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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Patent Application No. 11/495,188, filed July 28, 2006,
entitled "METHODS AND DEVICES FOR FORMING
NANOSTRUCTURE MONOLAYERS AND DEVICES
INCLUDING SUCH MONOLAYERS" by David L. Heald,
et al.

FIELD OF THE INVENTION

[0002] This invention relates primarily to the field of
nanotechnology. More specifically, the invention pertains
to methods and devices for forming nanostructure arrays,
e.g., monolayer arrays, e.g., of predetermined size
and/or at predetermined positions, and to devices (e.g.,
memory devices) including such nanostructure arrays.
The invention also relates to methods for protecting na-
nostructures from fusion during high temperature
processing.

BACKGROUND OF THE INVENTION

[0003] Monolayers of nanostrucfures (e.g., quantum
dots) can serve as components of a variety of optoelec-
tronic devices such as LEDs and memory devices (see,
e.g., USPN 6,586,785 to Flagan et al. entitled "Aerosol
silicon nanoparticles for use in semiconductor device fab-
rication"). Methods for producing such monolayers in-
clude growing quantum dots in situ on a solid by molec-
ular beam epitaxy, and exploiting phase segregation be-
tween aliphatic surfactants on quantum dots and aromat-
ic conjugated organic materials deposited on the dots
(Coe et al. (2002) "Electroluminescence from single mon-
olayers of nanocrystals in molecular organic devices" Na-
ture 450:800-803). However, the former technique is dif-
ficult to scale up to form large numbers of monolayers,
and the latter technique produces a layer of nanostruc-
tures embedded in or disposed on a thick organic matrix
whose presence is undesirable in many device fabrica-
tion processes.
[0004] Methods for simply and reproducibly forming
nanostructure monolayers are thus desirable. Among
other aspects, the present invention provides such meth-
ods. A complete understanding of the invention will be
obtained upon review of the following.

SUMMARY OF THE INVENTION

[0005] Methods for forming or patterning nanostruc-
ture arrays, e.g., ordered or disordered monolayer ar-
rays, are described. The arrays are optionally formed at
predetermined positions and/or have predetermined di-
mensions. Methods for protecting nanostructures from
fusion during high temperature processing are also de-
scribed.

[0006] One general class of embodiments provides
methods for patterning a nanostructure monolayer. The
methods include a) disposing resist and a monolayer of
nanostructures on a first layer, wherein the nanostruc-
tures are embedded in the resist, to provide a resist layer,
b) exposing a predetermined pattern on the resist layer
(e.g., to ionizing radiation such as ultraviolet light or an
electron beam), to provide exposed resist in at least a
first region of the resist layer and unexposed resist in at
least a second region of the resist layer, c) removing the
unexposed resist and its embedded nanostructures from
the first layer without removing the exposed resist and
its embedded nanostructures, whereby at least one na-
nostructure monolayer array defined by the first region
remains on the first layer, and d) after step c), exposing
the first layer, the exposed resist and its embedded na-
nostructures to a temperature of at least about 300°C
(e.g., at least about 700°C or at least about 900°C).
[0007] In one particularly useful aspect, the resist is
incompletely cured by initial low dose or brief exposure
to pattern the monolayer, unexposed resist and unde-
sired nanostructures embedded therein are removed,
and the incompletely cured resist is then further cured
with a second exposure to protect the nanostructures
from subsequent high temperature step(s). Thus, in one
class of embodiments, in step b) the resist in the first
region is exposed to ionizing radiation sufficient to incom-
pletely cure the resist in the first region, and then, after
step c) and before step d), the incompletely cured resist
in the first region is exposed to ionizing radiation sufficient
to further cure the resist in the first region. As one exam-
ple, in step b) the resist in the first region can be exposed
to about 10 mJ/cm2-1 J/cm2 ultraviolet light to incom-
pletely cure the resist in the first region, and, after step
c) and before step d), the resist in the first region can be
exposed to about 1 J/cm2- 50 J/cm2 ultraviolet light to
further cure the resist in the first region.
[0008] The methods can protect the nanostructures
from fusion at elevated temperatures, thus maintaining
nanostructure density, size, size distribution, monolayer
morphology, etc. during high temperature processing
steps. Accordingly, in one class of embodiments, the
density of nanostructures in the monolayer array after
step d) is at least 75% of the density of nanostructures
in the monolayer array before step d), more typically, at
least 90% or at least 95%. Optionally, the density is es-
sentially unchanged during step d). Optionally, following
step d), the monolayer array of nanostructures has a den-
sity greater than about 1 x 1010 nanostructures/cm2, e.g.,
greater than about 1 x 1011 nanostructures/cm2, greater
than about 1 x 1012 nanostructures/cm2, at least 2.5 x
1012 nanostructures/cm2, at least 5 x 1012 nanostruc-
tures/cm2, or even at least about 1 x 1013 nanostruc-
tures/cm2. Optionally, density of the nanostructures in
the monolayer array is substantially uniform following
step d).
[0009] In a related class of embodiments, the average
diameter of the nanostructures in the monolayer array
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after step d) is less than 110% of the average diameter
of the nanostructures in the monolayer array before step
d), for example, less than 105% or less than 103%. Op-
tionally, the size distribution of the nanostructures in the
array is essentially unchanged during step d).
[0010] In another related class of embodiments, fol-
lowing step d), the size distribution of the nanostructures
in the monolayer array exhibits an rms deviation of less
than 20%. For example, the size distribution of the na-
nostructures in the monolayer array can exhibit an rms
deviation of less than 15%, less than 10%, or even less
than 5%.
[0011] It will be evident that the tendency of nanostruc-
tures to fuse is greater at higher initial nanostructure den-
sities, and thus protection from fusion is increasingly im-
portant with increasing nanostructure density. Thus, in
embodiments in which, e.g., preservation of nanostruc-
ture density, monolayer uniformity, nanostructure size,
and/or nanostructure size distribution is of interest, the
density of nanostructures in the monolayer array before
step d) is optionally at least about 1 x 1010 nanostruc-
tures/cm2, e.g., at least about 1 x 1011 nanostruc-
tures/cm2, at least about 1 x 1012 nanostructures/cm2,
at least 2.5 x 1012 nanostructures/cm2, at least 5 x 1012

