molecular cluster compound incorporat-
ing group 12 ions and group 16 ions under conditions permit-
ting nanoparticle seeding and growth.

BRIEF DESCRIPTION OF THE DRAWINGS

Inthe drawings, like reference characters generally refer to
the same parts throughout the different views. Also, the draw-
ings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention.
In the following description, various embodiments of the
present invention are described with reference to the follow-
ing drawings, in which:

FIGS. 1A-1C schematically depict exemplary single-core,
core-shell, and multi-shell nanoparticles;

FIG. 2 schematically depicts a nanoparticle coated with a
capping layer;

FIG. 3 schematically depicts the formation of a nanopar-
ticle using a molecular seed, capping agent, and precursors;
and

FIGS. 4A-4E schematically depict various exemplary
molecular clusters that may be utilized as seeding templates
for nanoparticle formation.

DETAILED DESCRIPTION

Embodiments of the invention involve the large-scale syn-
thesis of III-V quantum dots (nanoparticles) whereby a seed-
ing molecular cluster is placed in a solvent (coordinating or
otherwise) in the presence of other precursors to initiate par-
ticle growth. Moreover, the seeding molecular cluster is
employed as a template to initiate particle growth from other
precursors present within the reaction solution. The molecu-
lar cluster used as a seed can either consist of the same
elements as those required in the subsequent quantum dot or
different elements that are not required in the final quantum
dots but facilitate the seeding process. In accordance with
embodiments of the current invention, the molecular cluster
to be used as the seeding agent is either prefabricated or
produced in situ prior to acting as a seeding agent. In accor-
dance with embodiments of the invention, some precursors
may not be present at the beginning of the reaction process
along with the molecular cluster; however, as the reaction
proceeds and the temperature is increased, additional
amounts of precursors are periodically added to the reaction
either drop-wise as a solution or as a solid.

In various embodiments of the invention, the formation of
nanoparticles from the precursor(s) is carried out under con-
ditions to ensure that, either there is direct reaction and
growth between the precursor composition and the molecular
cluster, or some clusters grow at the expense of others (due to
Ostwald ripening) until reaching a certain size at which there
is direct growth of the nanoparticle from the precursor(s).
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Such conditions ensure that the monodispersity of the cluster
compound is maintained throughout nanoparticle growth,
which in turn ensures that a monodisperse population of
nanoparticles is obtained.

Any suitable molar ratio of the molecular cluster com-
pound to, e.g., first and second nanoparticle precursors may
be used, and may depend upon the structure, size and com-
position of the nanoparticles being formed. The desired ratio
may also depend upon the nature and concentration of the
other reagents, such as the nanoparticle precursor(s), the cap-
ping agent, size-directing compounds, and/or solvents. In
embodiments utilizing first and second precursors, ratios of
the number of moles of the molecular cluster compound to the
total number of moles of the first and second precursor spe-
cies may be in the range 0.0001-0.1 (no. moles of cluster
compound):1 (total no. moles of first and second precursor
species), 0.001-0.1:1, or 0.001-0.060:1. The ratios of the
number of moles of the molecular cluster compound to the
total number of moles of the first and second precursor spe-
cies may lie in the range 0.002-0.030:1, or 0.003-0.020:1. In
preferred embodiments, the ratio of the number of moles of
the molecular cluster compound to the total number of moles
of'the first and second precursor species may lie in the range
0.0035-0.0045:1.

Any suitable molar ratio of a first precursor species to a
second precursor species may be used. For example, the
molar ratio of the first precursor species to the second precur-
sor species may lie in the range 100-1 (first precursor spe-
cies):1 (second precursor species), or 50-1:1. The molar ratio
of the first precursor species to the second precursor species
may even lie in the range 40-5:1, or 30-10:1. In various
embodiments, approximately equal molar amounts of the first
and second precursor species are used. The molar ratio of the
first precursor species to the second precursor species may lie
in the range 0.1-1.2:1, 0.9-1.1:1, or 1:1. In some embodi-
ments, it is appropriate to use approximately twice the num-
ber of moles of one precursor species than that of the other
precursor species. Thus, the molar ratio of the first precursor
species compared to the second precursor species may lie in
the range 0.4-0.6:1, or, in a preferred embodiment, 0.5:1.

Various embodiments of the invention concern the conver-
sion of a nanoparticle precursor composition to a desired
nanoparticle. Suitable precursors include single-source pre-
cursors which comprise the two or more ions to be incorpo-
rated into the growing nanoparticle, or multi-source precur-
sors in which two or more separate precursors each contain at
least one ion to be included in the growing nanoparticle. The
total amount of precursor composition required to form the
final desired yield of nanoparticles may be added before
nanoparticle growth has begun; alternatively, the precursor(s)
may be added in stages throughout the reaction.

The conversion of the precursor(s) into nanoparticles may
be conducted in a suitable solvent. When the cluster com-
pound and nanoparticle precursor(s) are introduced into the
solvent, the temperature of the solvent is preferably suffi-
ciently high to ensure satisfactory dissolution and mixing of
the cluster compound. Full dissolution is preferable but not
necessary. The temperature is preferably low enough to pre-
vent disruption of the integrity of the cluster compound mol-
ecules. Exemplary solvent temperatures high enough to pro-
mote dissolution of the cluster compound yet low enough to
maintain cluster compound integrity may be within the range
of approximately 25° C. to approximately 100° C. Once the
cluster compound and precursor composition are sufficiently
well dissolved in the solvent, the temperature of the solution
thus formed is raised to a temperature, or to a range of tem-
peratures, which is/are sufficiently high to initiate nanopar-
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ticle growth but not so high as to damage the integrity of the
cluster compound molecules. For example, the growth initia-
tion temperature may be within the range of approximately
100° C. to approximately 350° C. As the temperature is
increased, further quantities of the precursor may be added to
the reaction in a drop-wise manner (i.e., in liquid form) or as
a solid. The temperature of the solution may then be main-
tained at the formation temperature (or within the formation
temperature range) for as long as required to form nanopar-
ticles possessing the desired properties.

A wide range of appropriate solvents is available. The
choice of solvent used may depend upon the nature of the
reacting species, i.e. the nanoparticle precursor and/or cluster
compound, and/or the type of nanoparticles which are to be
formed. Typical solvents include Lewis base-type coordinat-
ing solvents, such as a phosphine (e.g., tri-n-octylphosphine
(TOP)), a phosphine oxide (e.g., tri-n-octylphosphine oxide
(TOPO)), an amine (e.g., hexadecylamine (HDA)), a thiol
such as octanethiol, or a non-coordinating organic solvent,
e.g. an alkane or an alkene. If a non-coordinating solvent is
used, it will usually be in the presence of an additional coor-
dinating agent to act as a capping agent. The reason is that
capping of nanoparticle surface atoms which are not fully
coordinated, i.e., have dangling bonds, serves to minimize
non-radiative electron-hole recombination and inhibit par-
ticle agglomeration (which can lower quantum efficiencies).
A number of different coordinating solvents may also act as
capping or passivating agents, e.g. TOP, TOPO, organo-thi-
ols, long-chain organic acids such as myristic acid, long chain
amines, or functionalized PEG chains. If a solvent is used
which does not act as a capping agent, then any desirable
capping agent may be added to the reaction mixture during
nanoparticle growth. Such capping agents are typically Lewis
bases, but a wide range of other agents is available, such as
oleic acid or organic polymers which form protective sheaths
around the nanoparticles.

In accordance with embodiments of the invention, III-V
nanoparticles are produced using molecular clusters, which
may be collections of identical molecules (rather than
ensembles of small nanoparticles which may lack the anony-
mous nature of molecular clusters). Molecular clusters can
either have the same elements as required in the nanoparticles
to be formed, or other elements, as long as they can facilitate
a seeding reaction. For example, I1I-V molecular clusters are
notoriously difficult to produce, but many types of 1I-VI
molecular clusters may be produced relatively easily. More-
over, it is possible to use a II-VI molecular cluster, such as
[HNEt;],[Zn, ,S,(SPh), 4], to seed the growth of III-V mate-
rials, such as InP and gallium phosphide (GaP) and their
alloys, in nanoparticle form. Other molecular compounds,
herein referred to as “molecular feedstocks,” may be added
and consumed to facilitate particle growth. These molecular
sources may be periodically added to the reaction solution to
keep the concentration of free ions to a minimum but also
maintain a concentration of free ions to inhibit Ostwald rip-
ening and defocusing of nanoparticle size range.

