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(57) Abstract: A semiconductor nanocrystal characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of
90°C or above that is at least 95% of the solid state photoluminescence ex-
ternal quantum efficiency of the semiconductor nanociystal at 25°C is dis-
closed. A semiconductor nanociystal having a multiple LO phonon assisted
charge thermal escape activation energy of at least 0.5¢V is also disclosed. A
semiconductor nanociystal capable of emitting light with a maximum peak
emission at a wavelength in a range from 590 nm to 650 nm characterized by
an absorption spectrum, wherein the absorption ratio of OD at 325 nm to OD
at 450 nm is greater than 5.5. A semiconductor nanociystal capable of emit-
ting light with a maximum peak emission at a wavelength in a range from
545 nm to 590 nm characterized by an absorption spectrum, wherein the ab-
sorption ratio of OD at 325 nm to OD at 450 nm is greater than 7. A semi-
conductor nanocrystal capable of emitting light with a maximum peak emis-
sion at a wavelength in a range from 495 nm to 545 nm characterized by an
absorption spectrum, wherein the absorption ratio of OD at 325 nm to OD at
450 nm is greater than 10. A composition comprising a plurality of semicon-
ductor nanocrystals wherein the solid state photoluminescence efficiency of
the composition at a temperature ot 90°C or above is at least 95% of the sol-
id state photoluminescence efficiency of the composition 25°C is further dis-
closed. A method for preparing semiconductor nanocrystals comprises intro-
ducing one or more first shell chalcogenide precursors and one or more first
shell metal precursors to a reaction mixture including semiconductor nano-
ciystal cores, wherein the first shell chalcogenide precursors are added in an
amount greater than the first shell metal precursors by a factor of at least
about 2 molar equivalents and reacting the first shell precursors at a first re-
action temperature of at least 300°C to form a first shell on the semiconduct -
or nanocrystal cores. Populations, compositions, components and other

products including semiconductor nanocrystals of the invention are disclosed. Populations, compositions, components and other
products including semiconductor nanocrystals made in accordance with any method of the invention is also disclosed.
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SEMICONDUCTOR NANOCRYSTALS, METHODS FOR MAKING SAME,
COMPOSITIONS, AND PRODUCTS

CLAIM OF PRIORITY

This application claims priority to U.S. Provisional Patent Application No. 61/595,116,
filed on February 5, 2012 and U.S. Provisional Patent Application No. 61/678,902, filed on August

2, 2012, each of which is hereby incorporated herein by reference in its entirety for all purposes.
TECHNICAL FIELD OF THE INVENTION

The present invention relates to technical field of semiconductor nanocrystals, including

methods, and compositions and products including same.
BACKGROUND OF THE INVENTION

The solid state photoluminescence external quantum efficiency of semiconductor
nanocrystals have been observed to be adversely affected during use by at least the temperature of
the environment in which the nanocrystals are used. It would represent an advance in the art to
provide a semiconductor nanocrystal and a method for making semiconductor nanocrystals which
address the adverse effect of the environmental temperature on solid state photoluminescence

external quantum efficiency of semiconductor nanocrystals.
SUMMARY OF THE INVENTION

The present invention relates to a semiconductor nanocrystal, methods for preparing
semiconductor nanocrystals, and to compositions, components, and other products including
semiconductor nanocrystals described herein and/or those prepared in accordance with any of the

methods described herein.

In accordance with one aspect of the present invention, there is provided a semiconductor
nanocrystal characterized by having a solid state photoluminescence external quantum efficiency at
a temperature of 90°C or above that is at least 95% of the solid state photoluminescence external

quantum efficiency of the semiconductor nanocrystal at 25°C.
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In accordance with another aspect of the present invention, there is provided a
semiconductor nanocrystal having a multiple LO phonon assisted charge thermal escape activation

energy of at least 0.5eV.

As used herein, a multiple LO phonon assisted charge thermal escape activation energy
refers to multiple LO phonon assisted charge thermal escape activation energy as determined with

reference to the following equation:
I = |1 + Aexp(—ET]

wherein A is a constant, k = 1.38 X 107 Joules/Kelvin, T is temperature (Kelvin), and E is a value
of the multiple LO phonon assisted charge thermal escape activation energy obtained by measuring
solid state photoluminescence external quantum efficiency of the nanocrystal as a function of
temperature and plotting In[I/I(T) — 1] vs. 1/kT where I, is the integrated photoluminescence (PL)
intensity of the nanocrystal at room temperature and I(T) is the integrated PL intensity of the
nanocrystal at temperature (T) where T spans from 70°C to 140°C, and the absolute value of the

slope of the line is the value of the activation energy.

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal characterized by having a solid state photoluminescence external

quantum efficiency of at least 80% at a temperature of 90°C or above.

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal characterized by having a radiative lifetime at a temperature of 90°C or

above that is at least 80% of the rad_iative lifetime at 25°C.

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 590 nm to 650 nm characterized by an absorption spectrum, wherein

the absorption ratio of Optical Density (OD) at 325 nm to OD at 450 nm is greater than 5.5.

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 545 nm to 590 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 7.

In accordance with a further aspect of the present invention, there is provided a

semiconductor nanocrystal capable of emitting light with a maximum peak emission at a

2
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wavelength in a range from 495 nm to 545 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 10.

In accordance with a further aspect of the present invention, there is provided a
composition comprising a plurality of semiconductor nanocrystals wherein the solid state
photoluminescence efficiency of the composition at a temperature of 90°C or above is at least 95%

of the solid state photoluminescence efficiency of the cofnposition at 25°C.

In accordance with yet a further aspect of the present invention, there is provided a
composition comprising a host material and a plurality of semiconductor nanocrystals wherein the
solid state photoluminescence efficiency of the composition is at least 80% at a temperature of

90°C or above.

In accordance with a still further aspect of the present invention, there is provided a

composition including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided an

optical material comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a light

emitting material comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a color-

conversion material comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided an ink

comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a paint

comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a

taggant comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided an

optical component including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a

backlighting unit including at least one semiconductor nanocrystal described herein.
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In accordance with a still further aspect of the present invention, there is provided a display

including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided an

electronic device including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided an opto-

electronic device including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a light-

emitting device including at least one semiconductor nanocrystal described herein.

In certain embodiments, a light emitting device includes a light emitting material

comprising at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a lamp

including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a light

bulb including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a

luminaire including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a
method for preparing semiconductor nanocrystals comprising: introducing one or more first shell
chalcogenide precursors and one or more first shell metal precursors to a reaction mixture
including semiconductor nanocrystal cores, wherein the first shell chalcogenide precursors are
added in an amount greater than the first shell metal precursors by a factor of at least about 2 molar
equivalents and reacting the first shell precursors at a first reaction temperature of at least 300°C to

form a first shell on the semiconductor nanocrystal cores.

In certain embodiments, the method further comprises: introducing one or more second
shell chalcogenide precursors and one or more second shell metal precursors to the reaction
mixture including semiconductor nanocrystal cores including the first shell at a second reaction
temperature of at least 300°C, wherein the second shell chalcogenide precursors are added in an

amount of at least 0.7 molar equivalents of the second shell metal precursors, and reacting the
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second shell precursors to form a second shell over the first shell on the semiconductor nanocrystal

cores.

In accordance with yet another aspect of the present invention, there is provided a
population of semiconductor nanocrystals prepared in accordance with any of the methods

described herein.

In accordance with a still further aspect of the present invention, there is provided a
composition including at least one semiconductor nanocrystal prepared in accordance with any of

the methods described herein.

In accordance with a still further aspect of the present invention, there is provided an
optical material comprising at least one semiconductor nanocrystal prepared in accordance with

any of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided a light
emitting material comprising at least one semiconductor nanocrystal prepared in accordance with

any of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided a color-
conversion material comprising at least one semiconductor nanocrystal prepared in accordance

with any of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided an ink
comprising at least one semiconductor nanocrystal prepared in accordance with any of the methods

described herein.

In accordance with a still further aspect of the present invention, there is provided a paint
comprising at least one semiconductor nanocrystal prepared in accordance with any of the methods

described herein.

In accordance with a still further aspect of the present invention, there is provided a
taggant comprising at least one semiconductor nanocrystal prepared in accordance with any of the

methods described herein.

In accordance with a still further aspect of the present invention, there is provided an
optical component including at least one semiconductor nanocrystal prepared in accordance with

any of the methods described herein.
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In accordance with a still further aspect of the present invention, there is provided a
backlighting unit including at least one semiconductor nanocrystal prepared in accordance with any

of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided a display
including at least one semiconductor nanocrystal prepared in accordance with any of the methods

described herein.

In accordance with a still further aspect of the present invention, there is provided an
electronic device including at least one semiconductor nanocrystal prepared in accordance with any

of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided an opto-
electronic device including at least one semiconductor nanocrystal prepared in accordance with any

of the methods described herein.

In accordance with a still further aspect of the present invention, there is provided a light-
emitting device including at least one semiconductor nanocrystal prepared in accordance with any

of the methods described herein.

In certain embodiments, a light emitting device includes a light emitting material
comprising at least one semiconductor nanocrystal prepared in accordance with any of the methods

described herein.

In accordance with a still further aspect of the present invention, there is provided a lamp

including at least one semiconductor nanocrystal described herein.

In accordance with a still further aspect of the present invention, there is provided a light
bulb including at least one semiconductor nanocrystal prepared in accordance with any of the

methods described herein.

In accordance with a still further aspect of the present invention, there is provided a
luminaire including at least one semiconductor nanocrystal prepared in accordance with any of the

methods described herein.

In accordance with certain aspects, oxygen and/or water may degrade semiconductor

nanocrystals or quantum dots described herein during periods of high light flux exposure.
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The foregoing, and other aspects and embodiments described herein all constitute

embodiments of the present invention.

1t should be appreciated by those persons having ordinary skill in the art(s) to which
the present invention relates that any of the features described herein in respect of any particular
aspect and/or embodiment of\the present invention can be combined with one or more of any of the
other features of any other aspects and/or embodiments of the present invention described herein,
with modifications as appropriate to ensure compatibility of the combinations. Such combinations

are considered to be part of the present invention contemplated by this disclosure.

It is to be understood that both the foregoing general description and the following detailed
description are exemplary and explanatory only and are not restrictive of the invention as claimed.
Other embodiments will be apparent to those skilled in the art from consideration of the

specification and practice of the invention disclosed herein.
BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings,

Figures 1A and 1B graphically illustrate EQE (calculated from PL measurements) vs.

Temperature for examples of embodiments of the present invention and for control samples.

Figures 2A and 2B graphically illustrate a plot of integrated PL (D p1) vs. temperature
showing the % drop in PL vs. temperature for examples of embodiments of the present invention

and for control samples.

Figures 3A and 3B graphically illustrate In[I/I(T) — 1] vs. 1/kT for examples of

embodiments of the present invention and for control samples.

Figures 4A and 4B graphically illustrate absorption profiles and 325 nm/450 nm Ratios for

examples of embodiments of the present invention and for control samples.

Figures 5A and 5B graphically illustrate Absorption spectra referred to in Examples 1A and
1B.

Figures 6A and 6B graphically illustrate absorption and emission spectra referred to in

Examples 1A and 1B.
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Figure 7 graphically illustrate EQE (calculated from PL. measurements) vs. Temperature for

an example of an embodiment of the present invention and for a control sample.

Figures 8A and 8B graphically illustrate absorption and emission spectra referred to in
Examples 10A and 10B.

Figures 9A and 9B graphically illustrate absorption and emission spectra referred to in

Examples 11A and 11B.

The attached figures are simplified representations presented for purposes of illustration
only; the actual structures may differ in numerous respects, particularly including the relative scale

of the articles depicted and aspects thereof.

For a better understanding to the present invention, together with other advantages and
capabilities thereof, reference is made to the following disclosure and appended claims in

connection with the above-described drawings.
DETAILED DESCRIPTION OF THE INVENTION

Various aspects and embodiments of the present inventions will be further described in the

following detailed description.

The present invention relates to a semiconductor nanocrystals, methods for making and
overcoating semiconductor nanocrystals, and to compositions, components, and other products
including semiconductor nanocrystals described herein and/or those prepared in accordance with

any of the methods described herein.

In accordance with one aspect of the present invention, there is provided a semiconductor
nanocrystal characterized by having a solid state photoluminescence external quantum efficiency at
a temperature of 90°C or above that is at least 95% of the solid state photoluminescence external

quantum efficiency of the semiconductor nanocrystal at 25°C.

In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence efficiency at the temperature of 90°C or above that is from 95 to 100% of the

solid state photoluminescence efficiency at 25°C.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

8
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In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In accordance with another aspect of the present invention, there is provided
semiconductor nanocrystal having a multiple LO phonon assisted charge thermal escape activation

energy of at least 0.5eV.

As set forth above, a multiple LO phonon assisted charge thermal escape activation energy
refers to multiple LO phonon assisted charge thermal escape activation energy as determined with

reference to the following equation:
T = Il + Aexp(—EhT]™

wherein A is a constant and E is a value of the multiple L.O phonon assisted charge thermal escape
activation energy obtained by measuring solid state photoluminescence external quantum
efficiency of the nanocrystal as a function of temperature and plotting In[I/I(T) — 1] vs. 1/kT
where I, is the integrated photoluminescence (PL) intensity of the nanocrystal at room temperature
and I(T) is the integrated PL intensity of the nanocrystal at temperature (T) where T spans from
70°C to 140°C, and the absolute value of the slope of the line is the value of the activation energy.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 80% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 90% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 95% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence external quantum efficiency from 95% to 100% at a temperature of 90°C or

above.
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In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C.

In accordance with another aspect of the present invention, there is provided a
semiconductor nanocrystal characterized by having a radiative lifetime at a temperature of 90°C or

above that is at least 80% of the radiative lifetime at 25°C.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal has a radiative lifetime at the

temperature of 90°C or above that is at least 90% of the radiative lifetime at 25°C.

In certain embodiments, the semiconductor nanocrystal has a radiative lifetime at the

temperature of 90°C or above that is at least 95% of the radiative lifetime at 25°C.

In certain embodiments, the semiconductor nanocrystal has a radiative lifetime at the

temperature of 90°C or above that is from 95 to 100% of the radiative lifetime at 25°C,

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C.

In accordance with a further aspect of the present invention, there is provided a

semiconductor nanocrystal capable of emitting light with a maximum peak emission at a

10
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wavelength in a range from 590 nm to 650 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 5.5.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 80% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 90% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 95% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence external quantum efficiency from 95% to 100% at a temperature of 90°C or

above.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C,

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 545 nm to 590 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 7.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 80% at a temperature of 90°C or above.

11
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In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 90% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 95% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence external quantum efficiency from 95% to 100% at a temperature of 90°C or

above.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C.

In accordance with a further aspect of the present invention, there is provided a
semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 495 nm to 545 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 10.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 80% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 90% at a temperature of 90°C or above.

12
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In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 95% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence external quantum efficiency from 95% to 100% at a temperature of 90°C or

above.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C,

In accordance with another aspect of the present invention there is provided a
semiconductor nanocrystal characterized by having a solid state photoluminescence external

quantum efficiency of at least 80% at a temperature of 90°C or above,

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 90% at a temperature of 90°C or above.

In certain embodiments, the semiconductor nanocrystal has a solid state

photoluminescence external quantum efficiency of at least 95% at a temperature of 90°C or above.
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In certain embodiments, the semiconductor nanocrystal has a solid state
photoluminescence external quantum efficiency that is from 95 to 100% at a temperature of 90°C

or above.