nanostructures/cm2, or even at least about 1 x 1013 na-
nostructures/cm2.
[0012] According to the method of the invention, the
resist layer is formed in step a) by spin coating the first
layer with a solution comprising the resist and the nanos-
tructures. Unexposed resist can be removed in step c)
by essentially any convenient technique. For example,
the unexposed resist and its embedded nanostructures
can be removed from the first layer without removing the
exposed resist and its embedded nanostructures by con-
tacting the unexposed resist with at least one organic
solvent.
[0013] In one class of embodiments, the resist com-
prises a silicon compound. For example, the resist can
be a silsesquioxane, such as mercapto-propyl-cy-
clohexyl polyhedral oligomeric silsesquioxane, hydrogen
silsesquioxane, methyl silsesquioxane, octavinyl dime-
thyl silyl silsesquioxane, octasilane silsesquioxane, oc-
tavinyl-T8 silsesquioxane, aminopropylcyclohexyl poly-
hedral oligomeric silsesquioxane, acrylo silsesquioxane,
or methacrylo silsesquioxane.
[0014] The methods can be used to produce essen-
tially any number of monolayer arrays. For example, ex-
posed resist can be provided in two or more, 10 or more,
50 or more, 100 or more, 1000 or more, 1 x 104 or more,
1 x 106 or more, 1 x 109 or more, 1 x 1010 or more, 1 x
10" or more, or 1 x 1012 or more discrete first regions of
the resist layer, such that a like number of discrete na-
nostructure monolayer arrays remains on the first layer.
[0015] The first layer can comprise essentially any de-
sired material, including, but not limited to, a semicon-
ductor or a dielectric material such as an oxide (e.g., a
metal oxide, silicon oxide, hafnium oxide, or alumina
(Al2O3), or a combination of such oxides) or a nitride (e.g.,

