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SEMICONDUCTOR NANOCRYSTAL HETEROSTRUCTURES
CLAIM OF PRIORITY

This application claims priority to U.S. Patent Application Serial No.
60/402,726, filed on August 13, 2002, the entire contents of which are hereby

incorporated by reference.

TECHNICAL FIELD

The mvention relates to semiconductor nanocrystal heterostructures.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

The U.S. Government may have certain rights in this invention pursuant to

Contract No. N00014-01-1-0787 awarded by the Office of Naval Research.
BACKGROUND

Semiconductor nanocrystals have been a subject of great interest, promising
extensive applications including display devices, information storage, biological
tagging materials, photovoltaics, sensors and catalysts. Nanocrystals having small
diameters can have properties intermediate between molecular and bulk forms of
matter. For example, nanocrystals based on semiconductor materials having small
diameters can exhibit quantum confinement of both the electron and hole in all three
dimensions, which leads to an increase in the effective band gap of the material with
decreasing crystallite size. Consequently, both the optical absorption and emission of
nanocrystals shift to the blue (i.e., to higher energies) as the size of the crystallites

decreases.

The quantum efﬁcieﬁcy of emission from nanocrystals having a core of a first
semiconductor material can be enhanced by applying an overcoating of a second
semiconductor material such that the conduction band of the second semiconductor
material 1s of higher energy than that of the first semiconductor material, and the
valence band of the second semiconductor material is of lower energy than that of the
first semiconductor material. As a result, both carriers, i.e., electrons and holes, are

confined in the core of the nanocrystal.
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SUMMARY

In general, a semiconductor nanocrystal heterostructure has a core of a first
semiconductor material surrounded by an overcoating of a second semiconductor
material. The first semiconductor material and second semiconductor material are
selected so that, upon excitation, one carrier 1s substantially confined to the core and
the other carrier 1s substantially confined to the overcoating. In one example, the
conduction band of the first ssmiconductor material is at higher energy than the
conduction band of the second semiconductor material and the valence band of the
first semiconductor material is at higher energy than the valence band of the second
semiconductor material. In another example, the conduction band of the first
semiconductor material is at lower energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at
lower energy than the valence band of the second semiconductor material. These
band alignments make spatial separation of carriers, i.e. the hole and the electron,
energetically favorable upon excitation. These structures are type 11 heterostructures.
In contrast, the configurations in which the conduction band of the second
semiconductor material is of higher energy than that of the first semiconductor
material, and the valence band of the second semiconductor material is of lower
energy than that of the first semiconductor material are type I heterostructures. Type I
heterostructure nanocrystals favor confinement of both the hole and the electron in the
core. The language of type I and type II is borrowed from the quantum well literature

where such structures have been extensively studied.

Nanocrystals having type Il heterostructures have advantageous properties that
result of the spatial separation of carriers. In some nanocrystals having type 11
heterostructures the effective band gap, as measured by the difference in the energy of
emission and energy of the lowest absorption features, can be smaller than the band
gap of either of the two semiconductors making up the structure. By selecting
particular first semiconductor materials and second semiconductor materials, and core
diameters and overcoating thicknesses, nanocrystals having type II heterostructures
can have emission wavelengths, such as infrared wavelengths, previously unavailable

with the semiconductor of the nanocrystal core in previous structures. In addition, the
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separation of charges in the lowest excited states of nanocrystals having type 11
heterostructures can make these materials more efficient in photovoltaic or
photoconduction devices where the nanocrystals are chromophores and one of the

carriers needs to be transported away from the excitation site prior to recombination.

Advantageously, a wide variety of nanocrystals having type II heterostructures
can be prepared using colloidal synthesis. Colloidal synthesis allows nanocrystals to
be prepared with controllable dispersibility imparted from coordinating agents, such
as ligands, and are prepared in the absence of wetting layers commonly employed in

nanocrystals having type II heterostructures prepared by molecular beam epitaxy.

In one aspect, a method of preparing a coated nanocrystal includes introducing
a core nanocrystal including a first ssmiconductor material into an overcoating
reaction mixture and overcoating a second semiconductor material on the core
nanocrystal, wherein the first semiconductor material and the second semiconductor
material are selected so that, upon excitation, one carrier is substantially confined to
the core and the other carrier is substantially confined to the overcoating. In another
aspect, a coated nanocrystal includes a core nanocrystal including a first
semiconductor material, an overcoating including a second semiconductor material on
the core nanocrystal, and an organic layer on a surface of the coated nanocrystal,
wherein the first semiconductor material and the second semiconductor material are
selected so that, upon excitation, one carrier is substantially confined {o the core and
the other carrier is substantially confined to the overcoating. In another aspect, a
population of coated nanocrystals includes a plurality of coated nanocrystals, each
coated nanocrystal including a core nanocrystal and an overcoating on each core
nanocrystal, wherein each core includes a first semiconductor material and each
overcoating includes a second semiconductor material, the plurality of core
nanocrystals forming a population of nanocrystals, wherein the first semiconductor
material and the second semiconductor material are selected so that, upon excitation,
one carrier is substantially confined to the core and the other carrier is substantially
confined to the overcoating, and the plurality of nanocrystals 1s monodisperse. In
another aspect, a coated nanocrystal includes a core nanocrystal including a first

semiconductor material, a first overcoating including a second semiconductor material
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on the core nanocrystal, and a second overcoating including a third semiconductor

material on the first overcoating.

The conduction band of the first semiconductor material can be at hi gher
energy than the conduction band of the second semiconductor material, and the
valence band of the first semiconductor material can be at hi gher energy than the
valence band of the second semiconductor material. The conduction band of the first
semiconductor material can be at lower energy than the conduction band of the
second semiconductor material, and the valence band of the first semiconductor
material can be at lower energy than the valence band of the second semiconductor
material. The nanocrystal can include an organic layer on a surface of the coated

nanocrystal.