In certain embodiments, the semiconductor nanocrystal is characterized by having a solid
state photoluminescence external quantum efficiency at a temperature of 90°C or above that is at
least 95% of the solid state photoluminescence external quantum efficiency of the semiconductor

nanocrystal at 25°C.

Semiconductor nanocrystals are nanometer sized semiconductor particles that can have
optical properties arising from quantum confinement. The particular composition(s), structure,
and/or size of a semiconductor nanocrystal can be selected to achieve the desired wavelength of
light to be emitted from the semiconductor nanocrystal upon excitation. In essence, semiconductor
nanocrystals may be tuned to emit light across the visible spectrum by changing their size. See
C.B. Murray, C.R. Kagan, and M.G. Bawendi, Annual Review of Material Sci., 2000, 30: 545-610
hereby incorporated by reference in its entirety. The narrow FWHM of semiconductor
nanocrystals can result in saturated color emission. In certain embodiments, FWHM can be, for
example, less than 60, less than 50, less than 40, or less than 30. The broadly tunable, saturated
color emission over the entire visible spectrum of a single material system is unmatched by any
class of organic chromophores (see, for example, Dabbousi et al., J. Phys. Chem. 101, 9463
(1997), which is incorporated by reference in its entirety). A monodisperse population of

semiconductor nanocrystals will emit light spanning a narrow range of wavelengths.

A semiconductor nanocrystal in accordance with the present invention can comprise one or
more inorganic semiconductor materials that can be represented by the formula MX, where M is a
metal from a metal donor and X is a compound from an X donor which is capable of reacting with
the metal donor to form a material with the general formula MX. In certain embodiments, the M
donor and the X donor can be moieties within the same molecule. The M donor can be an
inorganic compound, an organometallic compound, or elemental metal. For example, an M donor
can comprise cadmium, zinc, magnesium, mercury, aluminum, gallium, indium or thallium, and
the X donor can comprise a compound capable of reacting with the M donor to form a material
with the general formula MX, Exemplary metal precursors include dimethylcadmium and
cadmium oleate. The X donor can comprise 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, for example, but are not limited to, dioxygen,
bis(trimethylsilyl) selenide ((TMS),Se), trialkyl phosphine selenides such as (tri-noctylphosphine)
selenide (TOPSe) or (tri-n-butylphosphine) selenide (TBPSe), trialkyl phosphine tellurides such as
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(tri-n-octylphosphine) telluride (TOPTe) or hexapropylphosphorustriamide telluride (HPPTTe),
bis(trimethylsilyDtelluride ((TMS),Te), bis(trimethylsilyl)sulfide ((TMS),S), a trialkyl phosphine
sulfide such as (tri-noctylphosphine) sulfide (TOPS), an ammonium salt such as an ammonium
halide (e.g., NH,CI), tris(trimethylsilyl) phosphide ((TMS);P), 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.

As mentioned above, a semiconductor nanocrystal can comprise one or more
semiconductor materials. Examples of semiconductor materials that can be included in a
semiconductor nanocrystal (including, e.g., semiconductor nanocrystal) include, but are not limited
to, a Group IV element, 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, a Group II-IV-V compound, an alloy including any of the foregoing,
and/or a mixture including any of the foregoing, including ternary and quaternary mixtures or
alloys. A non-limiting list of examples include ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe,
MgS, MgSe, GaAs, GaN, GaP, GaSe, GaSb, HgO, HgS, HgSe, HgTe, InAs, InN, InP, InSb, AlAs,
AIN, AIP, AISb, TIN, TIP, TlAs, TISb, PbO, PbS, PbSe, PbTe, Ge, Si, an alloy including any of the
foregoing, and/or a mixture including any of the foregoing, including ternary and quaternary

mixtures or alloys.

In certain preferred embodiments, a semiconductor nanocrystal in accordance with the
present invention can comprise a core comprising one or more semiconductor materials and a shell
comprising one or more semiconductor materials, wherein the shell is disposed over at least a
portion, and preferably all, of the outer surface of the core. A semiconductor nanocrystal including

a core and shell is also referred to as a "core/shell" structure.

For example, a semiconductor nanocrystal can include a core having the formula MX,
where M is cadmium, zinc, magnesium, mercury, aluminum, gallium, indium, thallium, or
mixtures thereof, and X is oxygen, sulfur, selenium, tellurium, nitrogen, phosphorus, arsenic,
antimony, or mixtures thereof. = Examples of materials suitable for use as semiconductor
nanocrystal cores include, but are not limited to, ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe,
MgS, MgSe, GaAs, GaN, GaP, GaSe, GaSb, HgO, HgS, HgSe, HgTe, InAs, InN, InP, InSb, AlAs,
AIN, AIP, AlSb, TIN, TIP, TlAs, TISb, PbO, PbS, PbSe, PbTe, Ge, Si, an alloy including any of the
foregoing, and/or a mixture including any of the foregoing, including ternary and quaternary

mixtures or alloys.

15




10

15

20

25

30

WO 2013/115898 PCT/US2012/066154

A shell can be a semiconductor material having a composition that is the same as or
different from the composition of the core. The shell can comprise an overcoat including one or
more semiconductor materials on a surface of the core. Examples of semiconductor materials that
can be included in a shell include, but are not limited to, a Group IV element, 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, a Group II-IV-V
compound, alloys including any of the foregoing, and/or mixtures including any of the foregoing,
including ternary and quaternary mixtures or alloys. Examples include, but are not limited to,
Zn0, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgS, MgSe, GaAs, GaN, GaP, GaSe, GaSb,
HgO, HgS, HgSe, HgTe, InAs, InN, InP, InSb, AlAs, AIN, AIP, AISb, TIN, TIP, TlAs, TISb, PbO,
PbS, PbSe, PbTe, Ge, Si, an alloy including any of the foregoing, and/or a mixture including any of
the foregoing. For example, ZnS, ZnSe or CdS overcoatings can be grown on CdSe or CdTe

semiconductor nanocrystals.

In a core/shell semiconductor nanocrystal, the shell or overcoating may comprise one or
more layers. The overcoating can comprise at least one semiconductor material which is the same
as or different from the composition of the core. An overcoating can have a thickness from about
one to about ten monolayers.  An overcoating can also have a thickness greater than ten
monolayers. In certain embodiments, more than one overcoating can be included on a core. 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.

In certain embodiments, the surrounding "shell" material can have a band gap greater than
the band gap of the core material. In certain other embodiments, the surrounding shell material can

have a band gap less than the band gap of the core material.

In certain preferred embodiments, a core/shell semiconductor nanocrystal has a Type I

structure.

In certain embodiments, a shell can be chosen so as to have an atomic spacing close to that
of the underlying "core" or shell (e.g., lattice constants that are within up to 13% of each other, and
preferably within up to 10% of each other). In certain other embodiments, the shell and core

materials can have the same crystal structure.

Examples of semiconductor nanocrystal core/shell structures include, without limitation:

red (e.g., CdSe/CdZnS (core/shell); CdSe/ZnS/CdZnS (core/shell/shell), etc.) green (e.g.,
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CdZnSe/CdZnS (core/shell), CdSe/ZnS/CdZnS (core/shell/shell),etc.), and blue (e.g., CdS/CdZnS
(core/shell)).

Semiconductor nanocrystals can have various shapes, including, but not limited to, a

sphere, rod, disk, other shapes, and mixtures of various shaped particles.

In certain preferred embodiments of the various aspects of the inventions described herein,

the semiconductor nanocrystal is undoped.

As used herein, “undoped semiconductor nanocrystal” refers to a semiconductor
nanocrystal that emits light due to quantum confinement and without emission from an activator

species.

In certain preferred embodiments of the various aspects of the invention described herein,
the semiconductor nanocrystal includes a core comprising a first semiconductor material and at
least a first shell surrounding the core, wherein the first shell comprises a second semiconductor
material. In certain of such embodiments, the first shell has a thickness greater than or equal to the
thickness of 1 monolayer of the second semiconductor material. In certain of such embodiments,
the first shell has a thickness up to the thickness of about 10 monolayers of the second

semiconductor material.

In certain of such preferred embodiments, the semiconductor nanocrystal can include a
second shell surrounding the outer surface thereof. In certain of such embodiments, the second

shell can comprise a third semiconductor material.

In certain of such preferred embodiments wherein the semiconductor nanocrystal includes
a second shell, the second shall can have a thickness greater than or equal to the thickness of 3
monolayers of the material from which it is constituted, e.g., the third semiconductor material. In
certain of such embodiments, the second shell can have a thickness up to the thickness of about 20

monolayers of the material from which it is constituted.

In certain more preferred embodiments, the second semiconductor material included in the
first shell comprises zinc sulfide, and the second shell comprises a third semiconductor material
including one or more metals wherein the one or metals comprises from 0 to less than 100%

cadmium.

In one example of a preferred embodiment, the semiconductor nanocrystal includes a core

comprising CdSe having a predetermined size, a first shell comprising ZnS at a thickness of about
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3-4 monolayers of ZnS, and a second shell comprises Cd,_.Zn,S wherein 0 <x <1 at a thickness of

about 9-10 monolayers of Cd;_,Zn,S.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, a first
shell comprising a second semiconductor material, and a second shell comprising a third
semiconductor material, wherein the first shell has a bandgap which is greater than that of the

second shell.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, a first
shell comprising a second semiconductor material, and a second shell comprising a third
semiconductor material, wherein the first shell has a bandgap which is greater than that of the

second shell, and the bandgap of the first shell is also greater than that of the core.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, a first
shell comprising a second semiconductor material, a second shell comprising third semiconductor
material, and a third shell comprising a fourth semiconductor material, wherein the third shell has
a bandgap that is the same as that of the first shell and the second shell has a bandgap that is less
than that of the first shell.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, a first
shell comprising a second semiconductor material, wherein the core has a bandgap which differs

from that of the first shell by at least 0.8 eV.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, a first
shell comprising a second semiconductor material, wherein the core has a bandgap which differs

from that of the first shell by at least 1 eV,

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, the core
having a first conduction band energy (Ecg), and a first shell comprising a second semiconductor
material, the first shell having a second conduction band energy (Ecg), wherein the absolute value

of the difference between Ecp of the core and Ecp of the first shell multiplied by the total shell
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thickness (nm) surrounding the core in the nanocrystal is greater than 2 eV*nm. In certain
embodiments, the absolute value of the difference between Ecg of the core and Ecg of the first shell
multiplied by the total shell thickness (nm) surrounding the core in the nanocrystal is greater than 3
eV*nm. In certain embodiments, the absolute value of the difference between Ecg of the core and
Ecp of the first shell multiplied by the total shell thickness (nm) surrounding the core in the
nanocrystal is greater than 4 eV*nm. In embodiments including more than one shell, total shell

thickness is the total thickness of all shells surrounding the core.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal can include a core comprising a first semiconductor material, the core
having a first valence band energy (Eyg), and a first shell comprising a second semiconductor
material, the first shell having a second valence band energy (Evg), wherein the absolute value of
the difference between Eyg of the core and Eyp of the first shell multiplied by‘the total shell
thickness (nm) surrounding the core in the nanocrystal is greater than 2 eV*nm. In certain
embodiments, the absolute value of the difference between Eyg of the core and Eyg of the first shell
multiplied by the total shell thickness (nm) surrounding the core in the nanocrystal is greater than 3
eV*nm. In certain embodiments, the absolute value of the difference between Eyg of the core and
Evp of the first shell multiplied by the total shell thickness (nm) surrounding the core in the
nanocrystal is greater than 4 eV*nm. In embodiments including more than one shell, total shell

thickness is the total thickness of all shells surrounding the core.

In certain embodiments of the various aspects of the invention described herein, the
semiconductor nanocrystal including a first shell and a second shell can further include one or
more additional shells on the outer surface of the nanocrystal. Any of such additional shells can
partially or fully surround the outer surface of the nanocrystal on which it is disposed. Preferably

an additional shell fully surrounds the outer surface.

In certain preferred embodiments, the semiconductor nanocrystals are prepared in

accordance with a method described herein.

Semiconductor nanocrystals (also referred to as quantum dots) preferably have ligands
attached thereto. Semiconductor nanocrystals within the scope of the present invention include,
without limitation, green CdSe semiconductor nanocrystals having oleic acid ligands and red CdSe
semiconductor nanocrystals having oleic acid ligands.  Alternatively, or in addition,
octadecylphosphonic acid (“ODPA™) ligands may be used instead of, or in addition to, oleic acid

ligands. The ligands can facilitate dispersibility of the nanocrystals in a medium.
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Ligands can be derived from a coordinating solvent that may be included in the reaction
mixture during the growth process. Ligands can be added to the reaction mixture. Ligands can be
derived from a reagent or precursor included in the reaction mixture for synthesizing the
semiconductor nanocrystals. Ligands can be exchanged with ligands on the surface of a
semiconductor nanocrystal. In certain embodiments, semiconductor nanocrystals can include more

than one type of ligand attached to an outer surface.

In certain embodiments of the various aspects of the inventions described herein,
semiconductor nanocrystals can include aliphatic ligands attached thereto. According to one
aspect, exemplary ligands include oleic acid ligands and octadecylphosphonic acid (“ODPA”)
ligands.

Ligands can be selected based on the particular end-use application in which the
semiconductor nanocrystals are to be included. Such selection is within the skill of the person of

ordinary skill in the relevant art.

The emission from a semiconductor nanocrystal capable of emitting light can be a narrow
Gaussian emission band that can be tuned through the complete wavelength range of the
ultraviolet, visible, or infra-red regions of the spectrum by varying the size of the semiconductor
nanocrystal, the composition of the semiconductor nanocrystal, and/or the structure of the
semiconductor nanocrystal (e.g., core, core/shell, core/shell/shell, and other structural variations).
For example, a semiconductor nanocrystal comprising CdSe can be tuned in the visible region; a
semiconductor nanocrystal comprising InAs can be tuned in the infra-red region. The narrow size
distribution of a population of semiconductor nanocrystals capable of emitting light can result in
emission of light in a narrow spectral range. The population can be monodisperse preferably
exhibits less than a 15% rms (root-mean-square) deviation in diameter of such semiconductor

nanocrystals, more preferably less than 10%, most preferably less than 5%.

Semiconductor nanocrystals of the present invention can have spectral emissions in a
narrow range of no greater than about 75 nm, for example, no greater than about 70, no greater
than about 60 nm, preferably no greater than about 50 nm, more preferably no greater than about
40 nm, and most preferably no greater than about 30 nm full width at half maximum (FWHM) for
such semiconductor nanocrystals that emit in the visible region of the electromagnetic spectrum.
In certain embodiments, spectral emissions in a narrow range of no greater than about 25 nm (e.g.,
no greater than about 20 nm, or no greater than about 15 nm), can be preferred. IR-emitting
semiconductor nanocrystals can have a FWHM of no greater than 150 nm, or no greater than 100

nm, Expressed in terms of the energy of the emission, the emission can have a FWHM of no
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greater than 0.05 eV, or no greater than 0.03 eV. The breadth of the emission decreases as the

dispersity of the light-emitting semiconductor nanocrystal diameters decreases.

A semiconductor nanocrystal in accordance with the present invention can emit light in a
predetermined spectral region. As discussed above, tuning the emission to fall within a
predetermined spectral region can be achieved by selection of the size of the semiconductor
nanocrystal, the composition of the semiconductor nanocrystal, and/or the structure of the

semiconductor nanocrystal, which is within the skill or the person of ordinary skill in the art.