silicon nitride). The first layer is optionally treated prior
to disposition of the solution, e.g., with a compound such
as hexamethyldisilizane (HMDS) or a silane. Thus, for
example, the first layer can comprise silicon oxide or sil-
icon nitride coated with HMDS. The first layer is optionally
disposed on a substrate, e.g., a substrate comprising a
semiconductor (e.g., Si). In one class of embodiments,
the first layer has a thickness of between about 1 nm and
about 10 nm, e.g., between 3 and 4 nm. The methods
optionally include forming a source region and a drain
region in the substrate in proximity to the monolayer array
of nanostructures by, prior to step d), implanting dopant
ions in the substrate, wherein implantation damage to
the substrate is repaired and the dopant is activated dur-
ing step d). A gate electrode can be disposed on the
exposed resist, optionally after a dielectric layer is dis-
posed on the exposed resist.
[0016] The array can be an ordered or disordered ar-
ray. The nanostructures are optionally substantially
spherical nanostructures or quantum dots. The nanos-
tructures can comprise essentially any desired material.
In one class of embodiments, the nanostructures have a
work function of about 4.5 eV or higher. For example, the
nanostructures can comprise a metal, e.g., palladium,
platinum, nickel, or ruthenium. In some embodiments, a
second monolayer of nanostructures is disposed on the
resist layer or on the exposed resist.
[0017] Another general class of embodiments provides
methods for patterning nanostructures. The methods in-
clude a) disposing the nanostructures and a silsesquiox-
ane on a first layer, and b) curing the silsesquioxane, to
provide cured silsesquioxane in which the nanostruc-
tures are embedded, by i) exposing the silsesquioxane
to ionizing radiation (e.g., ultraviolet light or an electron
beam) in a predetermined pattern, whereby the silsesqui-
oxane in at least a first region is exposed and incomplete-
ly cured while the silsesquioxane in a least a second re-
gion remains unexposed and uncured, ii) removing the
unexposed silsesquioxane and nanostructures therein
from the second region without removing the incomplete-
ly cured silsesquioxane and its embedded nanostruc-
tures from the first region, and iii) after step ii), exposing
the incompletely cured silsesquioxane in the first region
to ionizing radiation to further cure the silsesquioxane,
to provide the cured silsesquioxane.
[0018] The nanostructures and the silsesquioxane are
disposed on the first layer by spin coating the first layer
with a solution comprising the silsesquioxane and the
nanostructures. The nanostructures form a monolayer
on the first layer.
[0019] In one exemplary class of embodiments, in step
b) i) the silsesquioxane in the first region is exposed to
about 10 mJ/cm2- 1 J/cm2 ultraviolet light to incompletely
cure the silsesquioxane in the first region, and in step b)
iii) the incompletely cured silsesquioxane in the first re-
gion is exposed to about 1 J/cm2 - 50 J/cm2 ultraviolet
light to further cure the silsesquioxane in the first region.
Unexposed silsesquioxane and nanostructures therein
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can be removed from the second region without removing
the incompletely cured silsesquioxane and its embedded
nanostructures from the first region by, e.g., contacting
the unexposed silsesquioxane with at least one organic
solvent. After step b) iii), the cured silsesquioxane is op-
tionally exposed to a temperature between about 300°C
and 400°C.
[0020] The methods can be employed to protect the
nanostructures from fusion during high temperature
processing. Accordingly, the methods optionally also in-
clude step c), heating the first layer, the cured silsesqui-
oxane, and its embedded nanostructures. Optionally, in
step c) the first layer, the cured silsesquioxane, and its
embedded nanostructures are exposed to a temperature
of at least about 300°C, typically at least about 700°C or
at least about 900°C. For example, the first layer, the
cured silsesquioxane, and its embedded nanostructures
can be exposed to a temperature of 950°C or more, for
example, during a high-temperature annealing step.
[0021] As noted above, the nanostructures disposed
on the first layer comprise a monolayer. When a monol-
ayer is patterned in step b), in step b) ii) at least one
nanostructure monolayer array defined by the first region
remains on the first layer.
[0022] As described above, by protecting the nanos-
tructures from fusion, the methods can maintain nanos-
tructure density, size, size distribution, monolayer mor-
phology, etc. during high temperature processing steps.
For example, in one class of embodiments in which the
nanostructures were disposed in a monolayer, the den-
sity of nanostructures in the monolayer array after step
c) is at least 90% of the density of nanostructures in the
monolayer array before step c). As described above, pro-
tection from fusion is increasingly important with increas-
ing nanostructure density. Thus, the density of nanos-
tructures in the monolayer array before step c) is option-
ally at least about 1 x 1010 nanostructures/cm2, e.g., at
least about 1 x 1011 nanostructures/cm2, at least about
1 x 1012 nanostructures/cm2, at least 2.5 x 1012 nanos-
tructures/cm2, or at least 5 x 1012 nanostructures/cm2.
In one class of embodiments, following step c), the mon-
olayer array of nanostructures has a density greater than
about 1 x 1012 nanostructures/cm2, e.g., at least 2.5 x
1012 nanostructures/cm2 or at least 5 x 1012 nanostruc-
tures/cm2. Optionally, density of the nanostructures in
the monolayer array is substantially uniform following
step c).
[0023] In one class of embodiments, the average di-
ameter of the nanostructures embedded in the cured
silsesquioxane after step c) is less than 110% of the av-
erage diameter of the nanostructures embedded in the
cured silsesquioxane before step c). In a related class of
embodiments, the size distribution of the nanostructures
embedded in the cured silsesquioxane exhibits an rms
deviation of less than 20%. For example, following step
c), the size distribution of the nanostructures embedded
in the cured silsesquioxane can exhibit an rms deviation
of less than 15%, less than 10%, or even less than 5%.