Nanoparticle growth may be initiated by heating (ther-
molysis), or by solvothermal methods. (As used herein, sol-
vothermal refers to heating in a reaction solution so as to
initiate and sustain particle growth, and may also be referred
to as thermolsolvol, solution-pyrolysis, or lyothermal meth-
ods.) Particle preparation may also include changing of the
reaction conditions such as adding a base or an acid (i.e.,
changing the pH of the mixture), pressure change (e.g., using
pressures much greater than atmospheric pressure), or utiliz-
ing microwave or other electromagnetic radiation.
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The progress of nanoparticle growth can be monitored in
any convenient way, such as photoluminescence (PL) or UV-
visible (UV-vis) spectroscopy. Once nanoparticles have been
produced having the desired properties, e.g., when a nano-
particle peak is observed on the PL/UV-vis emission spectra
at the desired wavelength, further growth may be inhibited by
altering the reaction conditions, e.g. reducing the temperature
of the solution below that necessary to support nanoparticle
growth. At this stage, the nanoparticles can be isolated from
the growth solution by any convenient means, such as pre-
cipitation, or allowed to anneal at a suitable temperature for
any desirable amount of time, e.g., 10 minutes to 72 hours, to
“size-focus” via Ostwald ripening prior to isolation. Follow-
ing initial isolation, the nanoparticle material may then be
subject to one or more rounds of washing to provide final
nanoparticles of high purity.

Referring to FIG. 3, a method 300 for nanoparticle forma-
tion is depicted. To molecular seed 310, e.g., [Zn,,S,
(SPh), (1[X], (where X=Li+ or (CH;);NH") are added pre-
cursors 320 and 330. In an exemplary embodiment, precursor
320 is an indium source, and may include indium acetate
and/or indium myristate, and precursor 330 is a phosphorous
source, and may include tris-trimethylsilyl phosphine
(P(TMS);). Capping agent 340, e.g., di-n-butylsebacate, is
also present in the reaction mixture. The indium and phos-
phorous atoms from precursors 320 and 330 bond to molecu-
lar seed 310, resulting the formation of nanoparticle 350
including an InP core.

Conditions for the Preparation of Semiconductor Nanopar-
ticles

Feedstocks: Suitable molecular feedstocks may be in the
form of a single-source precursor or a multi-source precursor.
These feedstocks may be added at the beginning of the reac-
tion or periodically throughout the reaction of particle
growth. The feedstock may be in the form of liquids, solu-
tions, solids, slurries and/or gases.

In-situ formation of seeding cluster: The cluster to be
employed as the seeding template may be prefabricated prior
to the reaction and added to the reaction solution at the begin-
ning of the reaction process or formed in situ in the reaction
solution prior to the addition of precursors used for the growth
of the nanoparticles.

Embodiments of the invention may be utilized to prepare
semiconductor nanoparticle materials, preferably within the
size range 2-100 nm. The core material of the nanoparticle
may include:

1I-V (i.e., 13-15) material including a first element from
group 13 of the periodic table and a second element from
group 15 of the periodic table, including but not limited to
boron phosphide (BP), aluminum phosphide (AIP), alumi-
num arsenide (AlAs), aluminum antimonide (AlSb), gallium
nitride (GaN), GaP, gallium arsenide (GaAs), gallium anti-
monide (GaSb), indium nitride (InN), InP, indium arsenide
(InAs), indium antimonide (InSb), aluminum nitride (AIN),
boron nitride (BN), and/or ternary or quaternary alloys of
these materials. The material may be doped with at least one
suitable dopant. As utilized herein, references to doping or
suitable dopants include addition of elements from adjoining
groups of the periodic table, e.g., group 11, group IV, and/or
group VI elements, or other main-group or rare-earth ele-
ments. In certain embodiments, the dopant is a transition
metal or rare earth element, e.g., a ZnS nanoparticle may be
doped with Mn* or Cu**.

IIA-VIB (i.e., 2-16) material including a first element from
group 2 of the periodic table and a second element from group
16 of the periodic table, including but not limited to magne-
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sium sulfide (MgS), magnesium selenide (MgSe), magne-
sium telluride (MgTe), calcium sulfide (CaS), calcium
selenide (CaSe), calcium telluride (CaTe), strontium sulfide
(SrS), strontium selenide (SrSe), strontium telluride (SrTe),
barium sulfide (BaS), barium selenide (BaSe), barium tellu-
ride (BaTe), and/orternary or quaternary alloys ofthese mate-
rials. The material may be doped with at least one suitable
dopant.

IIB-VIB (i.e., 12-16) material including a first element
from group 12 of the periodic table and a second element from
group 16 of the periodic table, including but not limited to
ZnS, ZnSe, zinc telluride (ZnTe), CdS, CdSe, CdTe, HgS,
mercury selenide (HgSe), mercury telluride (HgTe), and/or
ternary or quaternary alloys of these materials. The material
may be doped with at least one suitable dopant.

II-V (i.e., 12-15) material including a first element from
group 12 of the periodic table and a second element from
group 15 of the periodic table, including but not limited to
zinc phosphide (Zn;P,), zinc arsenide (Zn;As,), cadmium
phosphide (Cd,P,), cadmium arsenide (Cd,As,), cadmium
nitride (Cd;N,), zinc nitride (Zn,N,), and/or ternary or qua-
ternary alloys of these materials. The material may be doped
with at least one suitable dopant.

III-1V (i.e., 13-14) material including a first element from
group 13 of the periodic table and a second element from
group 14 of the periodic table, including but not limited to
boron carbide (B,C), aluminum carbide (AL,C;), gallium
carbide (Ga,C), and/or ternary or quaternary alloys of these
materials. The material may be doped with at least one suit-
able dopant.

III-VI (i.e., 13-16) material, which includes a first element
from group 13 of the periodic table and a second element from
group 16 of the periodic table, including but not limited
aluminum sulfide (Al,S;), aluminum selenide (Al,Se;), alu-
minum telluride (Al,Te,), gallium sulfide (Ga,S,), gallium
selenide (Ga,Se;), indium sulfide (In,S;), indium selenide
(In,Ses), gallium telluride (Ga,Te;), indium telluride
(In,Te,), and/or ternary or quaternary alloys of these materi-
als. The material may be doped with at least one suitable
dopant.

IV-VI (i.e., 14-16) material, which includes a first element
from group 14 of the periodic table and a second element from
group 16 of the periodic table, including but not limited to
lead sulfide (PbS), lead selenide (PbSe), lead telluride (PbTe),
tin sulfide (SnS), tin selenide (SnSe), tin telluride (SnTe),
and/or ternary or quaternary alloys of these materials. The
material may be doped with at least one suitable dopant.

Material including a first element from any transition metal
group of the periodic table and a second element from any
group of the d-block elements of the periodic table, including
but not limited to nickel sulfide (NiS), chromium sulfide
(CrS), copper indium sulfide (CulnS,), and/or ternary or qua-
ternary alloys of these materials. The material may be doped
with at least one suitable dopant.

Outer inorganic shell(s): The material used on any shell or
subsequent numbers of shells grown onto the core I1I-V nano-
particle preferably has a crystal phase compatible with that of
the core. Compatible crystal phases may be the same, e.g., a
hexagonal or cubic material formed on a hexagonal or cubic
core. Compatible crystal phases may alternatively be differ-
ent phases, wherein a lattice spacing of the core material is
close enough to a lattice spacing of the shell material such that
deleterious lattice strain and/or relaxation (and concomitant
defect generation) does not occur. In some embodiments, the
shell material is closely lattice-matched to (i.e., has approxi-
mately the same lattice constant as) the core material. In other
embodiments, a bufter layer is formed on the core to amelio-
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rate the effects of lattice mismatch between the core material
and a subsequently formed shell material. The material of a
buffer layer and/or a shell material formed on the core may
include at least one of the following:

IIA-VIB (i.e., 2-16) material, which includes a first ele-
ment from group 2 of the periodic table and a second element
from group 16 of the periodic table, including but not limited
to MgS, MgSe, MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe,
and/or ternary or quaternary alloys of these materials. The
material may be doped with at least one suitable dopant.