In certain embodiments of the present invention, semiconductor nanocrystals that emit
wavelengths characteristic of red light are desirable. In certain embodiments, semiconductor
nanocrystals capable of emitting red light emit light having a peak center wavelength in a range
from about 615 nm to about 635 nm, and any wavelength in between whether overlapping or not,
are preferred. For example, the semiconductor nanocrystals can be capable of emitting red light
having a peak center wavelength of about 630 nm, of about 625 nm, of about 620 nm, or about 615
nm. In certain embodiments, semiconductor nanocrystals capable of emitting red light emit light
having a peak center wavelength in a range from about 600 nm to about 615 nm, and any
wavelength in between whether overlapping or not, are preferred. For example, the semiconductor
nanocrystals can be capable of emitting red light having a peak center wavelength of about 615 nm,

of about 610 nm, of about 605 nm, or of about 600 nm.

In certain embodiments of the present invention, semiconductor nanocrystals that emit
wavelength characteristic of green light are desirable. In certain preferred embodiments,
semiconductor nanocrystals capable of emitting green light emit light having a peak center
wavelength in a range from about 520 nm to about 545 nm, and any wavelength in between
whether overlapping or not. For example, the semiconductor nanocrystals can be capable of
emitting green light having a peak center wavelength of about 520 nm, of about 525 nm, of about

535 nm, or of about 540 nm,

According to further aspects of the present invention, light-emitting semiconductor
nanocrystals exhibit a narrow emission profile less than or equal to about 60 nm at full width half
maximum (FWHM). In certain embodiments, the FWHM is less than about 60 nm, less than about
50 nm, less than about 40 nm, less than about 30 nm, or less than about 20 nm. In certain
embodiments, a FWHM in a range from about 15 nm to about 60 nm can be preferred. The narrow
emission profile of semiconductor nanocrystals of the present invention allows the tuning of the

semiconductor nanocrystals and mixtures of semiconductor nanocrystals to emit saturated colors
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thereby increasing color gamut and power efficiency beyond that of conventional LED lighting

displays.

A semiconductor nanocrystal described herein can be included in a population of
semiconductor nanocrystals, a formulation or other composition, and/or end-use applications that
includes other semiconductor nanocrystals. One or more of such other semiconductor nanocrystals
can also comprise semiconductor nanocrystals described herein. In such embodiments, one or
more of the semiconductor nanocrystals so included can be selected to have emission

characteristics that are distinct from those of any one or more of other nanocrystals.

For example, a populatiAon of semiconductor nanocrystals designed to emit a predominant
wavelength of, for example, in the green spectral region and having an emission profile with a
FWHM of about, for example, less than 40 nm can be included or used in combination with
semiconductor nanocrystals designed to emit a predominant wavelength in the red spectral region
and having an emission profile with a FWHM of about, for example 30-40 nm. Such combinations

can be stimulated by blue light to create trichromatic white light.

The semiconductor nanocrystals used in a formulation, optical material, or other
composition are selected based on the desired peak emission wavelength or combinations of
wavelengths desired for the particular intended end-use application for the formulation, optical

material, or other composition.

In accordance with another aspect of the present invention, there is provided a composition
comprising a plurality of semiconductor nanocrystals wherein the solid state photoluminescence
efficiency of the composition at a temperature of 90°C or above is at least 95% of the solid state

photoluminescence efficiency of the composition at 25°C,

In certain embodiments, the composition has a solid state photoluminescence efficiency at
the temperature of 90°C or above that is from 95 to 100% of the solid state photoluminescence

efficiency at 25°C.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

22




10

15

20

25

WO 2013/115898 PCT/US2012/066154

In certain embodiments, the composition has a solid state photoluminescence efficiency at
the temperature of 90°C or above that is from 95 to 100% of the solid state photoluminescence

efficiency at 25°C.

In accordance with another aspect of the present invention, there is provided a composition
comprising a host material and a plurality of semiconductor nanocrystals wherein the solid state

photoluminescence efficiency of the composition is at least 80% at a temperature of 90°C or above.

In certain embodiments, the temperature of 90°C or above is in a range, for example, but
not limited to, from 90°C to about 200°C, 90°C to about 180°C, 90°C to about 160°C, 90°C to
about 140°C, 90°C to about 120°C, or 90°C to about 100°C.

In certain embodiments, the temperature of 90°C or above is at a temperature, for example,

but not limited to, of 100 °C or above, of 120 °C or above, or of 140 °C or above.

In certain embodiments, the composition has a solid state photoluminescence external

quantum efficiency of at least 85% at a temperature of 90°C or above.

In certain embodiments, the composition has a solid state photoluminescence external

quantum efficiency of at least 90% at a temperature of 90°C or above.

In certain embodiments, the composition has a solid state photoluminescence external

quantum efficiency of at least 95% at a temperature of 90°C or above.

In certain embodiments, the composition has a solid state photoluminescence external

quantum efficiency that is from 95 to 100% at a temperature of 90°C or above.

In certain embodiments of the various aspects of the composition described herein, the

composition preferably includes a semiconductor nanocrystal described herein.

Examples of compositions include, but are not limited to, optical materials, color

converting materials, inks, paints, taggants, light-emitting materials, etc.

In certain embodiments of the various aspects of the composition described herein, the
composition further includes a host material. In certain of such embodiments, the semiconductor
nanocrystals are distributed within the host material. In certain of such embodiments, a uniform or
substantially uniform distribution of semiconductor nanocrystals within the host material is

preferred.
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A host material can be selected based upon the intended end-use application for the
composition. According to one aspect, a host material can comprise a flowable host material.
Flowable host materials can be useful for applications in which a composition is to be included, for
example, in an optical component such as light transmissive glass tubes or capillary tubes or other
glass containers, which are to be exposed to light. Such compositions can include various amounts
of one or more type of semiconductor nanocrystals and one or more host materials. Such
compositions can further include one or more scatterers. Other optional additives or ingredients
can also be included in a composition. In certain embodiments, a composition can further include
one or more initiators, e.g., without limitation, photo initiators. One of skill in the art will readily
recognize from the present invention that additional ingredients can be included depending upon

the particular intended application for the semiconductor nanocrystals.

An optical material, color converting material, light-emitting material, or other
composition within the scope of the disclosure may include a host material, which may be present
in an amount from about 50 weight percent and about 99.5 weight percent, and any weight percent
in between whether overlapping or not. In certain embodiment, a host material may be present in
an amount from about 80 to about 99.5 weight percent. Examples of specific useful host materials
include, but are not limited to, polymers, oligomers, monomers, resins, binders, glasses, metal
oxides, and other nonpolymeric materials. Preferred host materials include polymeric and non-
polymeric materials that are at least partially transparent, and preferably fully transparent, to
preselected wavelengths of light.  In certain embodiments, the preselected wavelengths can
include wavelengths of light in the visible (e.g., 400 - 700 nm) region of the electromagnetic
spectrum.  Preferred host materials include cross-linked polymers and solvent-cast polymers.
Examples of other preferred host materials include, but are not limited to, glass or a transparent
resin. In particular, a resin such as a non-curable resin, heat-curable resin, or photocurable resin is
suitably used from the viewpoint of processability. Specific examples of such a resin, in the form
of either an oligomer or a polymer, include, but are not limited to, a melamine resin, a phenol resin,
an alky1 resin, an epoxy resin, a polyurethane resin, a maleic resin, a polyamide resin, polymethyl
methacrylate,  polyacrylate, polycarbonate, polyvinyl alcohol,  polyvinylpyrrolidone,
hydroxyethylcellulose, carboxymethylcellulose, copolymers containing monomers or oligomers
forming these resins, and the like. Other suitable host materials can be identified by persons of

ordinary skill in the relevant art.

Host materials can also comprise silicone materials. Suitable host materials comprising

silicone materials can be identified by persons of ordinary skill in the relevant art.
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In certain embodiments and aspects of the inventions contemplated by this disclosure, a
host material comprises a photocurable resin. A photocurable resin may be a preferred host
material in certain embodiments, e.g., in embodiments in which the composition is to be patterned.
As a photo-curable resin, a photo-polymerizable resin such as an acrylic acid or methacrylic acid
based resin containing a reactive vinyl group; a photo-crosslinkable resin which generally contains
a photo-sensitizer, such as polyvinyl cinnamate, benzophenone, or the like may be used. A heat-
curable resin may be used when a photo-sensitizer is not used, or in combination. These resins may

be used individually or in combination of two or more.

In certain embodiments and aspects of the inventions contemplated by this disclosure, a
host material can comprise a solvent-cast resin. A polymer such as a polyurethane resin, a maleic
resin, a polyamide resin, polymethyl methacrylate, polyacrylate, polycarbonate, polyvinyl alcohol,
polyvinylpyrrolidone, hydroxyethylcellulose, carboxymethylcellulose, copolymers containing
monomers or oligomers forming these resins, and the like can be dissolved in solvents known to
those skilled in the art. Upon evaporation of the solvent, the resin forms a solid host material for

the semiconductor nanoparticles.

In certain embodiments, acrylate monomers and/or acrylate oligomers which are

commercially available from Radcure and Sartomer can be preferred.

Embodiments of the invention include compositions wherein the host material comprises a

material with moderate or high dielectric or insulating properties.

Embodiments of the invention include compositions wherein the host material comprises a

material with electrically insulating properties.

Embodiments of the invention include compositions in which semiconductor nanocrystals
can be further encapsulated. Nonlimiting examples of encapsulation materials, related methods,
and other information that may be useful are described in International Application No.
PCT/US2009/01372 of Linton, filed 4 March 2009 entitled “Particles Including Nanoparticles,
Uses Thereof, And Methods” and U.S. Patent Application No. 61/240932 of Nick et al., filed 9
September 2009 entitled “Particles Including Nanoparticles, Uses Thereof, And Methods”, each of

the foregoing being hereby incorporated herein by reference in its entirety.

The total amount of semiconductor nanocrystals included in an optical material, color
converting material, light emitting material, or other composition that includes a host material,

such as for example a polymer, within the scope of the invention can be in a range from about 0.01
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to about 50 weight percent, and any weight percent in between. In certain applications, an amount
in a range from about 0.05 weight percent to about 5 weight percent can be desirable. In certain
applications, an amount in a range from about 0.01 weight percent to about 10 weight percent can
be desirable. Higher loadings may be desirable to achieve thinner films with high OD, and hence
lower thermal resistance. The amount of semiconductor nanocrystals included in an optical
material or other composition can vary within such range depending upon the application and the
form in which the semiconductor nanocrystals are included (e.g., film, optics (e.g., capillary),

encapsulated film, etc.), which can be chosen based on the particular end application.

In certain embodiments of the various aspects of the composition described herein, the

composition further includes scatterers.

Scatterers, also referred to as scattering agents, within the scope of the disclosure may be
present, for example, in an amount of between about 0.01 weight percent and about 1 weight
percent.  Amounts of scatterers outside such range may also be useful. Examples of light
scatterers (also referred to herein as scatterers or light scattering particles) that can be used in the
embodiments and aspects of the inventions described herein, include, without limitation, metal or
metal oxide particles, air bubbles, and glass and polymeric beads (solid or hollow). Other light
scatterers can be readily identified by those of ordinary skill in the art. In certain embodiments,
scatterers have a spherical shape. Preferred examples of scattering particles include, but are not
limited to, TiO,, SiO,, BaTiOs, BaSO,, and ZnO. Particles of other materials that are non-reactive
with the host material and that can increase the absorption pathlength of the excitation light in the
host material can be used. In certain embodiments, light scatterers may have a high index of

refraction (e.g., TiO,, BaSQ,, etc) or a low index of refraction (gas bubbles).

Selection of the size and size distribution of the scatterers is readily determinable by those
of ordinary skill in the relevant art. The size and size distribution can be based upon the refractive
index mismatch of the scattering particle and the host material in which the light scatterers are to
be dispersed, and the preselected wavelength(s) to be scattered according to light scattering theory,
e.g., Rayleigh or Mie scattering theory. The surface of the scattering particle may further be
treated to improve dispersibility and stability in the host material. Such surface treatments can be
organic or inorganic, e.g. silica coating on a titania particle, such as available for purchase at
Evonik. In one embodiment, the scattering particle comprises TiO, (R902+ from DuPont) having a

0.405pm median particle size in a concentration in a range from about 0.01 to about 1% by weight.

The amount of scatterers in a formulation is useful in applications where the formulation

which may be in the form of an ink is contained in a clear vessel having edges to limit losses due
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the total internal reflection. The amount of the scatterers may be altered relative to the amount of
semiconductor nanocrystals used in the formulation. For example, when the amount of the scatter

is increased, the amount of semiconductor nanocrystals may be decreased.

Other optional additives or ingredients can also be included in a composition. In certain
embodiments, a composition can further include one or more photo initiators. In certain
embodiments, a composition can further include one or more cross-linking agents. In certain
embodiments, a composition can further include one or more thixotropes. One of skill in the art
will readily recognize from the present invention that additional additives or ingredients at suitable
amounts can be selected from known or commercially available additives and ingredients and
included within a formulation depending upon the particular intended application for the

semiconductor nanocrystals and composition.

The present invention includes compositions including one or more semiconductor
nanocrystals described herein and other products including one or more semiconductor
nanocrystals described herein. Examples of such compositions and/or products include, but are not
limited to, light emitting materials, color-converting materials, optical materials, inks, paints,
taggants, optical components, backlighting units, displays, electronic devices, opto-electronic
devices, light-emitting devices, color-converting materials, lamps, light bulbs, luminaires, etc. In
certain embodiments of such compositions, the one or more semiconductor nanocrystals can be a
constituent of a composition, that may include one or more other ingredients. In certain
embodiments of such other products, the one or more semiconductor nanocrystals can be included
in a composition included in the other product and/or included in a component part of the other

product.

Embodiments of the invention include a light emitting device including a light emitting

material comprising at least one semiconductor nanocrystal described herein.

Embodiments of the invention include a light emitting device comprising an inorganic
semiconductor light emitting diode wherein at least one semiconductor nanocrystal described
herein is arranged to receive and convert at least a portion of light emitted by the light-emitting
diode from a first emission wavelength to one or more predetermined wavelengths, One or more
of such light-emitting devices can be further included in a lighting fixture or system. In further
embodiments, a light emitting device can include a different type of light source in lieu of an

inorganic semiconductor light emitting diode.
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Embodiments of the invention also include a light-emitting device comprising a light-
emitting element and an optical material including at least one semiconductor nanocrystal
described herein arranged to receive and convert at least a portion of light emitted by the light
emitting element from a first emission wavelength to one or more predetermined wavelengths,

wherein the optical material comprises a composition taught herein.

In certain embodiments, the optical material can encapsulate at least the light emitting-
surface of the light-emitting element. In certain embodiments, the optical material can be spaced
from the light emitting-surface of the light-emitting element. In certain of such embodiments, the

optical material can be included in the light-emitting device in the form of an optical component.

Embodiments of the invention also include display including a backlight member including
a plurality of light-emitting diodes and an optical material arranged to receive and convert at least a
portion of light emitted by at least a portion of the light-emitting diodes from a first emission
wavelength to one or more predetermined wavelengths, wherein the optical material comprises a

composition taught herein.

In certain embodiments, the display comprises a liquid crystal display.