[0024] The methods optionally include disposing one
or more additional monolayers on the monolayer. For
example, in one class of embodiments, the methods in-
clude, after step b) i) and prior to step b) iii), disposing a
second monolayer of nanostructures in silsesquioxane
on the incompletely cured silsesquioxane.
[0025] Essentially all of the features noted for the em-
bodiments above apply to these embodiments as well,
as relevant; for example, with respect to composition of
the first layer, disposition of the first layer on a substrate,
composition of the substrate, nanostructure shape and
composition, type of silsesquioxane, and the like. For ex-
ample, the nanostructures are optionally substantially
spherical nanostructures or quantum dots. In one class
of embodiments, the nanostructures have a work function
of about 4.5 eV or higher. For example, the nanostruc-
tures can comprise a metal, e.g., palladium, platinum,
nickel, or ruthenium.
[0026] Also as for the embodiments above, in embod-
iments in which one or more monolayer arrays are pat-
terned, the methods optionally include incorporation of
the array(s) into transistor(s). Thus, for example, the
methods optionally include forming a source region and
a drain region in the substrate in proximity to the monol-
ayer array of nanostructures by, prior to step c), implant-
ing dopant ions in the substrate, wherein implantation
damage to the substrate is repaired and the dopant is
activated during step c). A gate electrode can be dis-
posed on the cured silsesquioxane, optionally after a di-
electric layer is disposed on the cured silsesquioxane.
[0027] Another general class of embodiments provides
methods for patterning a nanostructure monolayer. In the
methods, resist and a monolayer of nanostructures em-
bedded in the resist are disposed on a first layer to provide
a resist layer, by spin coating a solution comprising the
resist and the nanostructures on the first layer. A prede-
termined pattern on the resist layer is exposed (e.g., to
light, an electron beam, x-rays, etc.), to provide exposed
resist in at least a first region of the resist layer and un-
exposed resist in at least a second region of the resist
layer. Either the exposed resist and its embedded na-
nostructures are removed from the first layer without re-
moving the unexposed resist and its embedded nanos-
tructures, or the unexposed resist and its embedded na-
nostructures are removed from the first layer without re-
moving the exposed resist and its embedded nanostruc-
tures. At least one nanostructure monolayer array de-
fined by the first region remains on the first layer.
[0028] The resist layer is formed by spin coating the
first layer with a solution comprising the resist and the
nanostructures.
[0029] The methods can be used to produce essen-
tially any number of monolayer arrays. For example,
when positive resist is used, the unexposed resist can
be provided in two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete second regions of the resist
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layer, such that two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete nanostructure monolayer arrays
remain on the first layer. Similarly, when negative resist
is used, exposed resist can be provided in two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
104 or more, 1 x 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more discrete
first regions of the resist layer, such that a like number
of discrete nanostructure monolayer arrays remains on
the first layer.
[0030] Optionally, a negative resist comprises a silicon
compound and the exposed resist optionally comprises
silicon oxide (e.g., SiO2). For example, the resist can be
a silsesquioxane, such as mercapto-propyl-cyclohexyl
polyhedral oligomeric silsesquioxane, hydrogen
silsesquioxane, methyl silsesquioxane, octavinyl dimeth-
ylsilyl silsesquioxane, octasilane silsesquioxane, octav-
inyl-T8 silsesquioxane, aminopropylcyclohexyl polyhe-
dral oligomeric silsesquioxane, acrylo silsesquioxane, or
methacrylo silsesquioxane. In one class of embodi-
ments, the silsesquioxane is photopolymerizable.
[0031] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition and/or
treatment of the first layer, disposition of the first layer on
a substrate, composition of the substrate, incorporation
of the array(s) into transistor(s), nanostructure shape and
composition, size and density of the array(s), and the
like. It is worth noting that the monolayer array (or each
of multiple arrays) can comprise an ordered array or, typ-
ically, a disordered array.
[0032] Yet another general class of embodiments pro-
vides methods for forming a nanostructure array. In the
methods, a first layer is provided, as are nanostructures
dispersed in a solution comprising a liquid form of a spin-
on-dielectric. The solution is disposed on the first layer,
whereby the nanostructures form a monolayer array on
the first layer. The liquid form of the spin-on-dielectric is
then cured to provide a solid form of the spin-on-dielectric
as a matrix in which the nanostructures in the monolayer
array are randomly distributed.
[0033] The first layer can comprise essentially any de-
sired material, including, but not limited to, a semicon-
ductor or a dielectric material such as an oxide (e.g., a
metal oxide, silicon oxide, hafnium oxide, or alumina
(Al2O3), or a combination of such oxides) or a nitride (e.g.,
silicon nitride). The first layer is optionally treated prior
to disposition of the solution, e.g., with a compound such
as hexamethyldisilizane (HMDS) or a silane. Thus, for
example, the first layer can comprise silicon oxide or sil-
icon nitride coated with HMDS. The first layer is optionally
disposed on a substrate, e.g., a substrate comprising a
semiconductor. In one class of embodiments, the first
layer has a thickness of between about 1 nm and about
10 nm, e.g., between 3 and 4 nm. The substrate can
include a source region, a drain region, and a channel