The method can include exposing the nanocrystal to an organic compound
having affinity for a surface of the coated nanocrystal. The coated nanocrystal can be
dispersible in a liquid. The first semiconductor material can be a Group II-VI
compound, a Group II-V compound, a Group III-VI compound, a Group III-V
compound, a Group IV-VI compound, a Group I-ITI-VI compound, a Group II-IV-VI
compound, or a Group II-IV-V compound. The first semiconductor material can be
ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HeTe, AIN, AlP, AlAs, AISb, GaN,
GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe,
PbTe, or mixtures thereof. The second semiconductor material can be a Group II-VI
compound, a Group II-V compound, a Group III-VI compound, a Group III-V
compound, a Group IV-VI compound, a Group I-I1I-VI compound, a Group II-IV-VI
compound, or a Group II-IV-V compound. The second semiconductor material can
be ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe, MgTe, HgO,
Hgs, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs,
InSb, TIN, TIP, Tl1As, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof. The first
semiconductor material can be CdTe and the second semiconductor material CdSe.
The first semiconductor material can be CdSe and the second semiconductor material
Znle. The method can include overcoating a third semiconductor material on the

second semiconductor material.
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The third semiconductor material can have a mismatched band offset
compared to the second semiconductor material. The third semiconductor material
can be a Group II-VI compound, a Group II-V compound, a Group ITI-VI compound,
a Group III-V compound, a Group IV-VI compound, a Group I-III-VI compound, a
Group II-IV-VI compound, or a Group II-IV-V compound. The third semiconductor
material can be ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe,
MgTe, HgO, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN,
InP, InAs, InSb, TIN, TIP, TlAs, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof,

T'he nanocrystal can emit light upon excitation, wherein the wavelength of
maximum emission intensity is longer than 700 nm, or between 700 nm and 1500 nm.

The nanocrystal can have a quantum efficiency greater than 10%.

Other features, objects, and advantages of the invention will be apparent from

the description and drawings, and from the claims.
DESCRIPTION OF DRAWINGS

Figure 1 is a drawing depicting a semiconductor nanocrystal having a type II

heterostructure.

Figure 2 is a drawing depicting potential diagrams and theoretically modeled
electron (dotted line) and hole (solid line) radial wavefunctions for semiconductor

nanocrystal heterostructures.

Figure 3 are graphs depicting absorptivity and normalized photoluminescence

spectra of nanocrystals.

Figure 4A are bright field transmission electron microscopy (TEM) images of

nanocrystals.
Figures 4B and 4C are graphs depicting size distributions of the nanocrystals.

Figure 5A is a graph depicting normalized photoluminescence spectra of a

monodisperse population of different dimension CdTe/CdSe (core/shell) nanocrystals.

Figure 5B is a graph of normalized photoluminescence intensity decays of a
monodisperse population of CdTe/CdSe (core/shell) nanocrystals and a monodisperse

population of CdTe nanocrystals.
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DETAILED DESCRIPTION

Colloidal synthesis of nanocrystals can be used to manufacture nanocrystals
that have core and overcoating (core-shell) structures and have type II
heterostructures. Colloidal synthesis is described, for example, in Murray, C.B., ef
al., J. Am. Chem. Soc. 1993, 115, 8706, Peng, X., et al., J. Am. Chem. Soc. 1997, 119,
7019, Dabbousi, B.O., et al., J. Phys. Chem. B 1997, 101, 9463, and Cao, Y.W. and
Banin, U., Angew. Chem. Int. Edit. 1999, 38, 3692, each of which 1s incorporated by
reference in 1ts entirety. The colloidal synthetic route can be applied to any [I-VI and

[1I-V semiconductor materials.

Examples of semiconductor nanocrystals having type II structures are shown
in Figure 1. Upon excitation of a nanocrystal having a type II heterostructure, the
carriers are not confined in one semiconductor material. A nanocrystal having a type
II heterostructure includes a core nanocrystal of one semiconductor surrounded by a
shell of a second semiconductor. One carrier can become confined to the core, while
the other is mostly confined to the shell. As illustrated in Figure 1, the relative
location of the carriers can depend on the materials in the core and the shell. The
band offsets of the two semiconductor materials can make spatial separation of the
hole and the electron energetically favorable. Nanocrystals having type 11
heterostructures can have novel properties because of the spatial separation of
carriers, which does not occur in nanocrystals having type I heterostructures.
Nanocrystals having type Il structures can access emission wavelengths (i.e.
wavelengths of maximum emission intensity) that would not otherwise be available

with the semiconductors making up the nanocrystal.

(GaSb/GaAs and Ge/S1 type 1I nanocrystals grown by molecular beam epitaxy
(MBE) have been studied. See, for example, Suzuki, K., et al., J. Appl. Phys. 1999,
85, 8349, and Schittenhelm, P., et al., Appl. Phys. Lett. 1995, 67, 1292, each of which
is incorporated by reference in its entirety. However, studies of such type II
nanocrystals are rather scarce presumably due to the synthetic difficulties. Colloidal
synthesis can allow easy and flexible size-tuning of nanocrystals and advantageously
provides a simple route to type II structures: CdTe/CdSe (core/shell) and CdSe/ZnTe

(core/shell) type Il nanocrystals. One advantage of colloidal synthesis is that there is
6
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no interference from wetting layers which is commonly observed in MBE-grown type

II nanocrystals.