In accordance with another aspect of the present invention, there is provided a method for
preparing semiconductor nanocrystals comprising: introducing one or more first shell chalcogenide
precursors and one or more first shell metal precursors to a reaction mixture including
semiconductor nanocrystal cores, wherein the first shell chalcogenide precursors are added in an
amount greater than the first shell metal precursors by a factor of at least about 2 molar equivalents
and reacting the first shell precursors at a first reaction temperature of at least 300°C to form a first

shell on the semiconductor nanocrystal cores.

In certain preferred embodiments, the first shell chalcogenide precursors are added in an
amount greater than the first shell metal precursors by a factor from about 2 to about 8 molar

equivalents,

In certain embodiments, a first shell chalcogenide precursor comprises an alkanethiol
precursor. Examples of alkanethiol precursors include, but are not limited to, octanethiol,
dodecanethiol, hexadecanethiol, etc. In certain embodiments, dodecanethiol can be a preferred

sulfur precursor.

Examples of other chalcogenide precursors include, but are not limited to, trialkyl

phosphine selenides such as (tri-n-octylphosphine) selenide (TOPSe) or (tri-n-butylphosphine)
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selenide (TBPSe), dialkyl phosphine selenides such as di-iso-butylphosphine—selenide (DiBPSe),
bis(trimethylsilyl) selenide ((TMS),Se), octadecene-Se, trialkyl phosphine tellurides such as (tri-n-
octylphosphine) telluride (TOPTe); dialkyl phosphine tellurides such as di-iso-butylphosphine
telluride (DiBPTe), hexapropylphosphorustriamide telluride (HPPTTe), bis(trimethylsilyl)telluride
((TMS),Te), octadecene-Te.

In certain embodiments, a first shell metal precursor comprises a metal carboxylate.
A preferred example includes zinc oleate (Zn(Oleate),).
In certain preferred embodiments, the first reaction temperature is from 300°C to 360°C.

In certain of such embodiments, the first shell is applied at a temperature in excess of
300°C for a time of 2 minutes up to 30 minutes. Times may be varied outside of this range,

depending upon the particular precursors.

Semiconductor nanocrystal cores preferably comprise an inorganic semiconductor

material.

Examples of semiconductor materials that can be included in a semiconductor nanocrystal
core include, but are not limited to, a Group IV element, a Group II-VI compound, a Group 1I-V
compound, a Group HI-VI compound, a Group III-V compound, a Group IV-VI compound, a
Group I-II-VI compound, a Group II-IV-VI compound, a Group I[I-IV-V compound, an alloy
including any of the foregoing, and/or a mixture including any of the foregoing, including ternary
and quaternary mixtures or alloys. A non-limiting list of examples include ZnO, ZnS, ZnSe, ZnTe,
CdO, CdS, CdSe, CdTe, MgS, MgSe, GaAs, GaN, GaP, GaSe, GaSb, HgO, HgS, HgSe, HgTe,
InAs, InN, InP, InSb, AlAs, AIN, AIP, AlISb, TIN, TIP, TlAs, TISb, PbO, PbS, PbSe, PbTe, Ge, Si,
an alloy including any of the foregoing, and/or a mixture including any of the foregoing, including

ternary and quaternary mixtures or alloys.

In certain preferred embodiments, semiconductor nanocrystal cores comprise cadmium

selenide.

In certain embodiments, the first shell comprises a first semiconductor material and has a

thickness greater than or equal to the thickness of 1 monolayer of the first semiconductor material.

In certain embodiments, the first shell comprises a first semiconductor material and has a

thickness up to the thickness of about 10 monolayers of the first semiconductor material.
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In certain preferred embodiments, the semiconductor nanocrystal core is prepared in
accordance with the method described in U.S. Patent Application No. 61/562,465, filed 22
November 2011, of Liu, et al, for “Method Of Making Quantum Dots”, which is hereby

incorporated herein by reference in its entirety.

In certain of such preferred embodiments, the method further includes a first step for
preparing semiconductor cores, the first step comprising combining one or more highly reactive
first chalcogenide precursors, one or more highly reactive first metal precursors, and a seed
stabilizing agent at a reaction temperature to form a reaction mixture where the ratio of metal to
chalcogenide is in a range from 1 to 0.5 to 1 to 1, quenching the reaction mixture resulting in
semiconductor nanocrystal cores. In certain of such embodiments, a first highly reactive
chalcogenide precursor comprises secondary phosphine chalcogenide precursor and a first highly
reactive metal precursor comprises a metal carboxylate. In certain embodiments, cadmium oleate
(Cd(Oleate),) is preferred. In certain embodiments, the seed stabilizing agent comprises a
phosphonic acid. In certain embodiments, octadecylphosphonic acid is preferred. The reaction
temperature for forming the cores is preferably sufficient for forming the semiconductor
nanocrystal cores. For example, a preferred reaction temperature for preparing a semiconductor
nanocrystal core comprising CdSe is about 270°C. Preferably, when the reaction is quenched,
there are no unreacted first metal precursors or first phosphine chalcogenide precursor in the

reaction mixture including the cores.

Most preferably, the cores are stable with respect to maintaining its absorbance peak Half
Width at Half Maximum (HWHM), and peak position to within 5Snm of its starting wavelength
upon heating up to high temperature (250°C -320°C) for a period of up to 30 minutes.

The method can further comprise introducing one or more second shell chalcogenide
precursors and one or more second shell metal precursors to the reaction mixture including
semiconductor nanocrystal cores including the first shell at a second reaction temperature of at
least 300°C, wherein the second shell chalcogenide precursors are added in an amount of at least
0.7 molar equivalents of the second shell metal precursors, and reacting the second shell precursors

to form a second shell over the first shell on the semiconductor nanocrystal cores.

In certain preferred embodiments, the second shell chalcogenide precursors are added in an
amount of 0.7 to 10 molar equivalents of the second shell metal precursors. Amounts outside of

this range can be used, depending on the nature of the particular precursor used.
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In certain embodiments, a second shell chalcogenide precursor comprises an alkanethiol
precursor. Examples of alkanethiol precursors include, but are not limited to, octanethiol,
dodecanethiol, hexadecanethiol, etc. In certain embodiments, dodecanethiol can be a preferred

sulfur precursor.

Examples of other chalcogenide precursors include, but are not limited to, trialkyl
phosphine selenides such as (tri-n-octylphosphine) selenide (TOPSe) or (tri-n-butylphosphine)
selenide (TBPSe), dialkyl phosphine selenides such as di-iso-butylphosphine — selenide (DiBPSe),
bis(trimethylsilyl) selenide ((TMS),Se), octadecene-Se, trialkyl phosphine tellurides such as (tri-n-
octylphosphine) telluride (TOPTe); dialkyl phosphine tellurides such as di-iso-butylphosphine
telluride (DiBPTe), hexapropylphosphorustriamide telluride (HPPTTe), bis(trimethylsilyl)telluride
((TMS),Te), octadecene-Te.

In certain embodiments, a second shell metal precursor comprises a metal carboxylate.
Preferred examples include, but are not limited to, zinc oleate (Zn(Oleate),) and/or cadmium oleate

(Cd(Oleate),).

In certain preferred embodiments, the second reaction temperature is preferably at least
315°C. In certain embodiments, the second reaction temperature can be in a range from 315°C to

360°C. Temperature may be varied outside of this range, depending upon the particular precursors.

In certain more preferred embodiments, the second shell is formed by controlled addition
of second shell precursors over a period from 10 minutes up to 2 hours. Times may be varied

outside of this range, depending upon the particular precursors.

In certain embodiments, the second shell comprises a second semiconductor material and
has a thickness greater than or equal to the thickness of 3 monolayers of the second semiconductor

material.

In certain embodiments, the second shell has a thickness up to the thickness of about 20

monolayers of the second semiconductor material.

In certain embodiments, the first shell comprises zinc sulfide, and the second shell
comprises one or more metals wherein the one or metals comprises from 0 to less than 100%

cadmium,.
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In certain embodiments, the core comprises CdSe, the first shell comprises ZnS at a
thickness of about 3-4 monolayers of ZnS, and the second shell comprises Cd,.«Zn,S wherein 0 <x

<1 at a thickness of about 9-10 monolayers of Cd,..Zn,S.

In an example of a preferred embodiment of a semiconductor nanocrystal with peak
emission at a wavelength in a range from 600 nm to 635 nm, the first shall can comprise a
thickness of about 3.66 monolayers of the material constituting the first shell and the second shell

can have a thickness of about 9.5 monolayers of the material constituting the second shell.

In certain preferred embodiments of the methods described herein, the semiconductor

nanocrystal core and shells are undoped.

In accordance with another aspect of the present invention, there is provided a population

of semiconductor nanocrystals prepared in accordance with a method described herein.

In accordance with another aspect of the present invention, there is provided a population

of overcoated semiconductor nanocrystals prepared in accordance with a method described herein.

The present invention also includes compositions including one or more semiconductor
nanocrystals prepared by any of the methods described herein and other products including one or
more semiconductor nanocrystals described herein. Examples of such compositions and/or
products include, but are not limited to, light emitting materials, color-converting materials, inks,
paints, taggants, optical components, backlighting units, displays, electronic devices, opto-
electronic devices, light-emitting devices, color-converting materials, lamps, light bulbs,
luminaires, etc. In certain embodiments of such compositions, the one or more semiconductor
nanocrystals can be a constituent of a composition, that may include one or more other ingredients.
In certain embodiments of such other products, the one or more semiconductor nanocrystals can be
included in a composition included in the other product and/or included in a component part of the

other product.

Embodiments of the invention include a light emitting device including a light emitting
material comprising at least one semiconductor nanocrystal prepared by any of the methods

described herein.

Embodiments of the invention include a light emitting device comprising an inorganic
semiconductor light emitting diode wherein at least one semiconductor nanocrystal prepared by
any of the methods described herein is arranged to receive and convert at least a portion of light

emitted by the light-emitting diode from a first emission wavelength to one or more predetermined
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wavelengths. One or more of such light-emitting devices can be further included in a lighting
fixture or system. In further embodiments, a light emitting device can include a different type of

light source in lieu of an inorganic semiconductor light emitting diode.

Embodiments of the invention also include a light-emitting device comprising a light-
emitting element and an optical material including at least one semiconductor nanocrystal prepared
by any of the methods described herein arranged to receive and convert at least a portion of light
emitted by the light emitting element from a first emission wavelength to one or more

predetermined wavelengths, wherein the optical material comprises a composition taught herein.

In certain embodiments, the optical material can encapsulate at least the light emitting-
surface of the light-emitting element. In certain embodiments, the optical material can be spaced
from the light emitting-surface of the light-emitting element. In certain of such embodiments, the

optical material can be included in the light-emitting device in the form of an optical component.

Embodiments of the invention also include display including a backlight member including
a plurality of light-emitting diodes and an optical material arranged to receive and convert at least a
portion of light emitted by at least a portion of the light-emitting diodes from a first emission
wavelength to one or more predetermined wavelengths, wherein the optical material comprises a

composition taught herein.
In certain embodiments, the display comprises a liquid crystal display.

In accordance with another aspect of the present invention, there is provided a color-
converting material comprising a semiconductor nanocrystal prepared in accordance with a method

described herein.

In accordance with another aspect of the present invention, there is provided a lamp

comprising a semiconductor nanocrystal prepared in accordance with a method described herein.

In accordance with another aspect of the present invention, there is provided a light bulb

including a semiconductor nanocrystal prepared in accordance with a method described herein.

In accordance with another aspect of the present invention, there is provided a luminaire

including a semiconductor nanocrystal prepared in accordance with a method described herein.

The present invention will be further clarified by the following examples, which are

intended to be exemplary of the present invention.
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EXAMPLES
EXAMPLE 1

Following is an example of a preferred embodiment of a method in accordance with the

present invention:
EXAMPLE 1A
Semiconductor Nanocrystals Capable of Emitting Red Light

Synthesis of CdSe Cores: The following are added to a 1L glass reaction vessel: trioctylphosphine
oxide (17.10 g), l-octadecene (181.3 g), 1-octadecylphosphonic acid (2.09, 24.95 mmol), and
Cd(Oleate), (1 M solution in trioctylphosphine, 24.95 mL, 24.95 mmol). The vessel is subjected to
3 cycles of vacuum/nitrogen at 120°C, and the temperature is raised to 270°C under nitrogen. At
270°C, a solution of 1 M diisobutylphosphine selenide in N-dodecylpyrrolidone (DIBP-Se,19.46
mL, 19.46 mmol) is rapidly injected, within a period of less than 1 second, followed by injection of
1-octadecene (76.6 mL) to rapidly drop the temperature to about 240°C resulting in the production
of quantum dots with an initial absorbance peak between 420-450 nm. 5-20 seconds after the ODE
quench, a solution of Cd(Oleate), (0.5 M in a 50/50 v/v mixture of TOP and ODE) is continuously
introduced along with a solution of DIBP-Se (0.4 M in a 60/40 v/v mixture of N-
dodecylpyrrolidone and ODE) at a rate of 61.7 mL/hr. At 15 min, the infusion rate is increased to
123.4 mL/hr, At 25 min, the infusion rate is increased to 185.2 mL/hour. At 35 min, the infusion
rate is increased to 246.9 mL/hr. At 45 min, the infusion rate is increased to 329.2 mL/hr. A total of
136.8 mL of each precursor is delivered while the temperature of the reactor is maintained between
215-240°C. At the end of the infusion, the reaction vessel is cooled using room temperature airflow
over a period of 5-15 min. The final material is used as is without further purification (First
absorbance peak: 559 nm, Total volume: 587 mL, Reaction yield: 99%). The absorption spectrum

of the core is shown in Figure 5A.
Synthesis of CdSe/ZnS/CdZnS Core/Shell/Shell:

CdSe cores synthesized as described in the preceding paragraph, with a first absorbance peak of
559 nm (72.9 mL, 8§ mmol Cd), are mixed with Zn(Oleate), (44.0 mL, 0.5 M in TOP) and 1-
octadecene (84.1 mL). The solution is heated to 320°C, upon which a syringe containing I-
dodecanethiol (39.54 mL) is swiftly injected. After 2 min, when the temperature recovers to 310-
315°C, the overcoat precursors are delivered via a syringe pump over a period of 30 min. The two

overcoating precursor stocks include the following: 1) Zn(Oleate), (53.87 mL, 0.5 M in TOP)
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mixed with Cd(Oleate), (64.64 mL, 1.0 M in TOP), and 2) dodecanethiol (33.69 mL) mixed with
1-octadecene (67.86 mL) and TOP (16.96 mL). During the overcoating precursor infusion, the
temperature is kept between 320°C - 330°C. Any volatiles from the system are allowed to distill
over and leave the system in order for the temperature to reach 320-330C. After the infusion ends,
the sample is annealed for 5 min at 320-330°C and cooled to room temperature over a period of 5-
15 min. The final core/shell material is precipitated via the addition of butanol and methanol at a
2:1 ratio v/v. The pellet is isolated via centrifugation, and redispersed into toluene (10 mL) for
storage (Emission 598 nm, FWHM 24 nm, Film EQE at RT: 99%, Film EQE at 140°C: 90-94%).