1IB-VIB (i.e., 12-16) material, which includes a first ele-
ment from group 12 of the periodic table and a second ele-
ment from group 16 of the periodic table, including but not
limited to ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe,
HgTe, and/or ternary or quaternary alloys of these materials.
The material may be doped with at least one suitable dopant.

1I-V (i.e., 12-15) material, which includes a first element
from group 12 of the periodic table and a second element from
group 15 of the periodic table, including but not limited to
Zn,P,, Zn;As,, Cd;P,, Cd;As,, Cd;N,, Zn N, and/or ter-
nary or quaternary alloys of these materials. The material may
be doped with at least one suitable dopant.

1II-V (i.e., 13-15) material, which includes a first element
from group 13 of the periodic table and a second element from
group 15 of the periodic table, including but not limited to BP,
AlP, AlAs, AlSb; GaN, GaP, GaAs, GaSb; InN, InP, InAs,
InSh, AIN, BN, and/or ternary or quaternary alloys of these
materials. The material may be doped with at least one suit-
able dopant.

II-1V (i.e., 13-14) material, which includes a first element
from group 13 of the periodic table and a second element from
group 14 of the periodic table, including but not limited to
B,C, Al,C;, Ga,C, and/or ternary or quaternary alloys of
these materials. The material may be doped with at least one
suitable dopant.

1II-VI (i.e., 13-16) material, which includes a first element
from group 13 of the periodic table and a second element from
group 16 of the periodic table, including but not limited
ALS;, Al,Se;, Al,Te;, Ga,S;, Ga,Se;, In,S;, In,Te,, and/or
ternary or quaternary alloys of these materials. The material
may be doped with at least one suitable dopant.

IV-VI (i.e., 14-16) material, which includes a first element
from group 14 of the periodic table and a second element from
group 16 of the periodic table, including but not limited to
PbS, PbSe, PbTe, SnS, SnSe, SnTe, and/or ternary or quater-
nary alloys of these materials. The material may be doped
with at least one suitable dopant.

Nanoparticle shape: The shape of the nanoparticle pro-
duced according to embodiments of the present invention
may be spherical. In other embodiments, the nanoparticle has
the shape of a rod, disk, tetrapod, or star. Control of the shape
of the nanoparticle may be achieved in the particle growth
process by the addition of a compound that will preferentially
bind to a specific lattice plane of the growing particle and
subsequently inhibit or slow particle growth in a specific
direction. Example of compounds that may be added include
phosphonic acids (n-tetradecylphosphonic acid, hexylphos-
honic acid, 1-decanesulfonic acid, 12-hydroxydodecanoic
acid, or n-octadecylphosphonic acid).

Various embodiments of the present invention are utilized
to form a plurality of monodisperse nanoparticles that are
substantially pure (i.e., uniform in chemical composition).
Each nanoparticle may substantially consist of a I1I-V mate-
rial, and may be stabilized from particle aggregation and the
surrounding chemical environment by an organic layer. For
example, the nanoparticle may be represented by the formula
(ME),L,, in which M represents a group 11l element, E rep-
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resents a group V element, and L represents a coordinating
organic layer or capping agent. Each nanoparticle may form
on and around a molecular cluster which may have a chemical
formula different from that of the nanoparticle core and/or
shell(s).

A molecular cluster is utilized as a template to seed the
growth of nanoparticles (with compositions (ME)L, where M
and E are the two types of ions making up the nanoparticle,
e.g., Mis a group Il ion and E is a group V ion, and L is the
capping agent) from precursors including elements other than
those in the molecular cluster. A small quantity of a suitable
molecular cluster is mixed with a solvent having a relatively
high boiling point. This solvent can also act as a capping
agent, and may be, e.g., a Lewis base coordination compound
such as a phosphine, a phosphine oxide, an organo-thiol, an
amine, or an organic acid. The solvent may alternatively be an
inert solvent such as an alkane (e.g., octadecence), and may
be utilized with the addition of an additional capping agent
compound such as oleic acid. As the reaction temperature is
increased, suitable source precursors for M and E are peri-
odically added either drop-wise in liquid from or as small
quantities of solid powder. Additionally, a source for M and a
source for E may be added to the reaction mixture. The M and
E precursor source(s) may either be in the form of two sepa-
rate precursors (one containing M and the other containing
E), or as a single-source precursor that contains both Mand E
within a single molecule.

The nanoparticle material preferably has a crystal phase
compatible with that of the molecular cluster. Compatible
crystal phases may be the same, e.g., a hexagonal or cubic
nanoparticles formed on a hexagonal or cubic molecular clus-
ter. Compatible crystal phases may alternatively be different
phases, wherein a lattice spacing of the nanoparticle material
is close enough to a lattice spacing of the molecular cluster
material such that deleterious lattice strain and/or relaxation
(and concomitant defect generation) does not occur. In some
embodiments, the nanoparticle material is closely lattice-
matched (i.e., has approximately the same lattice constant) to
the molecular cluster material.

Other regents which have the ability to control the shape of
the nanoparticles may be added to the reaction mixture, e.g.,
acompound that can preferentially bind to a specific face (i.e.,
alattice plane) of the growing nanoparticle and thus inhibit or
slow particle growth along that specific direction of the par-
ticle. Moreover, other source precursors (including other
elemental species and or dopants) may be added to the reac-
tion to produce ternary, quaternary, or doped particles.

After the molecular cluster is mixed with the coordinating
compound, the reaction mixture is heated at an approximately
steady rate until nanoparticle growth is initiated upon the
surfaces of the molecular cluster templates. At an appropriate
temperature (e.g., approximately 100° C. to approximately
350° C.), further quantities of M and E precursors may be
added to the reaction mixture, e.g, as a batch addition where
solid precursors or solutions containing the precursor atoms
are added in bulk, or as an addition over a period of time
(which may extend up to and include the entire reaction time)
of'the solution phase precursors. In various embodiments, the
nanoparticle nucleation stage is separated from the nanopar-
ticle growth stage, enabling a high degree of control of nano-
particle size. Nanoparticle size may also be controlled by the
temperature of the reaction (generally, higher temperatures
lead to larger nanoparticles) and concentrations of precursors
present in the reaction. The size of the growing nanoparticles
may be approximately determined by use of UV and/or PL,
spectra of the reaction solution either by an in situ optical
probe or from aliquots of the reaction solution. After the
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desired nanoparticle size is obtained, the temperature may be
reduced by a specific amount (e.g., by approximately 20° C.
to approximately 80° C.) and the mixture left to anneal for a
period oftime, e.g., in the range of approximately 10 minutes
to approximately 72 hours.

In other embodiments, further reaction steps are performed
in order to form core-shell and/or core-multi-shell nanopar-
ticles. Preparation of core-shell nanoparticles having the
composition ME/NY, where N and Y are the elements of the
shell compound formed around the ME core, may be under-
taken either before or after nanoparticle isolation, during
which the nanoparticles are isolated from the reaction and
redissolved in new (i.e., clean) capping agent. This new cap-
ping agent may either be the same capping agent compound
utilized in the formation reaction or a different capping agent
compound. N and Y precursors are added to the reaction
mixture, either in the form of two separate precursors (one
containing N and the other containing Y), or a single-source
precursor that contains both N and Y within a single molecule,
thus forming a ME/NY core-shell nanoparticle.

The process may be repeated with the appropriate precur-
sors to form desired core-multi-shell nanoparticles. Addi-
tional shells may include elements other than M, E, N, and Y.