Figure 2 shows the potential energy diagrams of CdTe/CdSe (core/shell) (left
side) and CdSe/ZnTe (core/shell) (right side) nanocrystals with theoretically modeled
radial wavefunctions for the lowest energy electron (dotted line) and hole (solid line)
wave functions. The potentials are referenced to vacuum level and are not to scale.
For the theoretical modeling, bulk material parameters were used with the electron
and the hole wavefuctions which satisfy both the wavefunctions and the probability
current continuities. See, for example, Haus, J.W., et al., Phys. Rev. B 1993, 47,
1359, Schooss, D., et al., Phys. Rev. B 1994, 49, 49, and Yakimov, AL, et al., Phys.
Rev. B 2001, 63, 045312, each of which is incorporated by reference in its entirety. A
20 A core radius and 4 A shell thickness was used for the modeling of both
CdTe/CdSe (core/shell) and CdSe/ZnTe (core/shell) nanocrystals. In CdTe/CdSe
(core/shell) nanocrystals, the counduction band of the shell is intermediate in energy
to the valence band and conduction band of the core. CdTe/CdSe (core/shell)
nanocrystals have lower potentials for the holes in the core and for the electrons in the
shell. As a result, the holes can be mostly confined to the CdTe core, while the
electrons can be mostly confined to the CdSe shell. The modeled wavefunctions of a
CdTe/CdSe (core/ Shell) nanocrystal (Figure 2), show that the hole wavefunction
resides mostly in the core, while the electron wavefunction resides mostly in the shell.
Iﬁ contrast, CdSe/ZnTe (core/shell) nanocrystals have the opposite band offset
alignment, with the valence band of the shell intermediate in energy to the valence
band and conduction band of the core. As a result, the electrons reside mostly in the

CdSe cores, while the holes reside mostly in the ZnTe shells. See Figure 2.

CdTe and CdSe cores can be prepared by the pyrolysis of organometallic
precursors in hot coordinating agents. See, for example, Murray, C.B., et al., J. Am.
Chem. Soc. 1993, 115, 8706, and Mikulec, F., Ph.D. Thesis, MIT, Cambridge, 1999,
each of which is incorporated by reference in its entirety. Growth of CdSe and ZnTe
shell layers on the bare CdTe and CdSe cores can be carried out by simple

modifications of conventional overcoating procedures. See, for example, Peng, X., et

al., J. Am. Chem. Soc. 1997, 119, 7019, Dabbousi, B.O., et al., J. Phys. Chem. B 1997,

7
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101, 9463, and Cao, Y. W. and Banin U. Angew. Chem. Int. Edit 1999, 38, 3692,
each of which is incorporated by reference in its entirety. For example,
dimethylcadmium and bis(trimethylsilyl)selenide can be used for CdSe shell growth.
A typical protocol for CdSe shell growth for CdTe/CdSe(core/shell) nanocrystals can
include dispersing precipitated CdTe nanocrystals in trioctylphosphine oxide (TOPO),
which has been dried under vacuum at 160 °C, preparing an overcoating stock
solution by mixing of dimethylcadmium and bis(trimethylsilyl)selenide in a 1:1
stoichiometry in trioctylphosphine (TOP), and adding the overcoating stock solution
to the CdTe nanocrystal-TOPO mixture at a temperature of between 80 °C and 180
°C, depending on the size of CdTe nanocrystals used. The mixture can he maintained
at this temperature until small nanocrystals (as monitored by optical spectroscopy) of
the overcoating form in the mixture, for example three hours. The mixture can be
brought to a higher temperature, e. g. 200 °C, and held there for a period of hours to
days, until the overcoating is formed. A higher temperature can be necessary for
larger size nanocrystals. ZnTe shell growth can be obtained by a similar method
using diethylzinc and trioctylphosphine telluride precursors. The cores having a
desired average diameter can be obtained from the initial core preparations, and the
thickness of the shell layers can be controlled by the amount of the precursors used at

the subsequent growth step.

Spatial separation of the carriers in type II nanocrystals suggests poor overlap
between the electron and hole wavefunctions, preventing type II nanocrystals from
reaching high emission quantum efficiencies. In the case of CdTe/CdSe (core/shell)
nanocrystals, quantum efficiency of up to 4% was obtained. CdSe/ZnTe (core/shell)
nanocrystals have quantum efficiency of less than 1%. The lower quantum efficiency
of CdSe/ZnTe (core/shell) can be due to smaller overlap between the electron and
hole wavefunctions than the overlap in of CdTe/CdSe (core/shell) nanocrystals.
Holes confined in the shells, as in the case of CdSe/ZnTe (core/shell) nanocrystals,
have a larger effective mass than electrons and therefore tend to spread less into the
cores. See Figure 2. Moreover, a system with the holes confined in the shells like

CdSe/ZnTe (core/shell) nanocrystals may be more susceptible to trap sites.
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I'he photoluminescence emissions from type II heterostructure nanocrystals,
such as CdTe/CdSe (core/shell) and CdSe/ZnTe (core/shell) nanocrystals, can occur at
longer wavelengths than emmission from the corresponding cores. The emission
from nanocrystals having type II structures originates from the radiative
recombination of the carriers across the core-shell interface. Therefore, the energy of
the emission depends on the band offsets, which are controlled by the core
semiconductor material and size and the overcoating semiconductor material and
thickness. Type II nanocrystals can have a smaller effective bandgap, and therefore
emit at longer wavelengths, than nanocrystals composed of either the core or shell
material in the type II nanocrystal. The nanocrystals having type II structures can be
considered to have quasi-indirect, or virtual, bandgaps whose energies are determined
by the band offsets. The effective bandgap can be engineered in such structures, since
many possible combinations of semiconductor materials can be used to tailor the

virtual bandgaps.

l'o overcome the limitation of quantum efficiency iﬁ nanocrystals having type
II structures, additional layers of semiconductor materials can be added to the
particles. For example, a second coating of ZnTe can be added to a CdTe/CdSe
(core/shell) nanocrystal, and increase the quantum etficiency to as high as 20%. The
overcoating procedure can be similar to the CdSe/ZnTe (core/shell) nanocrystal shell
preparation. The enhanced quantum efficiency is thought to originate from the
increased carrier wavefunction overlap induced by the mismatched bandgaps. For
increased quantum efficiency, it can be important for the first coating and second
coating to have a mismatched band offset. For example, when a second coating of
ZnS was deposited on CdTe/CdSe (core/shell) nanocrystals, the emission was red-
shifted, but the quantum efficiency decreased. Although ZnS layers can help
passivate the CdSe shell layer surface, the effect was overwhelmed by the decreased

wavefunction overlaps due to the electron wavefunction leakage into the ZnS layers.