The absorption and emission spectrum are shown in Figure 6A.
EXAMPLE 1B
Semiconductor Nanocrystals Capable of Emitting Green Light

Synthesis of CdSe Cores (448nm Target): The following are added to a 1L steel reaction vessel:
trioctylphosphine oxide (51.88 g), 1-octadecene (168.46 g), 1-octadecylphosphonic acid (33.09 g,
98.92 mmol), and Cd(Oleate), (1M solution in trioctylphosphine, 98.92 mL, 98.92 mmol). The
vessel is subjected to 3 cycles of vacuum/nitrogen at 120°C, and the temperature is raised to 270°C
under nitrogen. At 270°C, a solution of 1M diisobutylphosphine selenide in N-dodecylpyrrolidone
(DIBP-Se, 77.16 mL, 77.16 mmol) is rapidly injected, within a period of less than 1 second,
followed by injection of 1-octadecene (63.5 mL) to rapidly drop the temperature to about 240°C
resulting in the production of quantum dots with an initial absorbance peak between 420-430 nm.
5-20 seconds after the ODE injection, a solution of Cd(Oleate), (0.5 M in a 50/50 v/v mixture of
TOP and ODE) is continuously introduced along with a solution of DIBP-Se (0.4 M in a 60/40 v/v
mixture of N-dodecylpyrrolidone and ODE) at a rate of 29.0 mL/min. A total of 74.25 mL of each
precursor is delivered while the temperature of the reactor is maintained between 205-240°C. At
the end of the infusion, the reaction vessel is cooled rapidly by immersing the reactor in a squalane
bath chilled with liquid nitrogen to rapidly bring the temperature down to <150°C (within 2
minutes). The final material is used as is without further purification (First absorbance peak: 448
nm, Total volume: 702 mL, Reaction yield: 99%). The absorption spectrum of the core is shown in

Figure 5B.
Synthesis of CdSe/ZnS/CdZnS Core/Shell/Shell

CdSe cores synthesized as described in the preceding paragraph, with a first absorbance peak of
448 nm (47.61mL,7.74 mmol Cd), are mixed with dodecanethiol (30.67 mL) in a syringe. A
reaction flask containing Zn(Oleate), (128.0 mL, 0.5 M in TOP) is heated to 300°C, upon which
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the syringe containing cores and 1-dodecanethiol is swiftly injected. When the temperature
recovers to 310°C (between 2-8 min), the overcoat precursors are delivered via a syringe pump
over a period of 32 min. The two overcoating precursor stocks include the following: 1)
Zn(Oleate), (155.59 mL, 0.5M in TOP) mixed with Cd(Oleate), (51.86 mL, 1.0 M in TOP), and 2)
dodecanethiol (21.74 mL) mixed l-octadecene (19.75 mL). During the overcoating precursor
infusion, the temperature is kept between 320-330°C. Any volatiles from the system are allowed to
distill over and leave the system in order for the temperature to reach 320-330°C. After the infusion
ends, the sample is annealed for 3 min at 320-330°C and cooled to room temperature over a period
of 5-15 min, The final core/shell material is precipitated via the addition of butanol and methanol at
a 2:1 ratio v/v. The pellet is isolated via centrifugation, and redispersed into toluene for storage
(Emission 517 nm, FWHM 40 nm, Film EQE at RT: 99%, Film EQE at 140°C: 85-90%).

Absorption and emission spectrum is shown in Figure 6B.
EXAMPLE 2
Control Sample (Red)

Preparation of Semiconductor Nanocrystals Capable of Emitting Red Light with 3,5-di-tert-butyl-
4-hydroxybenzylphosphonic acid

Synthesis of CdSe Cores. 45.94 mmol cadmium acetate is dissolved in 669.55 mmol of tri-
n-octylphosphine at 100°C in a 250 mL 3-neck round-bottom flask and then dried and degassed for
one hour, 814,69 mmol of trioctylphosphine oxide and 104.85 mmol of octadecylphosphonic acid
are added to a 0.5 L stainless steel reactor and dried and degassed at 140°C for one hour.  After
degassing, the Cd solution is added to the reactor containing the oxide/acid and the mixture is
heated to 270°C under nitrogen. Once the temperature reaches 270°C, 425 mmol of aerated tri-n-
butylphosphine (see preparation below) is injected into the flask. The temperature of the mixture
is then raised to 305°C where 105 mL of 1.5 M aerated TBP-Se (see preparation below) is then
rapidly injected. The reaction is allowed to proceed for 8 minutes and 45 seconds (aliquots taken
at 1 minute intervals to observe the growth and corresponding absorption wavelength shift) at
which point the reactor is then immediately submerged in partially frozen (via liquid nitrogen)
squalane bath rapidly reducing the temperature of the reaction to below 100°C. The first
absorption peak of the nanocrystals is 557 nm. The CdSe cores are precipitated out of the growth
solution inside a nitrogen atmosphere glovebox by adding a 3:1 mixture of methanol and
isopropanol. The isolated cores are then dissolved in hexane and used to make core-shell

materials.
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Preparation of aerated TBP-Se.: 9.5 mol of TBP (Strem Lot A4329040) is loaded into a 3
L 3-neck round-bottom flask. A tank of dry compressed air is used to bubble dry air into the TBP

at a rate of 4 L per minute (min). The temperature of the TBP is monitored during the aeration

process.
Elapsed Time (min) Temperature (°C)

0 22.8

14 30.7

58 43.1

80 471

108 54.9

188 79.5

This aerated TBP is then combined with pure TBP (Strem 99%) in a ratio of 1:3 and then
used as aerated TBP. The TBP-Se is made by mixing 105 mL of aerated TBP with 13.03 g of Se

shot generating 1.5 M TBP-Se for use in the core preparation above.

Synthesis of Red Emitting CdSe/CdZnS Core-Shell Nanocrystals: 517.3 mmol of
trioctylphosphine oxide and 48.3 mmol of 3,5-di-fert-butyl-4-hydroxybenzylphosphonic acid are
loaded into a 0.5 L glass reactor. The mixture is then dried and degassed in the reactor by heating
to 120°C for about an hour. The reactor is then cooled to 70 °C and the hexane solution containing
isolated CdSe cores (3.96 mmol Cd content) is added to the reaction mixture. The hexane is
removed under reduced pressure, Dimethyl cadmium, diethyl zinc, and hexamethyldisilathiane are
used as the Cd, Zn, and S precursors, respectively. The Cd and Zn are mixed in equimolar ratios
while the S is in two-fold excess relative to the Cd and Zn. The Cd/Zn (23.1 mmol and 23.1 mmol
respectively) and S (23.1 mmol) samples are each dissolved in 40 mL of trioctylphosphine inside a
nitrogen atmosphere glove box. Once the precursor solutions are prepared, the reaction flask is
heated to 155°C under nitrogen. The precursor solutions are added dropwise to the reactor at
155°C at a rate of 20 mL per hour using a syringe pump. After the reaction proceeds for 1 hour,
the precursor injection is stopped. and the reaction temperature is allowed to return to room
temperature. The nanocrystals are precipitated out of the growth solution by transferring to a 3:1
mixture of methanol and isopropanol and then isolating in a nitrogen atmosphere glovebox. The
isolated core-shell nanocrystals are then dissolved in toluene. The specifications are as follows:

Emission = 612 nm; FWHM = 32 nm; QY = 81% in toluene.
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EXAMPLE 3
Control Sample (Green)
Preparation of Semiconductor Nanocrystals Capable of Emitting Green Light

Synthesis of ZnSe Cores: 7.0 mmol diethyl zinc is dissolved in 50 mL of tri-n-octylphosphine and
mixed with 10 mL of 1 M TBP-Se. 0.374 mol of Oleylamine is loaded into a 250 mL 3-neck flask,
dried and degassed at 90°C for one hour. After degassing, the flask is heated to 310°C under
nitrogen. Once the temperature reaches 310°C, the Zn solution is injected and the reaction mixture
is heated at 270°C for 15-30 minutes while aliquots of the solution are removed periodically in
order to monitor the growth of the nanocrystals. Once the first absorption peak of the nanocrystals
reaches 350 nm, the reaction is stopped by dropping the flask temperature to 160°C and the ZnSe

core materials are used without further purification for preparation of CdZnSe cores.

Synthesis of CdZnSe Cores: 22.4 mmol dimethylcadmium is dissolved in 80 mL of tri-n-
octylphosphine and mixed with 24 mL of 1 M TBP-Se. In a 1 L glass reactor, 0.776 mol of
trioctylphosphine oxide and 42 mmol of octadecylphosphonic acid are loaded, dried and degassed
at 120°C for one hour. After degassing, the oxide/acid is heated to 160°C under nitrogen and the
entire ZnSe core reaction mixture (see above) is cannula transferred at 160°C into the 1 L reactor,
immediately followed by the addition of Cd/Se solution over the course of 20 minutes via syringe
pump. The reaction mixture is then heated at 150°C for 16-20 hours while aliquots of the solution
are removed periodically in order to monitor the growth of the nanocrystals. The reaction is
stopped by cooling the mixture to room temperature once the emission peak of the CdZnSe cores
reaches 480 nm. The CdZnSe cores are precipitated out of the growth solution inside a nitrogen
atmosphere glove box by adding a 2:1 mixture of methanol and »-butanol. The isolated cores are

then dissolved in hexane and used to make core-shell materials.

Synthesis of CdZnSe/CdZnS Core-Shell Nanocrystals: 0.72 mol of trioctylphosphine oxide
and 70 mmol of 3,5-di-tert-butyl-4-hydroxybenzylphosphonic acid are loaded into a 1 L glass
reactor. The mixture is then dried and degassed in the reactor by heating to 120°C for about an
hour. The reactor is then cooled to 75°C and the hexane solution containing isolated CdZnSe cores
(2.74 mmol Cd content) is added to the reaction mixture. The hexane is removed under reduced
pressure. Dimethyl cadmium, diethyl zinc, and hexamethyldisilathiane are used as the Cd, Zn, and
S precursors, respectively. The Cd and Zn are mixed in a 3:10 ratio while the S is equimolar
relative to Cd and Zn combined. The Cd/Zn (7.2/16.9 mmol of dimethylcadmium and diethylzinc)

and S (24.2 mmol of hexamethyldisilathiane) samples are each dissolved in 40 mL of
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trioctylphosphine inside a nitrogen atmosphere glove box. Once the precursor solutions are
prepared, the reactor is heated to 150 °C under nitrogen. The precursor solutions are added
dropwise over the course of 2 hours at 150 °C using a syringe pump. After the shell growth, the
nanocrystals are transferred to a nitrogen atmosphere glovebox and precipitated out of the growth
solution by adding a 3:1 mixture of methanol and isopropanol. The isolated core-shell nanocrystals
are then dissolved in hexane. The specifications are as follows: Emission = 523 nm; FWHM = 37

nm; QY = 73% in toluene.

EXAMPLE 4
Preparation of Ink Composition & Films

The following describes preparation of an ink formulation including semiconductor

nanocrystals and preparation of a film from such ink formulation.
EXAMPLE 4A
Preparation of Ink Formulation

10 mg of semiconductor nanocrystals (inorganic mass as determined via thermal
gravimetric analysis (TGA)) in toluene is added to 1 mL of Ebecyl 150 and degassed under
reduced pressure to remove the toluene and 6xygen. Once the toluene is removed, three purge and
N, back-fill cycles are completed and then 10 mg of TiO, is added to the formulation and the
mixture is degassed under reduced pressure while stirring in order to disperse the TiO,. Once these
steps are completed, 1 drop (~12 mg) of Irgacure 2022 is added to the formulation and the mixture

is stirred under air for a few minutes. The formulation is then ready for film preparation.
EXAMPLE 4B
Preparation of Film

A film prepared from an ink formulation prepared as generally described in Example 4A is
prepared as follows. ~5-10 pl, of the formulation is dropped onto a 15 mm diameter borosilicate
glass disc (~230 +/- 20 um in thickness). A second 15 mm disk is set on top of the drop of
formulation sandwiching the ink between the glass slides. Care is taken to minimize the amount of
ink at the edges that is not completely sandwiched by the glass slides. The sandwich is then
brought into a N, purge box and inserted into a UV curing station (Dymax 5000-EC Series UV
Curing Flood Lamp System) and cured with the following curing conditions: Dymax Metal Halide
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“D” Bulb; Part # 38560; 80-100 milliWatts (mW) /square centimeter (cm?) excitation power with a
cure time of 10 seconds. Once the film is cured, the films are then irradiated with 25 mW/cm® of
450 nm LED light while on a hot plate set at 50 °C for 12-18 hrs. (Alternatively, the samples can
be irradiated with approximately 100 mW/em® of 450 nm LED light while on a hot plate set at 80
°C for 1 hour). After this process, the EQE of the film is measured in a QEMS (Labsphere product)
integrating sphere system. The films are then ready for temperature dependent efficiency

measurements.

Solid state photoluminescence external quantum efficiency (also referred to herein as “EQE”
or “solid state photoluminescence efficiency) can be measured in an integrating sphere using a
NIST traceable calibrated light source, using a method such as that developed by Mello et al.,
Advanced Materials 9(3):230 (1997), which is hereby incorporated by reference. Such
measurements can also be made with a QEMS from LabSphere (which utilizes a 4 in sphere; e.g.

QEMS-2000: World Wide Website laser2000.nl/upload/documenten/fop 21-en2.pdf).

EXAMPLE 4C
PL vs. Temperature Measurement Protocol

With the room temperature (25 °C) EQE measured in an integrating sphere (Example 4B),
the sample is then measured on a hotplate at room temperature. The measurement involves
optically exciting the sample at a wavelength shorter than the band edge absorption of the QDs (i.e.
1* excitonic absorption feature) and collecting both a portion of the PL emission from the sample
as well as a portion of the excitation light after it interacts with the sample (this light is
proportional to the absorption of the sample). The sample temperature is then raised via the
hotplate and equilibrated at an elevated temperature for ~1 min (the temperature should not rise
slower than 10°C/min) and the sample is then measured again. This process is repeated for
multiple temperatures between 25 °C and about 140°C or above. Measurements can be at
preselected temperature intervals, e.g., at every 5, 10, or 20 degree intervals. Other intervals can be
selected. The samples are heated and the measurements taken in the absence of oxygen. For each
data point, the sample is held at a given temperature for about < ~1-2 minutes when PL is
measured. The EQE measurements were made using a 440 nm laser light source. Other
adequate light sources include 405 nm laser or blue (405 and 440-450 nm) LED light sources.
Monochromatic light from a white light monochromator can also be used. The light source should
excite the sample with a flux/power density no greater than 100 mW/cm® Preferably, the
excitation power density used to measure the sample is lower than that used to expose the sample

prior to room temperature EQE measurement (as described in preparation of the film, Example
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4B). The optical path of the system (both excitation light and emitted semiconductor nanocrystal

light) is not altered during data collection.
EXAMPLE 5

The EQE data presented in Table 1 and related figures are calculated based on the
integrated PL change with temperature and correlated back to the room temperature (RT) EQE for
the film. The integrated PL at RT is set equal to the RT measured EQE and therefore any change
in PL is then an equivalent % change in EQE with adjustment for any absorption change at

elevated temperatures.

The measurements used to calculate the values in Table 1 and the related figures are based -
on sample films prepared with the semiconductor nanocrystals of the invention (the film being
prepared as generally described in Example 4 with nanocrystals prepared generally in accordance
with the procedure described in Examples 1A (red) and 1B (green)) and control films (a red control
film and a green control film prepared as generally described in Example 4 with semiconductor
nanocrystals prepared generally in accordance with the procedure described in Example 2 (red) and

Example 3 (green).