Molecular Clusters

In accordance with embodiments of the invention, molecu-
lar clusters are used as templates for the formation of nano-
particles thereon. The molecular clusters may be formed of a
plurality of substantially identical molecules. When other
precursors are combined with the molecular clusters, the pre-
cursors contribute ions which bond to the cluster and form the
desired nanoparticle. Hence, the molecular clusters facilitate
the nucleation and growth of nanoparticles that may other-
wise be quite difficult to fabricate in the absence of the
molecular clusters. The choice of molecular clusters may
depend on the desired composition of the final nanoparticle,
as in the following examples. Exemplary molecular clusters
are depicted in FIGS. 4A-4E. FIG. 4A depicts Zn,,(SEt),,
Et, o; FIG. 4B depicts [RGaS],; FIG. 4C depicts [Bu’GaS],;
FIG. 4D depicts [RInSe],; and FIG. 3E depicts [X],[M, ,Se,
(SPh), ¢] (Where X=cation, M=Z/n, Cd, Te).

The molecular cluster may include substantially all of the
elemental species desired in the final nanoparticles. In an
embodiment in which a I1I-V nanoparticle is desired, suitable
molecular clusters may include the group III and group V
elements desired in the nanoparticle, as well as organic moi-
eties. Examples include but are not limited to:

[EtGaNEt];

[MeGaN(4-C H, F)lg;

(MeGaNBu);

[RAINR'], (R=Me,
CsH,Mes):;

[(SiPr';),AsAlH];

[[PrNALH],;

[RAINR']s (R=Me, Et, Cl, CH,Ph, CH,Pr, Ph; R'=Me H,
Br, C=CPh, Pr, (CH,),Me, (CH,)2NMe,, SiPh,);

[CH,Ga—NCH,CH(CH,;),1¢;

[MeGaN'Bu];

[RGaNR'], (R=Ph, Me; R'=Ph, CFs, SiMe;, ‘Bu);

[EtGaNEt];

[RGaPR'], (R="Pr, C4H,Me,; R'="Bu, C;H,Me,);

[RNInR", (R=Cl, Br, I, Me; R="Bu, CF, C;HLF);

[RInPR'], (R="Pr, C;H,Me,, Et; R'=SiPh,, C,H,Me,,
Si'Pr,);

[RInPR'"; (R=Et, R'=SiMe,(CMe, Pr)).

CH,PF, Ph; R=Pr, CILPr,
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The molecular cluster may include only one of the elemen-
tal species (or multiple elemental species from the same peri-
odic table group) desired in the final nanoparticles. In an
embodiment in which a III-V nanoparticle is desired, suitable
molecular clusters may include either the group 111 element or
the group V element desired in the nanoparticle, as well as
organic moieties. Examples include but are not limited to:

II-V-based molecular clusters such as:

[RCANR', (R=C], Br, I, PEt,, C=CSMe,; R'=PEt,, I);

[RCANR']5 (R=alkyl or aryl group and R'=alkyl or aryl

group);

[{RZn}4{PR'}.] (R=], PEt,Ph; R'=SiMe,);

[M,CL,(PPh,),(P"Pr;),] (M=Zn, Cd);

[Li(thf), ],[(Ph,P), «Cd, ]

[Z0,(PPh,),CL,(PRR,"),]

PEt,Ph);

[Z0,(PBu,),CL];

or [1I-VI-based molecular clusters such as:

[(Bu)GaSe],;

[‘BuGaS].;

[RInSe], (R=Bu, CMe,Et, Si("Bu);, C((SiMe;),)s);

[RInS], (R="Bu, CMe,Et);

[RGaS], (R=Bu, CMe,Et, CEt,);

[SAIR'], (R=C(SMe,),, CEtMe,);

[SAINMe;]s;

[TeAlR], (R=Cp*, CEtMe,);

[(C(SiMe;);)GaS];

[‘BuGaS],;

[RGaSe], (R="Bu, CMe,Et, CEt;, C(SiMe,);, Cp*, Bu);

Cd In, ¢S33(H,0)50(C0HoeNL), 53

The molecular cluster may include substantially none of
the elemental species desired in the final nanoparticles. In an
embodiment in which a III-V nanoparticle is desired, suitable
molecular clusters may include organic moieties but none of
the group 11T and group V elements desired in the nanopar-
ticle. Examples include but are not limited to:

1IB-VIB molecular clusters such as:

[{(PPh,)Hg} ,(SPh),];

(Ph,P),[(SED)s(Br)(HgBr), ;

(Ph,P),[Hg(SE0);Br];

[Hg, Te - [IN(CH,CH,Eb), L

1IB-VIB molecular clusters such as:

[RMEBu]5 (M=Zn, Cd, Hg; E=S, Se, Te; R=Me, Et, Ph);

[X14[E.M,o(SR),6] (E=S, Se, Te; M=Zn, Cd, Hg;

X=Me,NH", Li*, Et;NH");

[Cd358,4(SPh);6].L;

[Hg, Se,(SePh)(PPh,"Pr), ;

[Hgs,Se, 4(SePh)sql;

[Cd,Se,(SePh) ,(PPry),];

[Cd;58e,,(SePh);6(PPhy),]:

[ML(SPh),,]"[X],~ (M=Zn, Cd, Hg; X=Me,N*, Li*: [Zn

(SEDE, 0;

[MeMEiPr| (M=Zn, Cd, Hg; E=S, Se, Te);

[RCASR']5 (R=0(CIO;), R'=PPh,, "Pr);

[Cd,oE4(E'Ph), 5(PR;)4] (B, E=Te, Se, S);

[Cd,Se(SePh),,CLI);

[M,Te,,]*” (M=Cd, Hg);

[Ph,,M,5Cd, o(PEL;);] (M=Te, Se);

or IV-VI molecular clusters such as:

[Ss{SnR},] (R=C(SiMe;);, Me, Ph);

[Ses {SnR},] (R=CFs, C,H,Me,, p-Tol, C(SiMe,),).

The molecular cluster may include at least one transition
metal and at least one element from the d-block of the peri-
odic table. Examples include but are not limited to:

[Cuy58e5(PR5)s] (R=ELPh, "Pry, Cy;):

[Cu, s Teg('Bu)(PPh,EL),1;

[Cu, o Teg('Bu);(PEt;)s];

(PRR',=PMe"Pr,, P"Bus,
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[Cu,,Te,5(P'Pr,Me); ,];
[Nis,Se,,(PPhy) 0 ];
[Ag;o(TePh), , Tes(PEL;); ]
[Ags0Ses(SeBu), 4(PnPrs)g;
[Co4(;-Se)4(PPhy).l;
[Cos(s-Se)s(PPhy)el;
[W;Se,(dmpe);Br;]™;
Ru,Bi,(CO),,;
Fe,P,(CO),,;
Fe,N,(CO),,.

Precursors
In accordance with embodiments of the invention, various
precursors are utilized as sources for one or more of the
elemental species desired in the final nanoparticle. Examples
include but are not limited to:
Sources of the group 11 elements B, Al, Ga, or In:
III-phosphines (i.e., at least one group III element coordi-
nated to a phosphine),
I-(TMS),,
1II-(alkyls) (e.g., trimethyl indium),
-(ary)),
1II-(acetate), (e.g., III-(myrisate);),
mixed alkyl- and aryl-acetates (e.g., III-(myrisate)(ac-
etate), or [II-(myrisate),(acetate)),
1II-(I1T) acetylacetonate;
organometallics such as MR; (M=Ga, In, Al, B; R=alky or
aryl group such as Me, Et, ‘Pr);
coordination compounds such as carbonates, such as
M(CH;C); (M=B, Al, Ga, In);
[p-diketonates or derivatives thereof, such as acetylaceto-
nate (2,4-pentanedionate);
[CH,COOCH—C(O—)CH,;],;
[CH,COOCH—C(O—)CH,], (M=B, Al, Ga, In),
inorganic salts such as oxides or nitrides, such as:
In,0O;;
Ga,0s;
Al(NO5)s;
In(NO,)s;
Ga(NO;);:
or elemental B, Al, Ga, and/or In.
Sources of the group V elements N, P, As, Sb, or Bi:
organometallics, in which R=Me, Et, ‘Bu, ‘Bu, Pr, Ph, or
similar groups, such as:
NR;, PR;, AsR;, SbR;
NHR,, PHR,, AsHR,, SbHR,;
NH,R, PH,R, AsH,R?, SbH,R;;
PH,, AsH;;
M(NMe), (M=P, Sb, As; dimethyldrazine (Me,NNH,));
ethylazide (Et-NNN);
hydrazine (H,NNH,);
Me,SiNj;
coordination compound such as carbonates, such as MCO,
(M=P) or bismuth subcarbonate ((BiO),CO;);
[p-diketonates or derivatives thereof, such as acetylaceto-
nate (2,4-pentanedionate);
[CH,COOCH—C(O—)CH,]sM (M=Bi);
[CH,COOCH—C(0O—)CH,],M (M=Bi);
inorganic salts such as oxides or nitrates, such as:
P,0s;
As,0Oy;;
8b,05;
Sby0.;
Sb,0s;
Bi,0;;
Bi(NO;);;
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Sn(NO,),;
Pb(NO;);

or elemental N, P, As, Sb, and/or Bi.