region between the source and drain regions and under-
lying the monolayer array of nanostructures, and the
methods include disposing a gate electrode on the solid
form of the spin-on-dielectric material. Optionally, the
thickness of the control dielectric is increased by dispos-
ing a dielectric layer on the solid form of the spin-on-
dielectric, prior to disposing the gate electrode on the
solid form of the spin-on-dielectric material.
[0034] The solution including the nanostructures and
the liquid spin-on-dielectric can be disposed on the first
layer by essentially any convenient technique. For ex-
ample, the first layer can be spin coated with the solution.
[0035] A large number of spin-on-dielectric materials
are known in the art and can be adapted to the methods.
As just a few examples, the solid form of the spin-on-
dielectric can comprise silicon oxide, aluminum oxide,
hafnium oxide, lanthanum oxide, or tantalum oxide. Sim-
ilarly, the liquid form of the spin-on-dielectric can com-
prise aluminum i-propoxide, tri-methyl aluminum, tri-ethyl
aluminum, hafnium t-butoxide, hafnium ethoxide,
tetrabenzyl hafnium, tris(cyclopentadienyl)lanthanum,
tris(i-propylcyclopentadienyl) lanthanum, pen-
takis(dimethylamino)tantalum, tantalum methoxide, or
tantalum ethoxide.
[0036] In one class of embodiments, the spin-on-die-
lectric is a spin-on-glass. The liquid form of the spin-on-
glass can comprise a silicon compound that forms a sil-
icon oxide (e.g., SiO2) after curing. For example, the liq-
uid form of the spin-on-glass can include a silsesquiox-
ane, e.g., mercapto-propyl-cyclohexyl polyhedral oligo-
meric silsesquioxane, hydrogen silsesquioxane, methyl
silsesquioxane, octavinyl dimethyl silyl silsesquioxane,
octasilane silsesquioxane, octavinyl-T8 silsesquioxane,
aminopropylcyclohexyl polyhedral oligomeric silsesqui-
oxane, acrylo silsesquioxane, or methacrylo silsesquiox-
ane.
[0037] In one class of embodiments, the liquid form of
the spin-on-dielectric comprises a photopolymerizable
compound (e.g., hydrogen silsesquioxane or octavinyl-
T8 silsesquioxane). Use of a photopolymerizable spin-
on-dielectric can facilitate patterning of the monolayer
array. Accordingly, in one class of embodiments, at least
a first region of the first layer and the solution disposed
thereon are exposed to light of an appropriate wave-
length, thereby curing the spin-on-dielectric in the first
region. Simultaneously, at least a second region of the
first layer and the solution disposed thereon are protected
from the light, whereby the spin-on-dielectric in the sec-
ond region remains uncured. The uncured spin-on-die-
lectric and the nanostructures therein are then removed
from the first layer without removing the cured spin-on-
dielectric and the nanostructures therein, leaving one or
more monolayer arrays on the first layer.
[0038] The methods can be used to produce essen-
tially any number of monolayer arrays. For example, two
or more, 10 or more, 50 or more, 100 or more, 1000 or
more, 1 x 104 or more, 1 x 106 or more, 1 x 109 or more,
or even 1 x 1012 or more discrete regions of the first layer
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and the solution disposed thereon can be exposed to the
light, such that a like number of discrete nanostructure
monolayer arrays remains on the first layer.
[0039] The monolayer array of nanostructures is typi-
cally a disordered array. The array (or each of multiple
arrays) produced by the methods optionally has a high
density of nanostructures. For example, the monolayer
array of nanostructures optionally has a density greater
than about 1 x 1010 nanostructures/cm2, greater than
about 1 x 1011 nanostructures/cm2, greater than about
1 x 1012 nanostructures/cm2, at least 2.5 x 1012 nanos-
tructures/cm2, at least 5 x 1012 nanostructures/cm2, or
even greater than about 1 x 1013 nanostructures/cm2.
Variation in the density of the nanostructures across the
array is preferably low. For example, variation in density
of the nanostructures in the monolayer array can be less
than 10% across the monolayer, e.g., less than 5%.
[0040] The nanostructures are optionally substantially
spherical nanostructures or quantum dots. The nanos-
tructures can comprise essentially any desired material.
In one class of embodiments, the nanostructures have a
work function of about 4.5 eV or higher. For example, the
nanostructures can comprise palladium, platinum, nickel,
or ruthenium.