Table 1
EQE (%) at Temperature
Sample Temperature
25°C 90 °C 140 °C
Control (Red) 81 75
Control
(Green) 81 68
Improved
95 95 91
(Red)
Improved
99 97 88
(Green)

Figures 1A and 1B graphically depicts the calculated EQE values from Table 1 as a
function of temperature.
As graphically shown in Figures 1A and 1B, the calculated EQE values for the

semiconductor nanocrystal of the present invention, as preferably prepared in accordance with a
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method of the present invention are at least 10% higher at room temperature (e.g., 20°C - 25°C)
than the control (semiconductor nanocrystals of Examples 2 and 3), with the difference being
greater with increasing temperature. While not wishing to be bound by theory, this illustrates a
reduction in the quenching of semiconductor nanocrystal emission as a function of temperature
(also referred to as “thermal quenching”.)

This result is further illustrated for the same samples in Figures 2A and 2B as a normalized
integrated plot of PL versus temperature for semiconductor nanocrystals in accordance with the
present invention, as preferably prepared in accordance with a method of the present invention,
compared to the control semiconductor nanocrystals of Examples 2 and 3. Figures 2A and 2B
show a % drop in PL vs. temperature for the comparative nanocrystals that is significantly greater
than the drop observed for the nanocrystals of the present invention.

For assessing the EQE vs. temperature response of a semiconductor nanocrystal sample, a
relative EQE measurement can be performed whereby the ) p;, values can be correlated back to the
room temperature or starting EQE (EQE can be measured using DeMello’s method in an
integrating sphere). In other words, the ) p, at room temp is set equal to the room temp EQE, and
then the % drop in Y p, at elevated temperatures, equates to an equivalent % drop from the room
temperature EQE value. (Qpp at RT is also referred to herein as I, and ) p;, at temperature T is

also referred to herein as I(T).)

EXAMPLE 6

Figures 3A and 3B graphically show a plot prepared from PL data measured and collected
for film samples described in Example 5. The data is plotted for In[(3 p.(T=Room Temp)/ > p.(T))
— 1] vs. 1/kgT where kg is Boltzmann’s constant (in eV) to assess the multi-LO phonon activation
energy. Table 2, below, lists the activation energy values (in eV) as determined from the gréphs in

Figures 3A and 3B.
Table 2

Table of Activation Energies:

ACTIVATION ENERGY (EV)
RED GREEN
CONTROL 0.38 0.38
IMPROVED 1.69 0.57
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EXAMPLE 7

Figures 4A and 4B provide the absorption spectra measured on samples of semiconductor
nanocrystals of Examples 1A and 1B (identified in Table 3 as “Improved”) and of Examples 2 and
3 (indentified in Table 3 as “Control”). The samples on which the measurements were taken were
prepared by diluting 5 microliters of the particular semiconductor nanocrystal solution in 2.5 ml of
solvent (hexane or toluene) such that the OD at 325 nm is less than 1. The spectrum of a sample is
measured on the sample in a 1 cm quartz cuvette by an Agilent Cary 5000 UV-Vis-NIR absorbance
spectrophotometer and normalized to the first excitonic peak. Table 3 below lists the Ratio of the

absorption at 325 nm to the absorption at 450 nm for the four samples.
Table 3

Table of Abs Ratios* (325/450 nm):

ABS RATIO (325 :450 NM)

RED "GREEN
CONTROL 45 54
IMPROVED | 7.8 17.4

* Abs Ratio can be the ratio of OD or absorbance

EXAMPLE 8
Control Sample (Red)

Preparation of Semiconductor Nanocrystals Capable of Emitting Red Light Using 2 Step
Nucleation and Growth Core Method and High Temperature No Amine Overcoat

Synthesis of CdSe Seed Cores: 45.94 mmol cadmium acetate is dissolved in 669.55 mmol
of tri-n-octylphosphine at 100°C in a 250 mL 3-neck round-bottom flask and then dried and
degassed for one hour. 814.69 mmol of trioctylphosphine oxide and 104.85 mmol of
octadecylphosphonic acid are added to a 0.5 L stainless steel reactor and dried and degassed at

140°C for one hour.  After degassing, the Cd solution is added to the reactor containing the

“oxide/acid and the mixture is heated to 310°C under nitrogen. Once the temperature reaches

310°C, the heating mantle is removed from the reactor and 139.9 mmol of diisobutylphosphine

selenide (DIBP-Se) dissolved in 105 mL of 1-Dodecyl-2-pyrrolidinone (NDP) (1.5 M DIBP-Se) is
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then rapidly injected. The reactor is then immediately submerged in partially frozen (via liquid
nitrogen) squalane bath rapidly reducing the temperature of the reaction to below 100°C. The first
absorption peak of the nanocrystals is 476 nm. The CdSe cores are precipitated out of the growth
solution inside a nitrogen atmosphere glovebox by adding a 3:1 mixture of methanol and
isopropanol. The isolated cores are then dissolved in hexane and used in a growth process to make

red CdSe cores.

Growth of CdSe cores: A 1 L glass reactor is charged with 320 mL of 1-octadecene (ODE)
and degassed at 120°C for 15 minutes under vacuum. The reactor is then backfilled with N, and
the temperature set to 60°C. 82 mL of the CdSe seed core above is injected into the reactor and the
hexanes are removed under reduced pressure until the vacuum gauge reading is < 500 mTorr. The
temperature of the reaction mixture is then set to 240°C. Meanwhile, two 50 mL syringes are
loaded with 85 mL of cadmium oleate in TOP (0.5 M conc.) solution and another two syringes are
loaded with 85 mL of di-iso-butylphosphine selenide (DiBP-Se) in TOP (0.5 M conc.). Once the
reaction mixture reaches 240°C, the Cadmium oleate and DiBP-Se solutions are infused into the
reactor at a rate of 40 mL/hr. The 1% excitonic absorption feature of the CdSe cores is monitored
during infusion and the reaction is stopped at 48 minutes when the absorption feature is 566 nm.

The resulting CdSe cores are then ready for use as is in this growth solution for overcoating.

Synthesis of CdSe/ZnS/CdZnS Core-Shell Nanocrystals: 177 mL of the CdSe cores
prepared as described in the preceding paragraph with a first absorbance peak at 566nm are mixed
in a | L reaction vessel with 1-octadecene (137 mL), and Zn(Oleate), (0.5 M in TOP, 54 mL). The
reaction vessel is heated to 120 °C and vacuum is applied for 15 min. The reaction vessel is then
back-filled with nitrogen and heated to 310 °C. The temperature is ramped, between 1 °C/5 seconds
and 1°C/15 seconds. Once the vessel reaches 300 °C, octanethiol (23 mL) is swiftly injected and a
timer started. Once the timer reaches 2 minutes., one syringe containing zinc oleate (0.5 M in TOP,
104 mL) and cadmium oleate (1 M in TOP, 85 mL), and another syringe containing octanethiol (88
mL) are swiftly injected. Once the timer reaches 30 minutes, the heating mantle is dropped and the
reaction cooled by subjecting the vessel to a cool air flow. The final material is precipitated via the
addition of butanol and methanol (4:1 ratio), centrifuged at 3000 RCF for 5 min, and the pellet
redispersed into hexanes. The sample is then precipitated once more via the addition of butanol and
methanol (3:1 ratio), centrifuged, and dispersed into toluene for storage (26.9 g of core/shell
material, 618 nm emission, 28 nm FWHM, 93% quantum yield (QY), and 95% EQE in film).
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EXAMPLE 9

The EQE data presented in Table 4 and the related figure are calculated based on the
integrated PL, change with temperature and correlated back to the RT EQE. The integrated PL at
RT is set equal to the RT measured EQE and therefore any change in PL is then an equivalent %

change in EQE with adjustment for any absorption change at elevated temperatures.

The measurements used to calculate the values in Table 4 and the related figure are based
on a sample film prepared with the semiconductor nanocrystals of the invention (the film being
prepared as generally described in Example 4 with nanocrystals prepared generally in accordance
with the procedure described in Examples 1A (red)) and a control film (the film being prepared as
generally described in Example 4 with nanocrystals prepared generally in accordance with the

procedure described in Example 8 (red)).

15

20

Table 4
EQE (%) v. Temperature
(Figure 7)
Sample Temperature (T)
20°C 40 °C 60 °C 80 °C 100 °C 120°C | 140°C
Control (Red) 89 88 87 84 79 70 60
Improved 95 95 95 95 94 94 91

Figure 7 graphically depicts the calculated EQE values from Table 4 as a function of
temperature. |

As can be seen in Figure 7, the calculated EQE values for the semiconductor nanocrystal
of the present invention, as preferably prepared in accordance with a method of the present
invention are at least 10% higher at room temperature (e.g., 20°C-25°C) than the control
(semiconductor nanocrystals of Example 8), with the difference being greater with increasing
temperature. This also illustrates a reduction in the quenching of semiconductor nanocrystal

emission as a function of temperature.
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Table 5 below compares the Ratio of the absorption at 325 nm to the absorption at 450 nm
for the Improved samples of Example 7 with that for a control sample of semiconductor

nanocrystals of Example 8.
Table 5

5 Table of Abs Ratios (325/450 nm):

ABS RATIO (325 :450 NM)

RED GREEN
CONTROL 4.25 (NONE)
IMPROVED 7.8 17.4

As seen from the data presented in Table 6, Improved samples also show a notable
increase in absorption (under excitation of 450 nm) at a temperature of 140°C relative to the RT
film absorption whereas the change in absorption of the Control sample is notably less. (A

10 comparable change would be expected for the samples under excitation at <450 nm.)

Table 6
Absorption change at Temperature (%)
Sample Temperature
25°C 140 °C Delta
Control (Red) 86.85 87.17 0.32
Improved
65.92 68.28 2.36
(Red)
Improved
79.81 83.19 3.38
(Green)

In the attached Figures, information relating to a control sample is labeled “Standard” and
information relating to a sample of an example of an embodiment of the present invention is
15  labeled “Improved”.
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EXAMPLE 10
Semiconductor Nanocrystals Capable of Emitting Green Light
EXAMPLE 10A

Synthesis of CdSe Cores (448nm Target): The following are added to a 1L steel reaction vessel:
trioctylphosphine oxide (51.88 g), 1-octadecene (168.46 g), 1-octadecylphosphonic acid (33.09 g,
98.92 mmol), and Cd(Oleate), (1M solution in trioctylphosphine, 98.92 mL, 98.92 mmol). The
vessel is subjected to 3 cycles of vacuum/nitrogen at 120°C, and the temperature is raised to 270°C
under nitrogen. At 270°C, a solution of 1M diisobutylphosphine selenide in N-dodecylpyrrolidone
(DIBP-Se, 77.16mL, 77.16 mmol) is rapidly injected, within a period of less than 1 second,
followed by injection of 1-octadecene (63.5 mL) to rapidly drop the temperature to about 240°C
resulting in the production of quantum dots with an initial absorbance peak between 420-430 nm.
5-20 seconds after the ODE injection, a solution of Cd(Oleate), (0.5M in a 50/50 v/v mixture of
TOP and ODE) is continuously introduced along with a solution of DIBP-Se (0.4M in a 60/40 v/v
mixture of N-dodecylpyrrolidone and ODE) at a rate of 29.0 mL/min. A total of 74.25 mL of each
precursor is delivered while the temperature of the reactor is maintained between 205-240°C. At
the end of the infusion, the reaction vessel is cooled rapidly by immersing the reactor in a squalane
bath chilled with liquid nitrogen to rapidly bring the temperature down to <150°C (within 2
minutes). The final material is used as is without further purification (First absorbance peak: 448
nm, Total volume: 702 mL, Reaction yield: 99%). The absorption spectrum of the core is shown in

Figure 8A.
EXAMPLE 10B
Synthesis of CdSe/ZnS/CdZnS Core/Shell/Shell:

CdSe cores synthesized as described in the preceding paragraph, with a first absorbance peak of
448 nm (27.70 mL, 4.78 mmol Cd), are mixed with dodecanethiol (23.76 mL, 99.20 mmol) in a
syringe. A reaction flask containing Zn(Oleate), (99.20 mL, 0.5M in TOP) is heated to 300°C,
upon which the syringe containing cores and 1-dodecanethiol is swiftly injected. When the
temperature recovers to 310°C (between 2-8 min), the overcoat precursors are delivered via a
syringe pump over a period of 32 min. The two overcoating precursor stocks include the following:
1) Zn(Oleate), (141.25 mL, 0.5M in TOP, 70.63 mmol) mixed with Cd(Oleate), (79.64 mL, 1.0M
in TOP, 79.64 mmol), and 2) dodecanethiol (39.59 ml, 165.29 mmol) mixed I-octadecene
(3.67mL) and n-trioctylphosphine (0.92mL). During the overcoating precursor infusion, the
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temperature is kept between 320-330°C. Any volatiles from the system are allowed to distill over
and leave the system in order for the temperature to reach 320-330°C. After the infusion ends, the
sample is annealed for 3 minutes at 320-330°C and cooled to room temperature over a period of 5-
15 minutes. The final core/shell material is precipitated via the addition of butanol and methanol at
a 2:1 ratio v/v. The pellet is isolated via centrifugation, and redispersed into toluene for storage
(Emission 531 nm, FWHM 41 nm, Film EQE at RT: 99%, Film EQE at 140°C: >90%).

Absorption and emission spectra of the resulting overcoated nanocrystals are shown in Figure 8B.
EXAMPLE 11
Semiconductor Nanocrystals Capable of Emitting Red Light
EXAMPLE 11A

Synthesis of CdSe Cores: The following are added to a 1L glass reaction vessel: trioctylphosphine
oxide (15.42 g), 1-octadecene (ODE, 225.84 g), 1-octadecylphosphonic acid (1.88 g, 5.63 mmol).
The vessel is subjected to 3 cycles of vacuum/nitrogen at 120°C, and the temperature is raised to
270°C under nitrogen. At 270°C, solutions of 0.25M diisobutylphosphine selenide in N-
dodecylpyrrolidone (DIBP-Se, 17.55 mL, 4.3 8mmol) and 0.25M Cd(Oleate), in
trioctylphosphine/ODE (22.50 mL, 5.62 mmol) are rapidly injected, within a period of less than 1
second, followed by injection of ODE (76.0 mL) to rapidly drop the temperature to about 240°C,
resulting in the production of quantum dots with an initial absorbance peak between 420-450 nm.
5-20 seconds after the ODE quench, a solution of Cd(Oleate), (0.5M in a 50/50 v/v mixture of TOP
and ODE) is continuously introduced along with a solution of DIBP-Se (0.4M in a 60/40 v/v
mixture of N-dodecylpyrrolidone and ODE) at a rate of 55.7 mL/hr. At 15 min, the infusion rate is
increased to 111.4 mL/hr. At 25 min, the infusion rate is increased to 167.1 mL/hour. At 35 min,
the infusion rate is increased to 222.8 mL/hr. At 45 min, the infusion rate is increased to 297.0
mL/hr. At 55 min, the infusion rate is increased to 396.0 mL/hr. A total of 149.7 mL of each
precursor is delivered while the temperature of the reactor is maintained between 215-240°C. At
the end of the infusion, the reaction vessel is cooled using room temperature airflow over a period
of 5-15 min. The final material is used as is without further purification (First absorbance peak:
576 nm, total volume: 736.5 mL, Reaction yield: 99%). The absorption spectrum of the core is

shown in Figure 9A.