Single-source precursors of at least one group I1I element
and at least one group V element (e.g., the precursor molecule
includes both M and E for nanoparticle (M,E,)L_.) may
include organometallic compounds, inorganic salts, and/or
coordination compounds, as in the following examples.

[(Me),GaN(H)Bul,;

[H,GaNH,]s;

[Ph,GaP(SiMe;),Ga(Ph),Cl][Et,GaP(SiMe,), ],

[Et,GaPEt, ],

['Bu,GaPH,]5;

[Me,GaP(Pr),]5;

[‘BuGaPAr',,

['Bu,GaP(H)CsH,],:

Ga(AsBu,); [Et,GaAs(SiMe,), .,

[‘Bu,GaAs(SiMe;)-],;

[Et,GaSb(SiMe;),],;

[(Me;SiCH,),InP(SiMe;); ,:

[R,InP(SiMe,),1..

[Me,InP'Bu,].;

[Me,InSbBu,],;

[Et,InSb(SiMe;), ],

[Me,InNEt, ],

[Et,AlAsBu,],;

[‘Bu,AlSb(SiMes;),1,;

["Bu,GaAsBus,].;

[Me,Ga,AsBu,],;

[Et,GaAsBu,|,.

Shell Precursors

In accordance with embodiments of the invention, various
precursors are utilized as sources for one or more of the
elemental species desired in one or more shells formed
around the core of the final nanoparticle. For a shell of com-
position ME (which includes the elements M and E), a source
for element M may be further added to the reaction and may
include an M-containing species that has the ability to provide
the growing particles with a source of M ions. Likewise, a
source for element E may be further added to the reaction and
may include an E-containing species that has the ability to
provide the growing particles with a source of E ions. The
precursor may be an organometallic compound, an inorganic
salt, a coordination compound, or an elemental source.
Examples of precursor sources for an element M for a 1I-VI,
II1-V, 111-VI or IV-V shell include but are not limited to:

organometallics such as:

MR, (M=Mg; R=alky or aryl group (MgBu,));

MR, (M=Zn, Cd, Te; R=alky or aryl group (Me,Zn, Et,Zn

Me,Cd, Et,Cd));
MR, (M=Ga, In, Al, B; R=alky or aryl group [AIR;, GaR;,
InR; (R=Me, Et, 'Pr)]);

coordination compounds such as carbonates:

MCO; (M=Ca, Sr, Ba);

[magnesium carbonate hydroxide (MgCO,),' Mg(OH),|;

M(CO,;), (M=Zn, Cd);

MCO, (M=Pb);

acetates;

M(CH,CO,), (M=Mg, Ca, Sr, Ba, Zn, Cd, Hg);

M(CH;C); (M=B, Al, Ga, In);

[p-diketonates or derivatives thereof, such as acetylaceto-
nate (2,4-pentanedionate);

[CH,COOCH—C(0O—)CH,;], (M=Mg, Ca, Sr, Ba, Zn,
Cd, Hg);

[CH,COOCH—C(0O—)CH,], (M=B, Al, Ga, In)

oxalates such as SrC,0,, CaC,0,, BaC,0,, or SnC,0,;
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inorganic salts such as oxides or nitrates, such as:

SrO;

Zn0;

Cdo;

In,05;

Ga,0;;

SnO,;

PbO,;

Mg(NO;),;

Ca(NO,);

Sr(NO;),;

Ba(NO,);

Cd(NO5),;

Zn(NO,),;

Hg(NO,),;

AINO,);;

In(NO;);;

Ga(NO5)s;

Sn(NO;).;

Pb(NO;),;

or an elemental source of Mg, Ca, Sr, Ba, Zn, Cd, Hg, B, Al,
Ga, In, Sn, or Pb.

Examples of precursor sources foran element E fora II-VI,
I11-V, 1I1-VI or IV-V shell include but are not limited to:

organometallics, in which R=Me, Et, ‘Bu, ‘Bu, Pr, Ph, or
similar groups, such as:

NR,, PR;, AsR;, SbR;

NHR,, PHR,, AsHR,, SbHR,;

NH,R, PH,R, AsH,R, SbH,R;;

PH,, AsH;

M(NMe), (M=P, Sb, As);

dimethyldrazine (Me,NNH,);

ethylazide (Et-NNN);

hydrazine (H,NNH,);

Me, SiNj;

MR, (M=S, Se Te; R=Me, Et, ‘Bu, ‘Bu, or similar group);

HMR (M=S, Se Te; R=Me, Et, ‘Bu, ‘Bu, ‘Pr, Ph, or similar
group);

thiourea S—C(NH,),;

Se=C(NH,);

Sn(CH,).;

Sn(C,Ho);

Sn(CH;),(OOCH;).;

coordination compounds such as carbonates:

MCO, (M=P);

bismuth subcarbonate (BiO),CO;;

M(CO;),;

acetate M(CH,CO), (M=S, Se, Te);

M(CH,C); (M=Sn, Pb);

[p-diketonates or derivatives thereof, such as acetylaceto-
nate (2,4-pentanedionate);

[CH,COOCH—C(O—)CH,]sM (M=Bi);

[CH,COOCH—C(O—)CH;],M (M=S, Se, Te);

[CH,COOCH—C(O—)CH,],M (M=Sn, Pb);

thiourea;

selenourea (H,NC(—Se)NH,;

inorganic salts such as oxides or nitrates:

P,0;;

Asy 053

Sb,05;

Sb,0,;

Sb,0s;

Bi,0;;

S0O,;

SeO,;

TeO,;

Sn,0O;
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PbO;

PbO,;

Bi(NO;)s;

Sn(NO; ),

Pb(NO;),;

or an elemental source of Sn, Ge, N, P, As, Sb, Bi, S, Se, Te,
Sn, or Pb.

Examples of single-source precursors for elements M and
E for a II-VI shell (i.e., M is a group II element and E is a
group VI element) include but are not limited to:

bis(dialkyldithio-carbamato)M, (II) complexes or related
Se and Te compounds of the formula M(S,CNR,), (M=Zn,
Cd, Hg; S=S, Se, O, Te; R=alkyl or ary groups;

Cd[SSiMe;,],;

Cd(SCNHNH,),Cl,;

Cd(SOCR),.py;

[Cd(SePh),],.

Examples of single-source precursors for elements M and
E for a III-V shell (i.e., M is a group III element and E is a
group V element) include but are not limited to:

[(Me),GaN(H)Bul,;

[H,GaNH,]s;

[Ph,GaP(SiMe;),Ga(Ph),Cl][Et,GaP(SiMe,),]15;

[Et,GaPEt,]5;

['Bu,GaPH,]5;

[Me,GaP(Pr),]5;

[‘BuGaPAr',;

['Bu,GaP(H)CsH,],:

Ga(AsBu,)s;

[Et,GaAs(SiMe;),],;

[‘Bu,GaAs(SiMe;)-],;

[Et,GaSb(SiMe;),],;

[(Me,SiCH,),InP(SiMe;,),].;

[R,InP(SiMe;), ]

[Me,InP"Bu,],;

[Me,InSbBu,]5;

[Et,InSb(SiMe;),]5;

[Me,InNE,],;

[Et,AlAsBu,],;

[‘Bu,AlSb(SiMes,),1,;

["Bu,GaAsBus,].;

[Me,Ga,AsBu,],;

[Et,GaAsBu,|,.

Examples of single-source precursors for elements M and
E foralIl-V shell (i.e., M is a group Il element and E is a group
V element) include but are not limited to:

[MeCdP‘Bu,],

Cd[P(SiPhy),].;

Zn[P(SiPh,),],.