The nanocrystal can be a member of a population of nanocrystals having a
narrow size distribution. The nanocrystal can be a sphere, rod, disk, or other shape.
The nanocrystal can include a core of a semiconductor material. The nanocrystal can

include a core having the formula MX, where M is cadmium, zinc, magnesium,
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mercury, aluminum, gallium, indium, thallium, or mixtures thereof, and X is oxygen,
sulfur, selenium, tellurium, nitro gen, phosphorus, arsenic, antimony, or mixtures

thereof.

The semiconductor forming the core of the nanocrystal can include Group II-
V1 compounds, Group II-V compounds, Group III-VI compounds, Group III-V
compounds, Group IV-VI compounds, Group I-III-VI compounds, Group II-IV-VI
compounds, and Group II-IV-V compounds, for example, ZnS, ZnSe, /nTe, CdS,
CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN , GaP, GaAs, GaSb, GaSe,
InN, InP, InAs, InSb, TIN, TIP, T1As, TISb, PbS, PbSe, PbTe, or mixtures thereof.

The core can have an overcoating on a surface of the core. The overcoating
can be a semiconductor material having a composition different from the composition
of the core which is selected to provide a type II heterostructure. The overcoat of a
semiconductor material on a surface of the nanocrystal can include a Group II-VI
compounds, Group II-V compounds, Group III-VI compounds, Group I1I-V
compounds, Group IV-VI compounds, Group I-III-VI compounds, Group II-IV-VI
compounds, and Group [I-IV-V compounds, for example, ZnS, ZnSe, /nTe, CdS,
CdSe, CdTe, HgS, HgSe, HeTe, AIN, AIP, AlAs, AISb, GaN, GaP, GaAs, GaSb, GaSe,
InN, InP, InAs, InSb, TIN, TIP, T1As, TISb, PbS, PbSe, PbTe, or mixtures thereof. For
example, ZnS, ZnSe or CdS overcoatings can be grown on CdSe or CdTe

nanocrystals.

The emission from the nanocrystal can be a narrow Gaussian emission band
that can be tuned through the complete wavelength range of the ultraviolet, visible, or
infrared regions of the spectrum by varying the size of the nanocrystal, the
composition of the nanocrystal, or both. For example, CdSe can be tuned in the

visible region and InAs can be tuned in the infrared region.

The population of nanocrystals can have a narrow sjze distribution. The
population can be monodisperse and can exhibit less than a 15% rms deviation in
diameter of the nanocrystals, preferably less than 10%, more preferably less than 5%.
Spectral emissions in a narrow range of between 10 and 150 nm full width at half max

(FWHM) can be observed. Semiconductor nanocrystals having type II structures can

10
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have emission quantum efficiencies of greater than 2%, 5 %0, 10%, 20%, 40%, 60%,
70%, or 80%.

The absorption spectra of nanocrystals having type II heterostructures have
characteristic features of smoothly increasing absorptions to the shorter wavelength
region and long tails to the longer wavelength regions. This can be because the
nanocrystals having type II structures have indirect band characteristics with spatially
indirect excitons. Nanocrystals having type II structures can have relatively weak
oscillator strength since the oscillator strengths are strongly governed by the carrier
wavefunction overlaps. See, for example, Laheld, U.E.H., et al., Phys. Rev. B 1995,
52:2697, and Rorrison, J. M., Phys. Rev. B 1993, 48:4643, each of which is
incorporated by reference in its entirety. Changes of the nanocrystal total oscillator
strength before and after the shell growth can be compared because they are
proportional to the spectrally integrated absorptivities of the nanocrystals. The
nanocrystals having type II heterostructures can have near-infrared (near-IR)
emissions, for example, in CdTe/CdSe (core/shell) and CdSe/ZnTe (core/shell)
nanocrystals. These nanocrystals can be used as IR chromophores that are resistant
against photo-bleaching and various chemical environments. In nanocrystals having
type 11 heterostructures, both the cores and the shells have high probability densities
for a carrier. As a result, thickness of the shell, as well as the core diameter, controls
the emission energies due to the quantum confinement effect. By selecting different
core diameters and shell thicknesses, the emission from type 1l nanocrystals can be
easily tuned, for example, from 300 nm to 3 microns, or 700 nm to over 1000 nm.
Nanocrystals having type II heterostructures can have longer exciton decay times than
nanocrystals having type I heterostructures, for example, because spatially indirect

excitons decay with much larger time constants.