48




10

15

20

25

30

WO 2013/115898 PCT/US2012/066154

EXAMPLE 11B
Synthesis of CdSe/ZnS/CdZnS Core/Shell/Shell:

CdSe cores synthesized as described in the preceding paragraph, with a first absorbance peak of
576 nm (90.10 mL, 8.70 mmol Cd), are mixed with Zn(Oleate), (47.62 mL, 0.5M in TOP, 23.81
mmol). The solution is heated to 320°C, upon which a syringe containing 1-dodecanethiol (8.55
mL, 35.7 mmol) is swiftly injected. After 10 min of annealing between 305-325°C, the overcoat
precursors are delivered via a syringe pump over a period of 30 min. The two overcoating
precursor stocks include the following: 1) Zn(Oleate), (89.73 mL, 0.5M in TOP, 44.87 mmol)
mixed with Cd(Oleate), (104.68 mL, 1.0M in TOP, 104.68 mmol), and 2) dodecanethiol (70.59
mL, 294.70 mmol) mixed with l-octadecene (21.29 mL) and TOP (5.32 mL). During the
overcoating precursor infusion, the temperature is kept between 320-330°C. Any volatiles from the
system are allowed to distill over and leave the system in order for the temperature to reach 320-
330°C. After the infusion ends, the sample is annealed for 5 min at 320-330°C and cooled to room
temperature over a period of 5-15 min. The final core/shell material is precipitated via the addition
of butanol and methanol at a 2:1 ratio v/v. The pellet is isolated via centrifugation, and redispersed
into toluene (200mL) for storage (Emission 617 nm, FWHM 30 nm, Film EQE at RT: 92%, Film
EQE at 140°C: 75-80%). Absorption and emission spectra of the resulting overcoated nanocrystals

are shown in Figure 9B.

The EQE values presented in the above Examples and related figures for temperatures
other than room temperature are relative values that are calculated based on the integrated PL
change with temperature and correlated back to the RT EQE. The integrated PL at RT is set equal
to the RT measured EQE and therefore any change in PL is then an equivalent % change in EQE

with adjustment for any absorption change at elevated temperatures.

Semiconductor nanocrystals, compositions, optical components, devices, and other products
described herein may be incorporated into a wide variety of other consumer products, including flat
panel displays, computer monitors, all-in-one computers, notebooks, tablets, televisions, billboards,
lights for interior or exterior illumination and/or signaling, heads up displays, fully transparent
displays, flexible displays, laser printers, telephones, cell phones, smartphones, personal digital
assistants (PDAs), laptop computers, digital cameras, camcorders, viewfinders, micro-displays,
vehicles, a large area wall, theater or stadium screen, a sign, lamps and various solid state lighting

devices.
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Semiconductors described herein can be excited optically and the optical excitation is
downconverted via emission from the semiconductor nanocrystals. Such photoluminescence is
useful in any device/system where a LED light source is used (e.g. solid-state lighting, LED
Backlights (LED-BLU) Liquid Crystal Displays (LCD)). Such photoluminescence can also be
useful any device/system where a light source is downconverted to other wavelengths (e.g. solar
concentrators or downconverters where sunlight is converted to specific wavelengths tuned to
highest efficiency window of the solar cells used in the system; plasma based systems where high
energy plasma emission can excite a semiconductor nanocrystal “phosphor”/downconverter;

Taggants; bio-labeling or imaging; barcoding or security/covert labeling applications).

Semiconductor nanocrystals described herein can also be excited electrically and the excitation
results in emission from the semiconductor nanocrystals. This process can involve: direct charge
injection into the semiconductor nanocrystals generating semiconductor nanocrystal excited states
and subsequent semiconductor nanocrystal emission, or energy transfer from other semiconductor
materials, for example, within a device, to the semiconductor nanocrystals, generating an excited

state and subsequent semiconductor nanocrystal emission.

Semiconductor nanocrystals, compositions, optical components, and other products described
herein can also be useful in applications such as, for example, photovoltaic (PV) applications in
which the semiconductor nanocrystal materials are excited optically and the excitation results in

current generation and/or a voltage due to carrier extraction from the semiconductor nanocrystals.

Additional information that may be useful in connection with the present invention and the
inventions described herein is included in International Application No. PCT/US2009/002796 of
Coe-Sullivan et al, filed 6 May 2009, entitled “Optical Components, Systems Including An
Optical Component, And Devices”; International Application No. PCT/US2009/002789 of Coe-
Sullivan et al, filed 6 May 2009, entitled : “Solid State Lighting Devices Including Quantum
Confined Semiconductor Nanoparticles, An Optical Component For A Solid State Light Device,
And Methods”; International Application No. PCT/US2010/32859 of Modi et al, filed 28 April
2010 entitled “Optical Materials, Optical Components, And Methods”; International Application
No. PCT/US2010/032799 of Modi et al, filed 28 April 2010 entitled “Optical Materials, Optical
Components, Devices, And Methods”; International Application No. PCT/US2011/047284 of
Sadasivan et al, filed 10 August 2011 entitled “Quantum Dot Based Lighting”; International
Application No. PCT/US2008/007901 of Linton et al, filed 25 June 2008 entitled “Compositions
And Methods Including Depositing Nanomaterial”; U.S. Patent Application No. 12/283609 of
Coe-Sullivan et al, filed 12 September 2008 entitled “Compositions, Optical Component, System
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Including An Optical Component, Devices, And Other Products”; International Application No.
PCT/US2008/10651 of Breen et al, filed 12 September 2008 entitled ‘“Functionalized
Nanoparticles And Method”; International Application No. PCT/US2009/004345 of Breen et al,
filed 28 July 2009 entitled “Nanoparticle Including Multi-Functional Ligand And Method”, U.S.
Patent Application No. 61/234179 of Linton et al. filed 14 August 2009 entitled “Lighting Devices,
An Optical Component For A Lighting Device, And Methods”; U.S. Patent Application No.
61/252743 of Linton et al filed 19 October 2009 entitled “An Optical Component, Products
Including Same, And Methods For Making Same”; U.S. Patent Application No. 61/291072 of
Linton et al filed 30 December 2009 entitled “An Optical Component, Products Including Same,
And Methods For Making Same”; International Application No. PCT/US2007/024320 of Clough
et al, filed 21 November 2007, entitled “Nanocrystals Including A Group Illa Element And A
Group Va Element, Method, Composition, Device And Other Products”; U.S. Patent No.
6,600,175 of Baretz, et al., issued July 29, 2003, entitled “Solid State White Light Emitter And
Display Using Same”; U.S. Patent No. 6,608,332 of Shimizu, et al.,, issued August 19, 2003,
entitled “Light Emitting Device and Display”, and U.S. Patent Application No. 13/206,443 of
Sadasivan et al. filed 9 August 2011 entitled “Quantum Dot Based Lighting”; each of the

foregoing being hereby incorporated herein by reference in its entirety.

As used herein, the singular forms "a", "an" and "the" include plural unless the context
clearly dictates otherwise. Thus, for example, reference to a light emitting material includes

reference to one or more of such materials.

Applicants specifically incorporate the entire contents of all cited references in this
disclosure. Further, when an amount, concentration, or other value or parameter is given as either a
range, preferred range, or a list of upper preferable values and lower preferable values, this is to be
understood as specifically dis’closing all ranges formed from any pair of any upper range limit or
preferred value and any lower range limit or preferred value, regardless of whether ranges are
separately disclosed. Where a range of numerical values is recited herein, unless otherwise stated,
the range is intended to include the endpoints thereof, and all integers and fractions within the
range. It is not intended that the scope of the invention be limited to the specific values recited

when defining a range.

Other embodiments of the present invention will be apparent to those skilled in the art
from consideration of the present specification and practice of the present invention disclosed
herein. It is intended that the present specification and examples be considered as exemplary only
with a true scope and spirit of the invention being indicated by the following claims and

equivalents thereof.
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Although the subject matter has been described in language specific to structural features
and/or methodological acts, it is to be understood that the subject matter defined in the appended
claims is not necessarily limited to the specific features or acts described above. Rather, the
specific features and acts described above are disclosed as example forms of implementing the

claims.
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WHAT IS CLAIMED IS:

1. A semiconductor nanocrystal characterized by having a solid state photoluminescence external
quantum efficiency at a temperature of 90°C or above that is at least 95% of the solid state

photoluminescence external quantum efficiency of the semiconductor nanocrystal at 25°C.

2. A semiconductor nanocrystal in accordance with claim 1 wherein the temperature is 100°C or

above,

3. A semiconductor nanocrystal in accordance with claim 1 wherein the temperature is in a range

from 90°C to about 200°C.

4, A semiconductor nanocrystal in accordance with claim 1 wherein the temperature is in a range

from 90°C to about 140°C.

5. A semiconductor nanocrystal in accordance with claim 1 wherein the temperature is in a range

from 90°C to about 120°C.

6. A semiconductor nanocrystal in accordance with claim 1 wherein the temperature is in a range

from 90°C to about 100°C.

7. A semiconductor nanocrystal in accordance with claim 1 wherein the semiconductor

nanocrystal is undoped.

8. A semiconductor nanocrystal in accordance with claim 1 wherein the solid state
photoluminescence efficiency at the temperature of 90°C or above is from 95 to 100% of the solid

state photoluminescence efficiency at 25°C.

9. A semiconductor nanocrystal having a multiple LO phonon assisted charge thermal escape

activation energy of at least 0.5eV.

10. A semiconductor nanocrystal characterized by having a radiative lifetime at a temperature of

90°C or above that is at least 80% of the radiative lifetime at 25°C.

11. A semiconductor nanocrystal in accordance with claim 10 wherein the temperature is 100°C or

above.

12. A semiconductor nanocrystal in accordance with claim 10 wherein the temperature is in a
range from 90°C to about 200°C.
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13. A semiconductor nanocrystal in accordance with claim 10 wherein the temperature is in a

range from 90°C to about 140°C.

14. A semiconductor nanocrystal in accordance with claim 10 wherein the temperature is in a

range from 90°C to about 120°C.

15. A semiconductor nanocrystal in accordance with claim 10 wherein the temperature is in a

range from 90°C to about 100°C.

16. A semiconductor nanocrystal in accordance with claim 10 wherein the radiative lifetime at the

temperature of 90°C or above is at least 90% of the radiative lifetime at 25°C.

17. A semiconductor nanocrystal in accordance with claim 10 wherein the radiative lifetime at the

temperature of 90°C or above is at least 95% of the radiative lifetime at 25°C.

18. A semiconductor nanocrystal in accordance with claim 10 wherein the radiative lifetime at the
temperature of 90°C or above is from 95 to 100% of the solid state photoluminescence efficiency

at 25°C.

19. A semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 590 nm to 650 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 5.5.

20. A semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 545 nm to 590 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 7.

21. A semiconductor nanocrystal capable of emitting light with a maximum peak emission at a
wavelength in a range from 495 nm to 545 nm characterized by an absorption spectrum, wherein

the absorption ratio of OD at 325 nm to OD at 450 nm is greater than 10.

22. A semiconductor nanocrystal in accordance with claim 19, 20, or 21 wherein the
semiconductor nanocrystal has a solid state photoluminescence external quantum efficiency of at

least 80% at a temperature of 90°C or above.

23. A semiconductor nanocrystal characterized by having a solid state photoluminescence external

quantum efficiency of at least 80% at a temperature of 90°C or above.
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24, A semiconductor nanocrystal in accordance with claim 23 wherein the solid state

photoluminescence external quantum efficiency is at least 85%.

25. A semiconductor nanocrystal in accordance with claim 23 wherein the solid state

photoluminescence external quantum efficiency is at least 90%.

26. A semiconductor nanocrystal in accordance with claim 23 wherein the temperature is 100°C or

above.

27. A semiconductor nanocrystal in accordance with claim 23 wherein the temperature is in a

range from 90°C to about 200°C.

28. A semiconductor nanocrystal in accordance with claim 23 wherein the temperature is in a

range from 90°C to about 140°C.,

29. A semiconductor nanocrystal in accordance with claim 23 wherein the temperature is in a

range from 90°C to about 120°C.

30. A semiconductor nanocrystal in accordance with claim 23 wherein the temperature is in a

range from 90°C to about 100°C.

31. A semiconductor nanocrystal in accordance with claim 1, 9, 10, 19, 20, 21, or 23 wherein the
nanocrystal includes a core comprising a first semiconductor material and at least a first shell

surrounding the core, wherein the first shell comprises a second semiconductor material.

32. A semiconductor nanocrystal in accordance with claim 31 wherein the first shell has a
thickness greater than or equal to the thickness of 1 monolayer of the second semiconductor

material.

33. A semiconductor nanocrystal in accordance with claim 32 wherein the first shell has a

thickness up to the thickness of about 10 monolayers of the second semiconductor material.

34. A semiconductor nanocrystal in accordance with claim 32 wherein the nanocrystal further

includes a second shell surrounding the outer surface thereof.

35. A semiconductor nanocrystal in accordance with claim 34 wherein the second shell comprises

a third semiconductor material.
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36. A semiconductor nanocrystal in accordance with claim 35 wherein the second shell has a
thickness greater than or equal to the thickness of 3 monolayers of the third semiconductor

material.

37. A semiconductor nanocrystal in accordance with claim 36 wherein the second shell has a

thickness up to the thickness of about 20 monolayers of the third semiconductor material.

38. A semiconductor nanoerystal in accordance with claim 34 wherein the first shell comprises
zinc sulfide, and the second shell comprises one or more metals wherein the one or metals

comprises from 0 to less than 100% cadmium.

39. A semiconductor nanocrystal in accordance with claim 34 wherein the core comprises CdSe,
the first shell comprises ZnS at a thickness of about 3-4 monolayers of ZnS, and the second shell

comprises Cd;..Zn,S wherein 0 <x < 1 at a thickness of about 9-10 monolayers of Cdi.Zn,S.

40. A semiconductor nanocrystal in accordance with claim 35 wherein first shell has a

bandgap which is greater than that of the second shell.

41. A semiconductor nanocrystal in accordance with claim 35 wherein the first shell has a
bandgap which is greater than that of the second shell, and the bandgap of the first shell is also

greater than that of the core.

42. A semiconductor nanocrystal in accordance with claim 35 wherein the third shell has a
bandgap that is the same as that of the first shell and the second shell has a bandgap that is less than
that of the first shell.

43, A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material has a bandgap which differs from that of the second semiconductor material by at least 0.8

eV.

44, A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material has a bandgap which differs from that of the second semiconductor material by at least 1

eV.

45, A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material having a first conduction band energy (Ecp), and the second semiconductor material

having a second conduction band energy (Ecg), and wherein the absolute value of the difference
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between Ecp of the core and Ecp of the first shell multiplied by the total shell thickness (nm)

surrounding the core in the nanocrystal is greater than 2 eV*nm,

46. A semiconductor nanocrystal in accordance with claim 45 wherein the absolute value of
the difference between Ecg of the core and Ecp of the first shell multiplied by the total shell

thickness (nm) surrounding the core in the nanocrystal is greater than 3 eV*nm.

47, A semiconductor nanocrystal in accordance with claim 45 wherein the absolute value of
the difference between Ecp of the core and Ecp of the first shell multiplied by the total shell

thickness (nm) surrounding the core in the nanocrystal is greater than 4 eV*nm.

48. A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material having a first valence band energy (Evp), and the second semiconductor material having a
second valence band energy (Evs), and wherein the absolute value of the difference between Eyg of
the core and Eyp of the first shell multiplied by the total shell thickness (nm) surrounding the core

in the nanocrystal is greater than 2 eV*nm.