BRIEF DESCRIPTION OF THE DRAWINGS

[0041]

Figure 1 Panels A-C schematically illustrate forma-
tion of monolayer arrays of nanostructures on a coat-
ed first layer, where discrete regions of the first layer
are coated.

Figure 2 Panels A-D schematically illustrate forma-
tion of monolayer arrays of nanostructures on a coat-
ed first layer, where the coating composition is pho-
toactivatable and discrete regions of the first layer
are exposed to light to initiate cross-linking of the
composition to ligands on the nanostructures.

Figure 3 Panel A depicts an exemplary monothiol
silsesquioxane ligand, while Panel B depicts an ex-
emplary trithiol silsesquioxane ligand. Panel C de-
picts an exemplary amine POSS ligand. In Panels
A-C, R can be an organic group or a hydrogen atom;
for example, R can be a hydrocarbon group, an alkyl
group (e.g., a cyclic alkyl group or a short alkyl group
having fewer than 20 or even fewer than 10 carbon
atoms), an aryl group, an alkylaryl group, an alkenyl
group, or an alkynyl group. For example, in some
embodiments, R is an isobutyl group, a methyl group,
a hexyl group, or a cyclopentyl group. In certain em-
bodiments, R is a cyclohexyl group. Panel D depicts
a methacrylo silsesquioxane. Panel E depicts an
acrylo silsesquioxane.

Figure 4 schematically illustrates fabrication of a

flash transistor comprising a monolayer array of na-
nostructures, including use of resist to pattern the
monolayer.

Figure 5 Panels A-D schematically illustrate forma-
tion of a monolayer array of nanostructures. A side
view of the device is schematically depicted in Pan-
els A-C.

Figure 6 Panels A-B schematically illustrate fabri-
cation of devices for forming nanostructure arrays.
Side views of the devices are shown.

Figure 7 Panels A-C schematically illustrate exem-
plary devices. Panel A depicts a top view of a device.
Panel B presents a cross section of the device
shown in Panel A, and outlines formation of a mon-
olayer array of nanostructures using the device. Pan-
el C depicts a cross section of another exemplary
device.

Figure 8 presents micrographs of palladium (Panel
A), ruthenium (Panel B), and nickel (Panel C) quan-
tum dots formed by deposition of the dots in a spin-
on-glass.

Figure 9 presents micrographs of quantum dots be-
fore (Panel A) and after (Panel B) solvent annealing
to improve monolayer quality.

Figure 10 schematically illustrates patterning of a
monolayer array of nanostructures embedded in re-
sist.

Figure 11 presents micrographs of quantum dots
patterned using methods of the invention.

Figure 12 Panels A-C present micrographs of ru-
thenium quantum dots in silsesquioxane after expo-
sure to 950°C, where the dots were not protected by
previous curing of the silsesquioxane (Panel A) or
were protected by previous UV curing of the
silsesquioxane for 15 minutes (Panel B) or 100 min-
utes (Panel C).

Figure 13 schematically illustrates fabrication of a
flash transistor comprising a monolayer array of na-
nostructures, including use of resist to pattern and
protect the monolayer.

[0042] Figures are not necessarily to scale.