Methods of preparing semiconductor nanocrystals include pyrolysis of
organometallic reagents, such as dimethyl cadmium, injected into a hot coordinating
agent. This permits discrete nucleation and results in the controlled growth of
macroscopic quantities of nanocrystals. Preparation and manipulation of nanocrystals
are described, for example, in U.S. Patent No. 60,322,901, which is incorporated by

reference in its entirety. The method of manufacturing a nanocrystal is a colloidal
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growth process and can produce a monodisperse particle population. Colloidal
growth occurs by rapidly injecting an M donor and an X donor into a hot coordinating
agent. The injection produces a nucleus that can be grown in a controlled manner to
form a nanocrystal. The reaction mixture can be gently heated to grow and anneal the
nanocrystal. Both the average size and the size distribution of the nanocrystals in a
sample are dependent on the growth temperature. The growth temperature necessary
to maintain steady growth increases with increasing average crystal size. The
nanocrystal 1s a member of a population of nanocrystals. As a result of the discrete
nucleation and controlled growth, the population of nanocrystals obtained has a
narrow, monodisperse distribution of diameters. The monodisperse distribution of
diameters can also be referred to as a size. The process of controlled growth and
annealing of the nanocrystals in the coordinating agent that follows nucleation can
also result in uniform surface derivatization and regular core structures. As the size
distribution sharpens, the temperature can be raised to maintain steady growth. By

adding more M donor or X donor, the growth period can be shortened.

An overcoating process is described, for example, in U.S. Patent No.
6,322,901, which is incorporated by reference in its entirety. By adjusting the
temperature of the reaction mixture during overcoating and monitoring the absorption
spectrum of the core, overcoated materials having high emission quantum efficiencies

and narrow size distributions can be obtained.

The M donor can be an inorganic compound, an organometallic compound, or
elemental metal. The inorganic compound can be a salt. The salt can be combined
with a coordinating agent, such as an amine. See, for example, U.S. Patent No.
6,576,291, which is incorporated by reference in its entirety. M is cadmium, zinc,
magnesium, mercury, aluminum, gallium, indium or thallium. The X donor is a
compound capable of reacting with the M donor to form a material with the general
tormula MX. Typically, the X donor is a chalcogenide donor or a pnictide donor, such
as a phosphine chalcogenide, a bis(silyl) chalcogenide, dioxygen, an ammonium salt,
or a tris(silyl) pnictide. Suitable X donors include dioxygen, bis(trimethylsilyl)
selenide ((TMS),Se), trialkyl phosphine selenides such as (tri-n-octylphosphine)
selenide (TOPSe) or (tri-n-butylphosphine) selenide (TBP Se), trialkyl phosphine
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tellurides such as (tri-n-octylphosphine) telluride (TOP'Te) or
hexapropylphosphorustriamide telluride (HPPTTe), bis(trimethylsilyl)telluride
((TMS),Te), bis(trimethylsilyDsulfide ((TMS),S), a trialkyl phosphine sulfide such as
(tri-n-octylphosphine) sulfide (TOPS), an ammonium salt such as an ammonium
halide (e.g., NH4Cl), tris(trimethylsilyl) phosphide ((TMS)3P), tris(trimethylsilyl)
arsenide ((TMS);As), or tris(trimethylsilyl) antimonide ((TMS);Sb). In certain
embodiments, the M donor and the X donor can be moieties within the same

molecule.

A coordinating agent can help control the growth of the nanocrystal. The
coordinating agent is a compound having a donor lone pair that, for example, has a
lone electron pair available to coordinate to a surface of the growing nanocrystal. The
coordinating agent can be a solvent. Solvent coordination can stabilize the growing
nanocrystal. Typical coordinating agents include alkyl phosphines, alkyl phosphine
oxides, alkyl phosphonic acids, or alkyl phosphinic acids, however, other coordinating
agents, such as pyridines, turans, and amines may also be suitable for the nanocrystal
production. Examples of suitable coordinating agents include pyridine, tri-n-octyl
phosphine (TOP) and tri-n-octyl phosphine oxide (TOPO). Technical grade TOPO

can be used.

Size distribution during the growth stage of the reaction can be estimated by
monitoring the absorption line widths of the particles. Modification of the reaction
temperature in response to changes in the absorption spectrum of the particles allows
the maintenance of a sharp particle size distribution during growth. Reactants can be
added to the nucleation solution during crystal growth to grow larger crystals. By
stopping growth at a particular nanocrystal average diameter, a population having an
average nanocrystal diameter of less than 150 A can be obtained. A population of

nanocrystals can have an average diameter of 15 A to 125 A.

The particle size distribution can be further refined by size selective
precipitation with a poor solvent for the nanocrystals, such as methanol/butanol as
described in U.S. Patent No. 6,322,901, incorporated herein by reference in its
entirety. For example, nanocrystals can be dispersed in a solution of 10% butanol in

hexane. Methanol can be added dropwise to this stirring solution until opalescence
13
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persists. Separation of supernatant and flocculate by centrifugation produces a
precipitate enriched with the largest crystallites in the sample. This procedure can be
repeated until no further sharpening of the optical absorption spectrunﬁ 1s noted. Size-
selective precipitation can be carried out in a variety of solveni/nonsolvent pairs,
including pyridine/hexane and chloroform/methanol. The size-selected nanocrystal
population can have no more than a 15% rms deviation from mean diameter,

preferably 10% rms deviation or less, and more preferably 5% rms deviation or less.

The outer surface of the nanocrystal can include a layer of compounds derived
from the coordinating agent used during the growth process. The surface can be
modified by repeated exposure to an excess of a competing coordinating group to
form an overlayer. For example, a dispersion of the capped nanocrystal can be treated
with a coordinating organic compound, such as pyridine, to produce crystallites which
disperse readily in pyridine, methanol, and aromatics but no longer disperse in
aliphatic solvents. Such a surface exchange process can be carried out with any
compound capable of coordinating to or bonding with the outer surface of the
nanocrystal, including, for example, phosphines, thiols, amines and pho sphates. The
nanocrystal can be exposed to short chain polymers which exhibit an affinity for the
surface and which terminate in a moiety having an affinity for a suspension or
dispersion medium. Such affinity improves the stability of the suspension and

discourages flocculation of the nanocrystal.