Examples of single-source precursors for elements M and
E for a IV-VI shell (i.e., M is a group IV element and E is a
group VI element) include but are not limited to:

lead (II) dithiocarbamates;

lead (II) selenocarbamates.

EXAMPLES

All syntheses and manipulations were carried out under a
dry oxygen-free argon or nitrogen atmosphere using standard
Schlenk and glove box techniques. All solvents were analyti-
cal grade and distilled from appropriate drying agents prior to
use (Na/K-benzophenone for THEF, Et,O, toluene, hexanes,
pentane; magnesium for methanol and ethanol and calcium
hydride for acetone). All chemicals were analytical grade.

Elemental analyses were performed on a CARLO ERBA
CHNS-O EA1108 Elemental Analyzer. UV-vis absorption
spectra were measured on a Thermospectronic Hehios f
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Spectrophotometer. PL, spectra were measured with a Fluo-
rolog-3 (FL.3-22) photospectrometer with an excitation wave-
length of 380 nm. Spectra were obtained with the slits set at 2
nm and an integration time of 1 second, or measured in situ
using an Ocean Optics 2000 USB probe. Powder X-Ray
diffraction (PXRD) measurements were performed on a
Bruker AXS D8 diffractometer using monochromatic
Cu—XK, radiation with the samples mounted flat and scanned
from 10° to 70° with step sizes 0f 0.04° and a count rate of 2.5
seconds. PXRD measurements were taken using a glancing
angle incidence detector at an angle of 3° for 26 values of
20°-60° in steps of 0.04° and a count time of 1 second. A
Philips CM200 transmission electron microscope (TEM) was
used to observe the morphology and size distribution of nano-
particles and for energy dispersive analysis of X-ray fluores-
cence (EDAX). The samples for TEM and EDAX were pre-
pared by placing a drop of a dilute suspension of a sample in
toluene on a copper grid (300 meshes, available from Agar
Scientific). The excess solvent was allowed to dry at room
temperature.

Preparation of [HNEt;],[Cd,(SPh),,]

To a stirred methanol (60 ml) solution of benzenethiol
(20.00 g, 182 mmol) and triethylamine (18.50 g, 182 mmol)
was added dropwise Cd(NO,;),.4H,0 (21.00 g, 68.00 mmol)
that had previously been dissolved in methanol (60 mL). The
solution was then allowed to stir while warming until the
precipitate had completely dissolved to leave a clear solution.
This was then placed at 5° C. for 24 hours, during which large
colorless crystals of [HNEt;],[Cd,(SPh),,] formed.

Preparation of [HNEt,],[Cd,,Se,(SPh), 4]

To a stirred acetonitrile (100 ml) solution of [HNEt;],[Cd,
(SPh), ] (80.00 g, 45.58 mmol) was added selenium powder
(3.57 g, 45.21 mmol), and the resulting slurry was left to stir
for 12 hours, producing a white precipitate. A further 750 ml
of acetonitrile was added and the solution warmed to 75° C. to
give a clear pale yellow solution. The solution was allowed to
cool to 5° C., yielding large colorless crystals. The crystals
were washed in hexane and recrystallized from hot acetoni-
trile, resulting in 22.50 g of [HNE,],[Cd, ,Se,(SPh), ]

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), 4]/TOPSe/Cd(CH;CO,), in HDA

HDA (300 g) was placed in a three-neck flask and dried/
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 70° C. To this was
added 1.0 g of [Et;NH],[Cd,,Se,(SPh),s] (0.311 mmol),
TOPSe (20 ml, 40.00 mmol) [previously prepared from dis-
solving selenium powder in TOP] and Cd(CH;CO,), (10.66
g, 40.00 mmol), and the temperature of reaction mixture was
gradually increased from 70° C. to 180° C. over an 8 hour
period. The progressive formation and growth of the nano-
particles was monitored by their emission wavelength by
taking aliquots from the reaction mixture and measuring the
UV-vis and PL spectra thereof. The reaction was stopped
when the emission spectra corresponded to the desired size
(572 nm) by cooling the reaction to 60° C., followed by
addition of 200 ml of dry “warm” ethanol, resulting in pre-
cipitation of nanoparticles. The resulting CdSe nanoparticles
were dried before re-dissolving in toluene filtering through
Celite, followed by re-precipitation from warm ethanol to
remove any excess HDA and Cd(CH;CO,),. This produced
9.26 g of HDA-capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), 4]/TOPSe/Cd(CH;CO,), in HDA

HDA (250 g) and octylamine (20 g) were placed in a
three-neck flask and dried/degassed by heating to 120° C.
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under a dynamic vacuum for 1 hour. The solution was then
cooled to 70° C. To this was added 1.0 g of [Et;NH],[Cd, ;Se,
(SPh), 4] (0.311 mmol), TOPSe (1 M, 4 ml, 4.00 mmol) [pre-
viously prepared from dissolving selenium powder in TOP],
and Cd(CH;CO,), dissolved in TOP (0.5 M, 4 ml, 2.00
mmol). The temperature of reaction mixture was gradually
increased from 70° C. to 150° C. over a 1 hour period. A
further 17 ml (17.00 mmol) of TOPSe and 27 ml of 0.5 M
Cd(CH,CO,), dissolved in TOP (13.50 mmol) were added
drop-wise while the temperature was gradually increased to
200° C. over a 24 hour period. The progressive formation and
growth of the nanoparticles was monitored via emission
wavelength by taking aliquots from the reaction mixture and
measuring the UV-vis and PL spectra. The reaction was
stopped when the emission spectra corresponded to the
desired size (630 nm) by cooling the reaction to 60° C. fol-
lowed by addition of 200 ml of dry “warm” ethanol, resulting
in a precipitation of particles. The resulting CdSe nanopar-
ticles were dried before re-dissolving in toluene filtering
through Celite, followed by re-precipitation from warm etha-
nol to remove any excess HDA. This produced 4.56 g of
HDA -capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,Se,
(SPh), 4]/TOP/Se/CdO in HDA

HDA (150 g) and t-decylphosphonic acid (0.75 g) were
placed in a three-neck flask and dried and degassed by heating
to 120° C. under a dynamic vacuum for 1 hour. The solution
was then cooled to 80° C. To this was added 0.5 g of [Et;NH],,
[Cd,,Se,(SPh), 4] (0.156 mmol), 20 ml of TOP, 0.6 g of
selenium powder (7.599 mmol) and 0.8 g CdO (6.231 mmol).
The reaction mixture was stirred, resulting in a pale red,
cloudy mixture. The temperature of the reaction mixture was
gradually increased from 80° C. to 250° C. overa period of 24
hours. The progressive formation and growth of the nanopar-
ticles was followed via emission wavelength by taking ali-
quots from the reaction mixture and measuring the UV-vis
and PL spectra. The reaction was stopped when the emission
spectra corresponded to the desired size (593 nm) by cooling
the reaction to 60° C. followed by addition of 200 ml of dry
“warm” ethanol, resulting in a precipitation of particles. The
resulting CdSe nanoparticles were dried before re-dissolving
in toluene filtering through Celite, followed by re-precipita-
tion from warm ethanol to remove any excess HDA. This
produced 1.55 g of HDA-capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), (]/TOPSe/Cd(HO), in HDA

HDA (400 g) was placed in a three-neck flask and dried and
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 70° C. To this was
added 1.00 g of [Et;NH],[Cd, ,Se,(SPh),4] (0.278 mmol),
20.0 ml of TOPSe, (2 M solution) and 5.85 g of Cd(OH),
(40.00 mmol). The reaction mixture was stirred, resulting in a
pale yellow, cloudy mixture. The temperature of the reaction
mixture was gradually increased from 70° C. to 240° C. over
aperiod of 24 hours. The progressive formation and growth of
the nanoparticles was followed via emission wavelength by
taking aliquots from the reaction mixture and measuring the
UV-vis and PL spectra. The reaction was stopped when the
emission spectra corresponded to the desired size (609 nm)
by cooling the reaction to 60° C. followed by addition of 200
ml of dry “warm” ethanol, resulting in a precipitation of
particles. The resulting CdSe nanoparticles were dried before
re-dissolving in toluene filtering through Celite, followed by
re-precipitation from warm ethanol to remove any excess
HDA. This produced 10.18 g of HDA-capped CdSe nanopar-
ticles.
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Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), (]/TOPSe/Me,Cd in HDA