49, A semiconductor nanocrystal in accordance with claim 31 wherein the absolute value of
the difference between Evg of the core and Eyp of the first shell multiplied by the total shell

thickness (nm) surrounding the core in the nanocrystal is greater than 3 eV*nm.

50. A semiconductor nanocrystal in accordance with claim 45 wherein the absolute value of
the difference between Evg of the core and Eyg of the first shell multiplied by the total shell

thickness (nm) surrounding the core in the nanocrystal is greater than 4 eV*nm.

51. A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material having a first conduction band energy (Ecg), and the second semiconductor material
having a second conduction band energy (Ecg), and wherein the absolute value of the difference

between Ecp of the core and Eqg of the first shell is at least 0.5 eV.

52. A semiconductor nanocrystal in accordance with claim 31 wherein the first semiconductor
material having a first valence band energy (Eyg), and the second semiconductor material having a
second valence band energy (Eyg), and wherein the absolute value of the difference between Eyg of

the core and Evyg of the first shell is at least 0.5 eV.

53. A semiconductor nanocrystal in accordance with claim 34 wherein the nanocrystal further

includes one or more additional shells on the outer surface thereof,
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54. A semiconductor nanocrystal in accordance with claim 1, 9, 10, 19, 20, 21, or 23 wherein the
semiconductor nanocrystal is undoped.

55. A composition comprising a plurality of semiconductor nanocrystals wherein the solid state
photoluminescence efficiency of the composition at a temperature of 90°C or above is at least 95%

of the solid state photoluminescence efficiency of the composition 25°C.

56. A composition in accordance with claim 55 wherein the composition further includes a host

material.

57. A composition in accordance with claim 55 wherein the composition further includes

scatterers.

58. A composition in accordance with claim 55 wherein the composition further includes one or

more thixotropes.

59. A composition in accordance with claim 55 wherein the semiconductor nanocrystals comprise

semiconductor nanocrystals that are undoped.

60. A composition comprising a host material and a plurality of semiconductor nanocrystals
wherein the solid state photoluminescence efficiency of the composition is at least 80% at a

temperature of 90°C or above.

61. A composition in accordance with claim 60 wherein the solid state photoluminescence external

quantum efficiency is at least 85%.

62. A composition in accordance with claim 60 wherein the solid state photoluminescence external

quantum efficiency is at least 90%.
63. A composition in accordance with claim 60 wherein the terﬁperature is 100°C or above.

64. A composition in accordance with claim 60 wherein the temperature is in a range from 90°C to

about 200°C.

65. A composition in accordance with claim 60 wherein the temperature is in a range from 90°C to

about 140°C.,

66. A composition in accordance with claim 60 wherein the temperature is in a range from 90°C to

about 120°C.
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67. A composition in accordance with claim 60 wherein the temperature is in a range from 90°C to

about 100°C,

68. A composition comprising a semiconductor nanocrystal in accordance with claim 1, 9, 10, 19,

20, 21, or 23.

69. An optical component including a semiconductor nanocrystal in accordance with claim 1, 9,

10, 19, 20, 21, or 23.

70. A backlighting unit including a semiconductor nanocrystal in accordance with claim 1, 9, 10,

19, 20, 21, or 23,

71. A display including a semiconductor nanocrystal in accordance with claim 1, 9, 10, 19, 20, 21,
or 23.

72. A light emitting device including an light emitting material comprising a semiconductor

nanocrystal in accordance with 1, 9, 10, 19, 20, 21, or 23.

73. A color-conversion material comprising a semiconductor nanocrystal in accordance with claim

1, 9,10, 19, 20, 21, or 23.

74. An optical material comprising a semiconductor nanocrystal in accordance with claim 1, 9, 10,

19, 20, 21, or 23.

75. An ink comprising a semiconductor nanocrystal in accordance with claim 1, 9, 10, 19, 20, 21,

or23.

76. A taggant comprising a semiconductor nanocrystal in accordance with claim 1, 9, 10, 19, 20,

21,0r23,

77. A method for preparing semiconductor nanocrystals comprising:

introducing one or more first shell chalcogenide precursors and one or more first shell
metal precursors to a reaction mixture including semiconductor nanocrystal cores, wherein the first
shell chalcogenide precursors are added in an amount greater than the first shell metal precursors
by a factor of at least about 2 molar equivalents and reacting the first shell precursors at a first

reaction temperature of at least 300°C to form a first shell on the semiconductor nanocrystal cores.
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78. A method in accordance with claim 77 further comprising a first step of preparing the

semiconductor nanocrystal cores, the step comprising:

combining one or more highly reactive first chalcogenide precursors, one or more highly
reactive first metal precursors, and a seed stabilizing agent at a reaction temperature to form a

reaction mixture where the ratio of metal to chalcogenide is in a range from 1 to 0.5to 1 to 1, and
quenching the reaction mixture resulting in semiconductor nanocrystal cores.

79. A method in accordance with claim 78 wherein a first highly reactive chalcogenide

precursor comprises secondary phosphine chalcogenide precursor.

80. A method in accordance with claim 78 wherein a first highly reactive metal precursor

comprises a metal carboxylate.

81. A method in accordance with claim 78 wherein a first metal precursor comprises cadmium

oleate (Cd(Oleate),).

82. A method in accordance with claim 78 wherein the seed stabilizing agent comprises a

phosphonic acid.

83. A method in accordance with claim 78 wherein the seed stabilizing agent is

octadecylphosphonic acid.

84. A method in accordance with claim 78 wherein the reaction temperature is sufficient to form

the semiconductor nanocrystal cores.

85. A method in accordance with claim 78 wherein the semiconductor nanocrystal cores comprise

CdSe and the reaction temperature is about 270°C.

86. A method in accordance with claim 78 wherein the quenched reaction mixture lacks unreacted

first metal precursor and unreacted first phosphine chalcogenide precursor.

87. A method in accordance with claim 78 wherein additional highly reactive first phosphine
chalcogenide precursor and additional highly reactive first metal precursor, in a mole ratio of metal
to chalcogenide in a range of about range from 1 to 0.5 to 1 to 1, are added to the quenched
reaction mixture including semiconductor nanocrystals under conditions suitable to increase the

size of the semiconductor nanocrystal cores.
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88. A method in accordance with claim 78 wherein the first metal precursor and the first
phosphine chalcogenide precursor are provided to a reaction vessel including the semiconductor
nanocrystal cores as a substantially steady or substantially constant infusion such that as the first
metal and chalcogenide precursors are consumed or otherwise used to grow the semiconductor

nanocrystal cores.

89. A method in accordance with claim 78 wherein a first shell chalcogenide precursor comprises

an alkanethiol precursor.

90. A method in accordance with claim 78 wherein the first shell chalcogenide precursors are
added in an amount greater than the first shell metal precursors by a factor from about 2 to about 8

molar equivalents.

91. A method in accordance with claim 78 wherein a first shell metal precursor comprises a metal

carboxylate.

92. A method in accordance with claim 78 wherein a first shell metal precursor comprises zinc

oleate (Zn(Oleate)s).

93. A method in accordance with claim 77 wherein the second reaction temperature is from 300°C

to 360°C.,

94, A method in accordance with claim 77 wherein a first shell chalcogenide precursor comprises

an alkanethiol precursor.

95, A method in accordance with claim 77 wherein the first shell chalcogenide precursors are
added in an amount greater than the first shell metal precursors by a factor from about 2 to about 8

molar equivalents.

96, A method in accordance with claim 77 wherein a first shell metal precursor comprises a metal

carboxylate.

97. A method in accordance with claim 77 wherein a first shell metal precursor comprises zinc

oleate (Zn(Oleate),).

98. A method in accordance with claim 77 wherein the first reaction temperature is from 300°C to

360°C.

99. A method in accordance with claim 77 further comprising:

61




10

15

20

25

WO 2013/115898 PCT/US2012/066154

introducing one or more second shell chalcogenide precursors and one or more second
shell metal precursors to the reaction mixture including semiconductor nanocrystal cores including
the first shell at a second reaction temperature of at least 300°C, wherein the second shell
chalcogenide precursors are added in an amount of at least 0.7 molar equivalents of the second
shell metal precursors, and reacting the second shell precursors to form a second shell over the first

shell on the semiconductor nanocrystal cores.

100. A method in accordance with claim 99 wherein a second shell chalcogenide precursor

comprises an alkanethiol precursor.

101. A method in accordance with claim 99 wherein the second shell chalcogenide precursors are

added in an amount of 0.7 to 10 molar equivalents of the second shell metal precursors.

102. A method in accordance with claim 99 wherein a second shell metal precursor comprises a

metal carboxylate.

103. A method in accordance with claim 99 wherein the second shell metal precursors comprise

zinc oleate (Zn(Oleate),) and/or cadmium oleate (Cd(Oleate),).

104. A method in accordance with claim 99 wherein the second reaction temperature is at least

300°C to 360°C.

105. A method in accordance with claim 77 wherein the first shell comprises a first semiconductor
material and has a thickness greater than or equal to the thickness of 1 monolayer of the first

semiconductor material.

106. A method in accordance with claim 77 wherein the first shell comprises a first semiconductor
material and has a thickness up to the thickness of about 10 monolayers of the first semiconductor

material.

107. A method in accordance with claim 99 wherein the second shell comprises a second
semiconductor material and has a thickness greater than or equal to the thickness of 3 monolayers

of the second semiconductor material.

108. A method in accordance with claim 99 wherein the second shell comprises a second
semiconductor material has a thickness up to the thickness of about 20 monolayers of the second

semiconductor material.
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109. A method in accordance with claim 99 wherein the first shell comprises zinc sulfide, and the
second shell comprises one or more metals wherein the one or metals comprises from 0 to less than

100% cadmium.

110. A method in accordance with claim 99 wherein the core comprises CdSe, the first shell
comprises Zn$ at a thickness of about 3-4 monolayers of ZnS, and the second shell comprises Cd;.

Zn,S wherein 0 <x <1 at a thickness of about 9-10 monolayers of Cd;4Zn,S.

111. A method in accordance with claim 77 wherein the semiconductor nanocrystal cores

comprises a third semiconductor material.

112. A method in accordance with claim 110 wherein the core comprises a Group IV element, 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, a
Group II-1V-V compound, an alloy including any of the foregoing, or a mixture including any of

the foregoing.

113. A method in accordance with claim 77 or 99 wherein the semiconductor nanocrystal core

and shells are undoped.

114. A population of semiconductor nanocrystals prepared in accordance with the method of claim

77 or 99,

115. A composition comprising a semiconductor nanocrystal prepared in accordance with the

method of claim 77 or 99.

116. An optical component including a semiconductor nanocrystal prepared in accordance with

the method of claim 77 or 99,

117. A backlighting unit including a semiconductor nanocrystal prepared in accordance with the

method of claim 77 or 99.

118. A display including a semiconductor nanocrystal prepared in accordance with the method of

claim 77 or 99.

119. A light emitting device including a semiconductor nanocrystal prepared in accordance with

the method of claim 77 or 99.
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120. A light emitting device including a semiconductor nanocrystal prepared in accordance with

the method of claim 77 or 99.

121. A lamp including a semiconductor nanocrystal prepared in accordance with the method of

claim 77 or 99.

122. A light bulb including a semiconductor nanocrystal prepared in accordance with the method

of claim 77 or 99,

123. A luminaire including a semiconductor nanocrystal prepared in accordance with the method

of claim 77 or 99.

124, A population of semiconductor nanocrystals comprising a plurality of semiconductor
nanocrystals in accordance with claim 1, 9, 10, 19, 20, 21, or 23 wherein light emitted by the
population has a peak emission at a predetermined wavelength with a FWHM less than about 60

nm,

125. A population of semiconductor nanocrystals in accordance with claim 124 wherein the

FWHM is less than about 50 nm.

126. A population of semiconductor nanocrystals in accordance with claim 124 wherein the

FWHM is less than about 40 nm.

127. A population of semiconductor nanocrystals in accordance with claim 124 wherein the

FWHM is less than about 30 nm.

128. A population of semiconductor nanocrystals in accordance with claim 124 wherein the

FWHM is less than about 20 nm.

129. A population of semiconductor nanocrystals in accordance with claim 124 wherein the

FWHM is in a range from about 15 to about 50 nm.

130. A light-emitting device comprising a light-emitting element and an optical material
arranged to receive and convert at least a portion of light emitted by at least a portion of the light-
emitting element from a first emission wavelength to one or more predetermined wavelengths,
wherein the material comprises a semiconductor nanocrystal in accordance with claim 1, 9, 10, 19,
20, 21, or 23.

64




10

15

20

25

WO 2013/115898 PCT/US2012/066154

131. A display including a backlight member including a plurality of light-emitting diodes and
an optical material arranged to receive and convert at least a portion of light emitted by at least a
portion of the light-emitting diodes from a first emission wavelength to one or more predetermined
wavelengths, wherein the material comprises a wherein the material comprises a semiconductor

nanocrystal in accordance with claim 1, 9, 10, 19, 20, 21, or 23,

132. A display in accordance with claim 131 wherein the display comprises a liquid crystal

display.

133. A light-emitting device in accordance with claim 130 wherein the material includes red

light emitting semiconductor nanocrystals and green light emitting semiconductor nanocrystals.

134. A light-emitting device in accordance with claim 133 wherein the light emitting element

emits blue light.

135. A light-emitting device in accordance with claim 130 wherein the material includes red

light emitting semiconductor nanocrystals.

136. A display in accordance with claim 130 wherein the material includes red light emitting

semiconductor nanocrystals and green light emitting semiconductor nanocrystals,

137. A display in accordance with claim 136 wherein at least one of the light emitting diodes

emits blue light.

138. A population of semiconductor nanocrystals comprising a plurality of semiconductor
nanocrystals prepared in accordance with the method of claim 77 or 99 wherein light emitted by
the population has a peak emission at a predetermined wavelength with a FWHM less than about
60 nm.

139. A population of semiconductor nanocrystals in accordance with claim 138 wherein the

FWHM is less than about 50 nm.

140. A population of semiconductor nanocrystals in accordance with claim 138 wherein the

FWHM is less than about 40 nm.

141. A population of semiconductor nanocrystals in accordance with claim 138 wherein the

FWHM is less than about 30 nm.
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142. A population of semiconductor nanocrystals in accordance with claim 138 wherein the

FWHM is less than about 20 nm.

143. A population of semiconductor nanocrystals in accordance with claim 138 wherein the

FWHM isina fange from about 15 to about 50 nm.

144. A light emitting material comprising at least one semiconductor nanocrystal in accordance

with claim 1, 9, 10, 19, 20, 21, or 23.

145. A paint comprising at least one semiconductor nanocrystal in accordance with claim 1, 9,

10, 19, 20, 21, or 23.

146.  An electronic device comprising at least one semiconductor nanocrystal in accordance with

claim 1, 9, 10, 19, 20, 21, or 23,

147.  An opto-electronic device comprising at least one semiconductor nanocrystal in

accordance with claim 1, 9, 10, 19, 20, 21, or 23.

148. A lamp comprising at least one semiconductor nanocrystal in accordance with claim 1, 9,

10, 19, 20, 21, or 23.

149. A light bulb comprising at least one semiconductor nanocrystal in accordance with claim

1,9,10, 19, 20, 21, or 23.

150. A luminaire comprising at least one semiconductor nanocrystal in accordance with claim 1,

9,10, 19,20, 21, or 23.

151.  The new, useful and unobvious processes, machines, manufactures, and compositions of

matter, as shown and described herein.
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Absorption spectrum of the core material (448nm peak, 16nm HWHM).
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