Iransmission electron microscopy (TEM) can provide information about the
size, shape, and distribution of the nanocrystal population. Powder X-ray diffraction
(XRD) patterns can provided the most complete information regarding the type and
quality of the crystal structure of the nanocrystals. Estimates of size are also possible
since particle diameter is inversely related, via the X-ray coherence length, to the peak
width. For example, the diameter of the nanocrystal can be measured directly by
transmission electron microscopy or estimated from X-ray diffraction data using, for

example, the Scherrer equation. It also can be estimated from the UV/Vis absorption

spectrum.

Examples
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All the procedures described here were carried out under an inert atmosphere
unless specified otherwise. CdTe and CdSe nanocrystals were synthesized via
pyrolysis of organometallic precursors using previously described procedures. See,
for example, Murray, et al., J. Am. Chem. Soc. 1993, 115, 8706, and Mikulec, F.
Ph.D. Thesis, MIT, 1999.

Preparation of nanocrystals

Bis-(trimethylsilyl)selenide was prepared as follows. To 200 mL of a solution
of superhydride (Aldrich, 1.0 M solution of lithium triethylborohydride in
tetrahydrofuran), 7.89 g of Se shot (Strem, 99.99%) was added and stirred at room
temperature for 2 hours. Chlorotrimethylsilane (25.2 g, Aldrich, 99%) was introduced
and further stirred for a few hours. Solvents were removed in vacuo. The product

was obtained by vacuum distillation.

A population of CdTe/CdSe (core/shell) nanocrystals was prepared as follows.
Precipitated CdTe nanocrystals were dispersed in trioctylphosphine oxide (TOPO,
Alfa, 95%), and dried under vacuum at 160 °C. An overcoating stock solution was
prepared by mixing desired amounts of 1:1 molar stoichiometry of dimethylcadmium
(Strem, 97%) and bis(trimethylsilyl)selenide in trioctylphosphine (TOP, Fluka, 90%).
While the CdTe-TOPO mixture was vigorously stirred under Ar flow, prepared
overcoating stock solution was added slowly dropwise. Temperature was set at a
point ranging from 130 °C to 180 °C depending on the size of CdTe nanocrystals

used. A higher temperature was necessary for larger size CdTe nanocrystals.

Another population of CdTe/CdSe (core/shell) nanocrystals was prepared as
follows. Precipitated CdTe nanocrystals were dispersed in a mixture of TOP and
TOPO. The mixture was vigorously stirred and heated to 100 °C, and overcoating
stock solution prepared as above was then added slowly dropwise. The reaction
mixture was stirred for 3 hours at 100 °C. The formation of small CdSe nanocrystals
(informally called "magic size" nanocrystals, with a peak absorbance at ~ 410 nm)
was monitored by optical spectroscopy. The reaction temperature was raised to 200
°C and stirred until the CdSe shell growth 1s completed. The small "magic size" CdSe
nanocrystals fused onto the CdTe nanocrystal core surface, forming a CdSe shell.

The CdSe shell formation step took up to a few days.
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A bopulation of CdSe/ZnTe (core/shell) nanocrystals generally was prepared
by the method described for CdTe/CdSe nanocrystals. Diethylzinc (Strem, 99.99%)

and TOPTe were used as the precursors. TOPTe was made by dissolving Te powder

(Strem, 99.999%) 1in TOP at room temperature.

Characterization of nanocrystals

Figure 3 shows the absorption and emission spectra of core CdTe and CdSe
nanocrystals and corresponding CdTe/CdSe (core/shell) and CdSe/ZnTe (core/shell)
nanocrystals having a type II structure. The left graph shows spectra of 32 A radius
CdTe nanocrystals (dashed) and CdTe/CdSe (32 A radius core/ 11 A shell thickness)
nanocrystals. The right graph shows spectra of 22 A radius CdSe nanocrystals
(dashed) and CdSe/ZnTe (22 A radius core/ 18 A shell thickness) nanocrystals. The
photoluminescence spectra were obtained by exciting the nanocrystals at 533 nm.
Changes of the nanocrystal total oscillator strength before and after the shell growth
can be compared because they are proportional to the spectrally integrated
absorptivities of the nanocrystals. The type Il emission is not related to the deep trap
luminescence of the core nanocrystals. In Figure 3, deep trap luminescence of bare
CdSe nanocrystals can be found around 750 nm, which does not match the emission
wavelength of the corresponding CdSe/ZnTe (core/shell) nanocrystals having type II
structures. This excludes the possibility that the deposition of shell layers merely
guenches the band-edge luminescence of the cores while the deep trap luminescence

remains.

Actual particle size changes can be seen in the transmission electron
microscopy (TEM) images of Figure 4A. Figure 4A generally shows samples that
were used to obtain the spectra of Figure 3, namely a monodisperse population of 32
A radius CdTe nanocrystals, a monodisperse population of CdTe/CdSe (32 A radius
core /11 A shell thickness) nanocrystals, a monodisperse population of 22 A radius
CdSe nanocrystals, and a monodisperse population of CdSe/ZnTe (22 A radius
core/18 A shell thickness) nanocrystals. The images were obtained using a
JEOL2000 at an operation voltage of 200 kV. Figures 4B and 4C are graphs
depicting size distributions of the nanocrystals. The total oscillator strengths of the

nanocrystals did not change much as a result of shell growth despite of the significant
16
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increase in actual particle size. Increased number of crystalline unit cells in
nanocrystals having type II structures compared to the corresponding core
nanocrystals can be expected to result in much higher total oscillator strengths, but the
effect is offset by the poor overlap between the electron and hole wavefunctions
which is induced by the type II electronic structures. This effect is a characteristic
feature of nanocrystals having type II structures that generally is not found in alloyed

systems.