HDA (100 g) was placed in a three-neck flask and dried and
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 70° C. To this was
added 0.13 g of [Et,NH],[Cd, ,Se,(SPh), ] (0.036 mmol),
2.5 ml of TOPSe, (2 M solution) and 0.71 g Me,Cd [that had
previously been dissolved in TOP] (0.358 ml, 5.00 mmol),
and the reaction mixture was stirred. The temperature of the
reaction mixture was gradually increased from 80° C. to 260°
C. over a period of 24 hours. The progressive formation and
growth of the nanoparticles was followed via emission wave-
length by taking aliquots from the reaction mixture and mea-
suring the UV-vis and PL spectra. The reaction was stopped
when the emission spectra corresponded to the desired size
(587 nm) by cooling the reaction to 60° C. followed by
addition of 100 ml of dry “warm” ethanol, resulting in a
precipitation of particles. The resulting CdSe nanoparticles
were dried before re-dissolving in toluene filtering through
Celite, followed by re-precipitation from warm ethanol to
remove any excess HDA. This produced 1.52 g of HDA-
capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), (]/TOPSe/Me,Cd in HDA

HDA (100 g) was placed in a three-neck flask and dried and
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 70° C. To this was
added 0.13 g of [Et,NH],[Cd, ,Se,(SPh), ] (0.036 mmol).
The temperature was then increased to 100° C. and main-
tained at this temperature while 2.5 ml of TOPSe, (2 M
solution) and 0.71 g Me,Cd [that had previously been dis-
solved in TOP] (0.358 ml, 5.00 mmol) were added drop-wise
over a four-hour period. The progressive formation and
growth of the nanoparticles was followed via emission wave-
length by taking aliquots from the reaction mixture and mea-
suring the UV-Vis and PL spectra. The reaction was stopped
when the emission spectra corresponded to the desired size
(500 nm) by cooling the reaction to 60° C. followed by
addition of 100 ml of dry “warm” ethanol, resulting in a
precipitation of particles. The resulting CdSe nanoparticles
were dried before re-dissolving in toluene filtering through
Celite, followed by re-precipitation from warm ethanol to
remove any excess HDA. This produced 1.26 g of HDA-
capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et,NH],[Cd, Se,
(SPh), c]/TOPSe/(C,,H;5CO0),Cd in HDA

HDA (200 g) was placed in a three-neck flask and dried and
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 80° C. To this was
added 0.5 g of [Et;NH],[Cd,,Se,(SPh), ] (0.139 mmol), 20
ml of TOPSe (2 M solution) and a solution 0f2.568 g CdO (20
mmol) previously dissolved in steric acid (23.00 g). The
reaction mixture was stirred, resulting in a pale yellow, clear
solution. The temperature of the reaction mixture was gradu-
ally increased from 70° C. to 220° C. over a period of 24
hours. The progressive formation and growth of the nanopar-
ticles was followed via emission wavelength by taking ali-
quots from the reaction mixture and measuring the UV-vis
and PL spectra. The reaction was stopped when the emission
spectra corresponded to the desired size (590 nm) by cooling
the reaction to 60° C. followed by addition of 400 ml of dry
“warm” ethanol, resulting in a precipitation of nanoparticles.
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The resulting CdSe nanoparticles were dried before re-dis-
solving in toluene filtering through Celite, followed by re-
precipitation from warm ethanol to remove any excess HDA.
This produced 4.27 g of HDA-capped CdSe nanoparticles.

Preparation of CdSe Nanoparticles from [Et;NH],[Cd,,Se,
(SPh), (]/TOPSe/CdCO; in HDA

HDA (50 g) was placed in a three-neck flask and dried/
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 75° C. To this was
added 0.5 g of [Et;NH],[Cd,,Se,(SPh),s] (0.156 mmol),
TOPSe (1.0 M, 5 ml, 5.00 mmol) [previously prepared from
dissolving selenium powder in TOP] and CdCO; dissolved in
TOP (0.5 M, 5 ml, 2.50 mmol), and the temperature of reac-
tion mixture was gradually increased from 70° C. to 200° C.
over a 48 hour period. The progressive formation and growth
of the nanoparticles was monitored via emission wavelength
by taking aliquots from the reaction mixture and measuring
the UV-vis and PL spectra. The reaction was stopped when
the emission spectra corresponded to the desired size (587
nm) by cooling the reaction to 60° C., followed by addition of
200 ml of dry “warm” ethanol, resulting in a precipitation of
particles. The resulting CdSe nanoparticles were dried before
re-dissolving in toluene filtering through Celite, followed by
re-precipitation from warm ethanol to remove any excess
HDA. This produced 0.95 g of HDA-capped CdSe nanopar-
ticles.

Preparation of CdTe Nanoparticles from [Et;NH],[Cd,Se,
(SPh), 4]/TOPTe/Cd(CH;CO,), in HDA

HDA (200 g) was placed in a three-neck flask and dried/
degassed by heating to 120° C. under a dynamic vacuum for
1 hour. The solution was then cooled to 70° C. To this was
added 1.0 g of [Et;NH],[Cd,,Se,(SPh),¢] (0.311 mmol), a
brown slurry of TOP (20 ml) with tellurium (2.55 g, 20.00
mmol), and Cd(CH;CO,), (4.33 g, 20.00 mmol). The tem-
perature of reaction mixture was gradually increased from
70° C. to 160° C. over an 8 hour period. The progressive
formation and growth of the CdTe nanoparticles was moni-
tored via emission wavelengths by taking aliquots from the
reaction mixture and measuring the UV-vis and PL spectra.
The reaction was stopped when the emission spectra corre-
sponded to the desired size (624 nm) by cooling the reaction
to 60° C. followed by addition of 200 ml of dry “warm”
ethanol, resulting in a precipitation of nanoparticles. The
resulting CdTe nanoparticles were dried before recrystalliz-
ing from toluene followed by re-precipitation from warm
ethanol to remove any excess HDA. This produced 6.92 g of
HDA -capped CdTe nanoparticles.

Preparation of III-V Nanoparticles

General procedure: A cluster such as [HNEt;],[Zn,,S,
(SPh), ¢, and small quantities of feedstock precursors, i.e., a
group III element precursor such as In(myrisate), and a group
V element precursor such as P(TMS); are added to a solution
containing a capping agent. The temperature is then increased
(e.g., to between approximately 80° C. and approximately
140° C.) and the reaction stirred for a period of time (e.g.,
approximately 10 minutes to approximately 24 hours), result-
ing in the onset of I1I-V nanoparticle formation. Further drop-
wise addition of both of the feedstock precursors may lead to
ared shift of the PL emission maximum of the quantum dots,
as monitored by an in situ PL probe. If further precursor is
added at this stage there may be no further red shift of the PL.
maximum, thus signifying the conclusion of nanoparticle
growth. However, when the temperature is increased (by, e.g.,
5-40° C.), the PL. maximum again may red shift. When more
precursors are added to the warmed reaction solution, the PL,
maximum red may shift again. Therefore, this cycle of addi-
tion of precursor followed by incrementally increasing the
reaction temperature may be repeated until the PL. maximum
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peak is at the desired emission (also signifying the desired
nanoparticle size). The reaction may then be cooled to a lower
temperature (e.g., approximately 20° C. to approximately 60°
C. below the final reaction temperature) and allowed to anneal
for a further period of time (e.g., approximately 30 minutes to
approximately 7 days). Organic-capped I1I-V nanoparticles
may then be isolated from the reaction mixture.

Choice of molecular cluster: A II-VImolecular cluster may
preferably be used instead of a III-V one, as there are few
known III-V molecular clusters. Additionally, ITI-V molecu-
lar clusters are difficult to make and are generally sensitive to
air and moisture. In contrast, many II-VI molecular clusters
are generally not sensitive to air or moisture and may be made
by simple procedures. III-V particles may be seeded on a
number of II-VI molecular clusters, depending on the I1I-V
material being grown and the feedstock precursors employed.