DEFINITIONS

[0043] Unless defined otherwise, all technical and sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to
which the invention pertains. The following definitions
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supplement those in the art and are directed to the current
application and are not to be imputed to any related or
unrelated case, e.g., to any commonly owned patent or
application. Although any methods and materials similar
or equivalent to those described herein can be used in
the practice for testing of the present invention, the pre-
ferred materials and methods are described herein. Ac-
cordingly, the terminology used herein is for the purpose
of describing particular embodiments only, and is not in-
tended to be limiting.
[0044] As used in this specification and the appended
claims, the singular forms "a," "an" and "the" include plu-
ral referents unless the context clearly dictates otherwise.
Thus, for example, reference to "a nanostructure" in-
cludes a plurality of such nanostructures, and the like.
[0045] The term "about" as used herein indicates the
value of a given quantity varies by +/-10% of the value,
or optionally +/- 5% of the value, or in some embodiments,
by +/-1% of the value so described.
[0046] A "nanostructure" is a structure having at least
one region or characteristic dimension with a dimension
of less than about 500 nm, e.g., less than about 200 nm,
less than about 100 nm, less than about 50 nm, or even
less than about 20 nm. Typically, the region or charac-
teristic dimension will be along the smallest axis of the
structure. Examples of such structures include na-
nowires, nanorods, nanotubes, branched nanostruc-
tures, nanotetrapods, tripods, bipods, nanocrystals, na-
nodots, quantum dots, nanoparticles, and the like. Na-
nostructures can be, e.g., substantially crystalline, sub-
stantially monocrystalline, polycrystalline, amorphous, or
a combination thereof. In one aspect, each of the three
dimensions of the nanostructure has a dimension of less
than about 500 nm, e.g., less than about 200 nm, less
than about 100 nm, less than about 50 nm, or even less
than about 20 nm.
[0047] An "aspect ratio" is the length of a first axis of
a nanostructure divided by the average of the lengths of
the second and third axes of the nanostructure, where
the second and third axes are the two axes whose lengths
are most nearly equal each other. For example, the as-
pect ratio for a perfect rod would be the length of its long
axis divided by the diameter of a cross-section perpen-
dicular to (normal to) the long axis.
[0048] As used herein, the "diameter" of a nanostruc-
ture refers to the diameter of a cross-section normal to
a first axis of the nanostructure, where the first axis has
the greatest difference in length with respect to the sec-
ond and third axes (the second and third axes are the
two axes whose lengths most nearly equal each other).
The first axis is not necessarily the longest axis of the
nanostructure; e.g., for a disk-shaped nanostructure, the
cross-section would be a substantially circular cross-sec-
tion normal to the short longitudinal axis of the disk.
Where the cross-section is not circular, the diameter is
the average of the major and minor axes of that cross-
section. For an elongated or high aspect ratio nanostruc-
ture, such as a nanowire or nanorod, a diameter is typi-

cally measured across a cross-section perpendicular to
the longest axis of the nanowire or nanorod. For spherical
nanostructures such as quantum dots, the diameter is
measured from one side to the other through the center
of the sphere.
[0049] The terms "crystalline" or "substantially crystal-
line," when used with respect to nanostructures, refer to
the fact that the nanostructures typically exhibit long-
range ordering across one or more dimensions of the
structure. It will be understood by one of skill in the art
that the term "long range ordering" will depend on the
absolute size of the specific nanostructures, as ordering
for a single crystal cannot extend beyond the boundaries
of the crystal. In this case, "long-range ordering" will
mean substantial order across at least the majority of the
dimension of the nanostructure. In some instances, a na-
nostructure can bear an oxide or other coating, or can
be comprised of a core and at least one shell. In such
instances it will be appreciated that the oxide, shell(s),
or other coating need not exhibit such ordering (e.g. it
can be amorphous, polycrystalline, or otherwise). In such
instances, the phrase "crystalline," "substantially crystal-
line," "substantially monocrystalline," or "monocrystal-
line" refers to the central core of the nanostructure (ex-
cluding the coating layers or shells). The terms "crystal-
line" or "substantially crystalline" as used herein are in-
tended to also encompass structures comprising various
defects, stacking faults, atomic substitutions, and the like,
as long as the structure exhibits substantial long range
ordering (e.g., order over at least about 80% of the length
of at least one axis of the nanostructure or its core). In
addition, it will be appreciated that the interface between
a core and the outside of a nanostructure or between a
core and an adjacent shell or between a shell and a sec-
ond adjacent shell may contain non-crystalline regions
and may even be amorphous. This does not prevent the
nanostructure from being crystalline or substantially crys-
talline as defined herein.
[0050] The term "monocrystalline" when used with re-
spect to a nanostructure indicates that the nanostructure
is substantially crystalline and comprises substantially a
single crystal. When used with respect to a nanostructure
heterostructure comprising a core and one or more
shells, "monocrystalline" indicates that the core is sub-
stantially crystalline and comprises substantially a single
crystal.
[0051] A "nanocrystal" is a nanostructure that is sub-
stantially monocrystalline. A nanocrystal thus has at least
one region or characteristic dimension with a dimension
of less than about 500 nm, e.g., less than about 200 nm,
less than about 100 nm, less than about 50 nm, or even
less than about 20 nm. The term "nanocrystal" is intended
to encompass substantially monocrystalline nanostruc-
tures comprising various defects, stacking faults, atomic
substitutions, and the like, as well as substantially
monocrystalline nanostructures without such defects,
faults, or substitutions. In the case of nanocrystal heter-
ostructures comprising a core and one or more shells,
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the core of the nanocrystal is typically substantially
monocrystalline, but the shell(s) need not be. In one as-
pect, each of the three dimensions of the nanocrystal has
a dimension of less than about 500 nm, e.g., less than
about 200 nm, less than about 100 nm, less than about
50 nm, or even less than about 20 nm. Examples of na-
nocrystals include, but are not limited to, substantially
spherical nanocrystals, branched nanocrystals, and sub-
stantially monocrystalline nanowires, nanorods, nano-
dots, quantum dots, nanotetrapods, tripods, bipods, and
branched tetrapods (e.g., inorganic dendrimers).
[0052] A "substantially spherical nanostructure" is a
nanostructure with an aspect ratio between about 0.8
and about 1.2. For example, a "substantially spherical
nanocrystal" is a nanocrystal with an aspect ratio be-
tween about 0.8 and about 1.2.
[0053] A "nanostructure array" is an assemblage of na-
nostructures. The assemblage can be spatially ordered
(an "ordered array") or disordered (a "disordered array").
In a "monolayer array" of nanostructures, the assem-
blage of nanostructures comprises a monolayer.
[0054] A variety of additional terms are defined or oth-
erwise characterized herein.