With the two variables of the shell thickness and the core size, emissions of
type 1l nanocrystals can be easily tuned. As seen in Figure 5A, the emission of
CdTe/CdSe (core/shell) nanocrystals can span from 700 nm to over 1000 nm simply
by changing the core size and shell thickness. The CdTe core radii and CdSe shell
thicknesses were 16 A/19 A, 16 A/32 A, 324/11 A, 32 A/24 A, and 56 A/19 A from
left to right in the graph. The size of the core and shell thickness was measured via
TEM and elemental analysis by wavelength dispersion spectroscopy (WDS). Figure
OB shows room temperature PL decays of CdTe/CdSe (32 A radius core/11 A shell
thickness ) nanocrystals (solid line) and 32 A radius CdTe nanocrystals (dotted line).
The data were obtained by exciting the samples with a 400 nm pulse laser at 298 K.
The PL decay of CdTe/CdSe (core/shell) nanocrystal was much longer than that of the
core CdTe nanocrystal. This shows the characteristic long decay of spatially indirect

excitons from nanocrystals having type II heterostructures.

Other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method of preparing a coated nanocrystal comprising:

introducing a core nanocrystal including a first semiconductor material into an
overcoating reaction mixture; and

overcoating a second semiconductor material on the core nanocrystal,
wherein the first semiconductor material and the second semiconductor material are
selected so that, upon excitation, one carrier is substantially confined to the core and

the other carrier 1s substantially confined to the overcoating.

2. The method of claim 1, wherein the conduction band of the first
semiconductor material is at higher energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material 1s at

higher energy than the valence band of the second semiconductor material.

3. The method of claim 1, wherein the conduction band of the first
semiconductor material is at lower energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material 1s at

lower energy than the valence band of the second semiconductor material.

4, The method of claim 1, wherein the nanocrystal further comprises an

organic layer on a surface of the coated nanocrystal.

5. The method of claim 1, further comprising exposing the nanocrystal to

an organic compound having affinity for a surface of the coated nanocrystal.

6. The method of claim 1, wherein the coated nanocrystal is dispersible in
a liquid.
7. The method of claim 1, where in the first semiconductor material is a

Group II-VI compound, a Group II-V compound, a Group I1I-VI compound, a Group
I1I-V compound, a Group IV-VI compound, a Group I-11I-VI compound, a Group II-
IV-VI compound, or a Group II-IV-V compound.

8. The method of claim 1, wherein the first semiconductor material is
/nS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN,
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GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe,

PbTe, or mixtures thereof.

9. The method of claim 1, wherein the second semiconductor material is a
Group II-VI compound, a Group II-V compound, a Group III-VI compound, a Group
ITII-V compound, a Group IV-VI compound, a Group I-III-VI compound, a Group II-
IV-VI compound, or a Group II-IV-V compound.

10. The method of claim 1, wherein the second semiconductor material is
Zn0O, Zn8S, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe, MgTe, HgO,
HeS, HeSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs,
InSb, TIN, TIP, T1As, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

11. The method of claim 1, wherein the first semiconductor material 1s

CdTe and the second semiconductor material 1s CdSe.

12. The method of claim 1, wherein the first semiconductor material is

CdSe and the second semiconductor material 1s ZnTe.

13.  The method of claim 1, further comprising overcoating a third

semiconductor material on the second semiconductor material.

14. The method of claim 13, wherein the third semiconductor material has

a mismatched band offset compared to the second semiconductor material.

15. The method of claim 13, wherein the third semiconductor material 1s a
Group II-VI compound, a Group II-V compound, a Group III-VI compound, a Group
ITII-V compound, a Group IV-VI compound, a Group I-1II-VI compound, a Group 1I-
IV-VI compound, or a Group II-IV-V compound.

16. The method of claim 13, wherein the third semiconductor material 1s
Zn0, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe, MgTe, HgO,
HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs,
InSb, TIN, TIP, T1As, T1Sb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

17. A coated nanocrystal comprising:
a core nanocrystal including a first semiconductor material;

an overcoating including a second semiconductor material on the core

19
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nanocrystal; and

an organic layer on a surface of the coated nanocrystal,

wherein the first semiconductor material and the second semiconductor
material are selected so that, upon excitation, one carrier is substantially confined to

the core and the other carrier is substantially confined to the overcoating.

18.  The nanocrystal of claim 17, wherein the conduction band of the first
semiconductor material is at higher energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

higher energy than the valence band of the second semiconductor material.

19. The nanocrystal of claim 17, wherein the conduction band of the first
semiconductor material is at lower energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

lower energy than the valence band of the second semiconductor material.

20. The nanocrystal of claim 17, wherein the organic layer is obtained by

exposing the nanocrystal to an organic compound having affinity for a surface of the

coated nanocrystal.
21. The nanocrystal of claim 17, wherein the coated nanocrystal is
dispersible.

22.  The nanocrystal of claim 17, where in the first semiconductor material
is a Group II-VI compound, a Group II-V compound, a Group III-V1I compound, a
Group III-V compound, a Group IV-VI compound, a Group I-I1I-VI compound, a
Group [I-IV-VI compound, or a Group II-IV-V compound.

23.  The nanocrystal of claim 17, wherein the first semiconductor material
ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN,
GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe,
PbTe, or mixtures thereof.

24.  The nanocrystal of claim 17, wherein the second semiconductor
material is a Group II-VI compound, a Group II-V compound, a Group II-VI
compound, a Group III-V compound, a Group IV-VI compound, a Group I-I1I-VI

compound, a Group II-IV-VI compound, or a Group II-IV-V compound.
20
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25.  The nanocrystal of claim 17, wherein the second semiconductor
material 1s ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe,
MgTe, HgO, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN,
InP, InAs, InSb, TIN, TIP, T1As, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

26.  The nanocrystal of claim 17, wherein the nanocrystal emits light upon
excitation, wherein the wavelength of maximum emission intensity is longer than 700

1),

27.  The nanocrystal of claim 17, wherein the nanocrystal emits light upon
excitation, wherein the wavelength of maximum emission intensity is between 700

nm and 1500 nm.