Preparation of InP nanoparticles (red emission): 200 mil-
liliters (ml) of di-n-butylsebacate ester and 10 grams of
myristic acid at approximately 60° C. were placed in a round-
bottomed three-neck flask and purged with N,. Next, 0.94
grams of the ZnS cluster [HNEt,],[Zn,,S,(SPh),,] were
added to the flask. The flask was then heated to approximately
100° C. for 30 minutes. Next, 12 ml of 0.25M [In,(Ac),
(MA),] (where Ac refers to acetate and MA refers to
myristate) was added over a period of 15 minutes using an
electronic syringe pump at a rate of 48 ml per hour, followed
by the addition of 12 ml 0.25M (TMS),P at the same rate.
Once these additions were complete, the temperature of the
flask was increased to 180° C. To grow the particles up to the
required size (leading to the desired red emission), further
addition of [In,(Ac);(MA);] and (TMS);P were made as
follows:

16 ml [In,(Ac);(MA);] and 16 ml (TMS),P were added
followed by a temperature increase to 200° C.;

further additions of 10 ml of [In,(Ac);(MA);] were made
and the temperature was maintained at approximately 200° C.
for 1 hour;

the temperature was then lowered to approximately 160°
C. and the reaction allowed to anneal at this temperature for
approximately 3 days.

Finally, the particles were isolated using acetonitrile, pre-
cipitated from the reaction solution, centrifuged, and col-
lected.

Preparation of InP quantum dots with emission in the range
of 500-700 nm: Di-butyl ester (approximately 100 ml) and
myristic acid (approximately 10.06 grams) were placed in a
three-neck flask and degassed at approximately 70° C. under
vacuum for 1 hour. After this period, nitrogen was introduced
and the temperature increased to approximately 90° C.
Approximately 4.71 grams of the ZnS molecular cluster
[Et;NH,|[Zn,,S,(SPh), ;] was added, and the mixture was
stirred for approximately 45 minutes. The temperature was
then increased to approximately 100° C., followed by the
drop-wise additions of In(MA); (1M, 15 ml) followed by
(TMS);P (1M, 15 ml). The reaction mixture was stirred while
the temperature was increased to approximately 140° C. At
140° C., further drop-wise additions of In(MA), dissolved in
di-n-butylsebacate ester (1M, 35 ml) (left to stir for 5 minutes)
and (TMS);P dissolved in di-n-butylsebacate ester (1M, 35
ml) were made. The temperature was then slowly increased to
180° C. and further drop-wise additions of In(MA); (1M, 55
ml) followed by (TMS),P (1M, 40 ml) were made. By addi-
tion of the precursor in this manner, particles of InP with an
emission maximum gradually increasing from 500 nanom-
eters (nm) to 720 nm were formed. The reaction was stopped
when the desired emission maximum was obtained and left to
stir at the reaction temperature for half an hour. After this
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period, the temperature was decreased to 160° C. and the
reaction mixture was left to anneal for up to approximately 4
days (at a temperature approximately 20-40° C. below that of
the reaction). A UV lamp was also used at this stage to aid in
annealing.

The particles were isolated by the addition of dried
degassed methanol (approximately 200 ml) via cannula tech-
niques. The precipitate was allowed to settle and then metha-
nol was removed via cannula with the aid of a filter stick.
Dried degassed chloroform (approximately 10 ml) was added
to wash the solid. The solid was left to dry under vacuum for
1 day. This procedure resulted in the formation of InP nano-
particles on ZnS molecular clusters.

Postoperative treatments: The quantum yields of the result-
ing InP nanoparticles were further increased by washing in
dilute hydrofiuoric acid (HF). The nanoparticles were dis-
solved in anhydrous degassed chloroform (~270 ml). A 50 ml
portion was removed, placed in a plastic flask, and flushed
with nitrogen. Using a plastic syringe, the HF solution was
prepared by adding 3 ml of 60% w/w HF in water and adding
degassed THF (17 ml). The HF was added drop-wise over
approximately 5 hours to the InP dots. After addition of the
HF, the solution was left to stir overnight. Excess HF was
removed by extraction through calcium chloride solution (in
water) and drying the etched InP dots. The dried dots were
re-dispersed in 50 ml chloroform for future use. The emission
maximum was approximately 567 nm, and the particles had a
full width half maximum value (FWHM) of approximately 60
nm. The quantum efficiencies of the InP core material ranged
from approximately 25% to approximately 50%.

Growth of a ZnS shell: A 20 ml portion of the HF-etched
InP core particles was dried in a three-neck flask. 1.3 grams of
myristic acid and 20 ml di-n-butyl sebacate ester were added
and degassed for 30 minutes. The solution was heated to 200°
C.,and 2 ml of 1M (TMS),S was added drop-wise (at a rate of
7.93 ml/hr). After this addition was complete, the solution
was left to stand for 2 minutes, and then 1.2 grams of anhy-
drous zinc acetate was added. The solution was kept at 200°
C. for 1 hour and then cooled to room temperature. The
particles were isolated by adding 40 ml of anhydrous
degassed methanol and centrifuging. The supernatant liquid
was discarded, and 30 ml of anhydrous degassed hexane was
added to the remaining solid. The solution was allowed to
settle for 5 hours and then centrifuged again. The supernatant
liquid was collected and the remaining solid was discarded.
The emission maximum was approximately 535 nm, and the
particles had a FWHM of approximately 50-65 nm. The
quantum efficiencies of the InP core material ranged from
approximately 35% to approximately 90%.

It will be seen that the techniques described herein provide
a basis for improved production of nanoparticle materials.
The terms and expressions employed herein are used as terms
of description and not of limitation, and there is no intention
in the use of such terms and expressions of excluding any
equivalents of the features shown and described or portions
thereof. Instead, it is recognized that various modifications
are possible within the scope of the invention claimed.

What is claimed is:

1. A nanoparticle comprising:

(1) a molecular cluster compound incorporating ions from
groups 12 and 16 of the periodic table, and

(i) a core semiconductor material provided on said
molecular cluster compound,

wherein the core semiconductor material incorporates ions
from groups 13 and 15 of the periodic table.
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2. The nanoparticle of claim 1 wherein a crystal phase of
the molecular cluster compound and a crystal phase of the
core semiconductor material are compatible.

3. The nanoparticle of claim 1 wherein the molecular clus-
ter compound incorporates zinc ions.

4. The nanoparticle of claim 1 wherein the group 16 ions
comprise at least one member of the group consisting of oxide
ions, sulfide ions, selenide ions, and telluride ions.

5. The nanoparticle of claim 1 wherein the group 13 ions
comprise at least one member of the group consisting of
aluminum ions, gallium ions, and indium ions.

6. The nanoparticle of claim 1 wherein the group 15 ions
comprise at least one member of the group consisting of
nitride ions, arsenide ions, and antimonide ions.

7. The nanoparticle of claim 1 wherein the nanoparticle
exhibits a quantum efficiency ranging from about 20% to
about 60%.

8. The nanoparticle of claim 1 further comprising a first
layer comprising a first semiconductor material provided on
said nanoparticle core.

9. The nanoparticle of claim 8 wherein said first semicon-
ductor material incorporates ions from group 12 of the peri-
odic table.
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10. The nanoparticle of claim 8 wherein said first semicon-
ductor material incorporates ions from group 16 of the peri-
odic table.

11. The nanoparticle of claim 9 wherein the group 12 ions
comprise zinc ions.

12. The nanoparticle of claim 9 wherein the group 16 ions
comprise at least one member of the group consisting of oxide
ions, sulfide ions, selenide ions and telluride ions.

13. The nanoparticle of claim 8 further comprising a sec-
ond layer comprising a second semiconductor material pro-
vided on said first layer.

14. A method of producing nanoparticles, the method com-
prising the steps of:

providing a nanoparticle precursor composition compris-

ing group 13 ions and group 15 ions; and

effecting conversion of the nanoparticle precursor into

nanoparticles,

wherein said conversion is effected in the presence of a

molecular cluster compound incorporating group 12
ions and group 16 ions under conditions permitting
nanoparticle seeding and growth.
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