28. A population of coated nanocrystals comprising:

a plurality of coated nanocrystals, each coated nanocrystal including a core
nanocrystal and an overcoating on each core nanocrystal, wherein each core includes
a first semiconductor material and each overcoating includes a second semiconductor
material, the plurality of core nanocrystals forming a population of nanocrystals,

wherein the first semiconductor material and the second semiconductor
material are selected so that, upon excitation, one catrier is substantially confined to
the core and the other carrier is substantially confined to the overcoating; and

the plurality of nanocrystals is monodisperse.

29.  The population of claim 28, wherein the conduction band of the first
semiconductor material is at higher energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

higher energy than the valence band of the second semiconductor material.

30.  The population of claim 28, wherein the conduction band of the first
semiconductor material is at lower energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

lower energy than the valence band of the second semiconductor material.

31. The population of claim 28, further comprising an organic layer on a

surface of each coated nanocrystal.
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32.  The population of claim 31, wherein the organic layer is obtained by
exposing the population to an organic compound having affinity for a surface of a

coated nanocrystal.

33.  The population of claim 28, where in the first semiconductor material
1s a Group II-VI compound, a Group II-V compound, a Group III-VI compound, a |
Group 11I-V compound, a Group IV-VI compound, a Group I-III-VI compound, a
Group 1I-IV-VI compound, or a Group II-IV-V compound.

34.  The population of claim 28, wherein the first semiconductor material is
ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN,
GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, T1As, TISb, PbS, PbSe,

PbTe, or mixtures thereof.

35.  The population of claim 28, wherein the second semiconductor
material 1s a Group II-VI compound, a Group II-V compound, a Group I1I-VI
compound, a Group I1I-V compound, a Group IV-VI compound, a Group I-III-VI
compound, a Group II-IV-VI compound, or a Group II-IV-V éompound.

36.  The population of claim 28, wherein the second semiconductor
material 18 ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe,
MgTe, HgO, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSh, InN,
InP, InAs, InSb, TIN, TIP; TlAs, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

37.  The population of claim 28, wherein the population emits light upon
excitation, wherein the wavelength of maximum emission intensityu is longer than 700

nrn.

38.  The population of claim 28, wherein the population emits light upon
excitation, wherein the wavelength of maximum emission intensity is between 700

nm and 1500 nm.

39. A coated nanocrystal comprising:
a core nanocrystal including a first semiconductor material;
a first overcoating including a second semiconductor material on the core

nanocrystal; and
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a second overcoating including a third semiconductor material on the first

overcoating.

40. The nanocrystal of claim 39, wherein the first semiconductor material
and the second semiconductor material are selected so that, upon excitation, one
carrier is substantially confined to the core and the other carrier is substantially

confined to the first overcoating.

41. The nanocrystal of claim 39, wherein the conduction band of the first
semiconductor material is at higher energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

higher energy than the valence band of the second semiconductor material.

42. The nanocrystal of claim 39, wherein the conduction band of the first
semiconductor material is at lower energy than the conduction band of the second
semiconductor material and the valence band of the first semiconductor material is at

lower energy than the valence band of the second semiconductor material.

43.  The nanocrystal of claim 39, wherein the third semiconductor material

has a mismatched band offset to the second semiconductor material.

44, The nanocrystal of claim 39, further comprising an organic layer on a

surface of the coated nanocrystal.

45.  The nanocrystal of claim 44, wherein the organic layer is obtained by
exposing the nanocrystal to an organic compound having affinity for a surface of the

coated nanocrystal.

46. The nanocrystal of claim 39, where in the first semiconductor material
is a Group II-VI compound, a Group II-V compound, a Group III-VI compound, a
Group III-V compound, a Group IV-VI compound, a Group I-III-VI compound, a
Group II-IV-VI compound, or a Group II-IV-V compound.

47.  The nanocrystal of claim 39, wherein the first semiconductor material
18 ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HegSe, HgTe, AIN, AlP, AlAs, AISb,
GaN, GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, T1As, TISb, PbS,
PbSe, PbTe, or mixtures thereof.
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48.  The nanocrystal of claim 39, wherein the second semiconductor
material 1s a Group II-VI compound, a Group II-V compound, a Group I1I-VI
compound, a Group III-V compound, a Group IV-VI compound, a Group I-III-VI
compound, a Group II-IV-VI compound, or a Group II-IV-V compound.

49.  The nanocrystal of claim 39, wherein the second semiconductor
material 1s ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe,
MgTe, HgO, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN,
InP, InAs, InSb, TIN, TIP, TlAs, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

50.  The nanocrystal of claim 39, wherein the third semiconductor material
is a Group II-VI compound, a Group II-V compound, a Group I1I-VI compound, a
Group 1I1I-V compound, a Group IV-VI compound, a Group I-1II-VI compound, a
Group II-IV-VI compound, or a Group II-IV-V compound.

J1.  The nanocrystal of claim 39, wherein the third semiconductor material
1s ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS, MgSe, MgTe, HgO,
HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN, InP, InAs,
InSb, TIN, T1P, TlAs, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof.

52.  The nanocrystal of claim 39, wherein the nanocrystal emits light upon
excitation, wherein the wavelength of maximum emission intensity is longer than 700

n1n.

53.  The nanocrystal of claim 39, wherein the nanocrystal emits light upon
excitation, wherein the wavelength of maximum emission intensity is between 700

nm and 1500 nm.

54.  The nanocrystal of claim 53, wherein the quantum efficiency is greater
than 10%.
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