DETAILED DESCRIPTION

[0055] In one aspect, the invention provides methods
for forming nanostructure arrays, e.g., ordered or disor-
dered monolayer arrays of nanostructures. The arrays
are optionally formed at predetermined positions and/or
have predetermined dimensions.

MONOLAYER FORMATION ON CHEMICAL COAT-
INGS

[0056] A surface on which a nanostructure array is to
be formed can be coated with a chemical composition,
e.g., a composition having a higher affinity for the nanos-
tructures than the surface itself does. Such a coating can,
e.g., facilitate adhesion of the nanostructures to the sur-
face and can thus facilitate formation of the monolayer.
[0057] Thus, one general class of embodiments pro-
vides methods for forming a nanostructure array. In the
methods, a first layer is provided and coated with a com-
position comprising a nanostructure association group,
to provide a coated first layer. A population of nanostruc-
tures is deposited on the coated first layer, whereby the
nanostructures associate with the nanostructure associ-
ation group. Any nanostructures which are not associat-
ed with the nanostructure association group are re-
moved, whereby a monolayer array of nanostructures
remains associated with the coated first layer.
[0058] The first layer can comprise essentially any de-
sired material, chosen, e.g., based on the use to which
the resulting monolayer array of nanostructures is to be
put (e.g., a conductive material, a nonconductive mate-
rial, a semiconductor, or the like). The first layer is op-
tionally disposed or deposited on a substrate, which can

similarly comprise essentially any desired material, de-
pending, e.g., on the desired use of the nanostructure
array. Suitable substrates include, but are not limited to:
a uniform substrate, e.g., a wafer of solid material, such
as silicon or other semiconductor material, glass, quartz,
polymerics, etc.; a large rigid sheet of solid material, e.g.,
glass, quartz, plastics such as polycarbonate, polysty-
rene, etc.; a flexible substrate, such as a roll of plastic
such as polyolefin, polyamide, and others; or a transpar-
ent substrate. Combinations of these features can be em-
ployed. The substrate optionally includes other compo-
sitional or structural elements that are part of an ultimately
desired device. Particular examples of such elements
include electrical circuit elements such as electrical con-
tacts, other wires or conductive paths, including na-
nowires or other nanoscale conducting elements, optical
and/or optoelectrical elements (e.g., lasers, LEDs, etc.),
and structural elements (e.g., microcantilevers, pits,
wells, posts, etc.).
[0059] For example, in embodiments in which the mon-
olayer array of nanostructures is to be incorporated into
a flash transistor or memory device, the first layer com-
prises a dielectric material, such as an oxide (e.g., a metal
oxide, silicon oxide, hafnium oxide, or alumina (Al2O3),
or a combination of such oxides), a nitride (e.g., Si3N4),
an insulating polymer, or another nonconductive materi-
al. In this class of embodiments, the first layer (which
serves as a tunnel dielectric layer in these embodiments)
is preferably thin (e.g., has a thickness of between about
1 nm and about 10 nm, e.g., between 3 and 4 nm), and
is disposed on a substrate that comprises a semiconduc-
tor. Preferred tunnel dielectrics are described in U.S. pat-
ent application 11/743,085 filed May 1, 2007, by Jian
Chen entitled "Electron blocking layers for electronic de-
vices," which is herein incorporated by reference in its
entirety. The substrate typically includes a source region,
a drain region, and a channel region between the source
and drain regions and underlying the monolayer array of
nanostructures, and the methods include disposing a
control dielectric layer on the monolayer array of nanos-
tructures and disposing a gate electrode on the control
dielectric layer, thus incorporating the nanostructure ar-
ray into a transistor. The control dielectric layer compris-
es a dielectric material, for example, an oxide (e.g., a
metal oxide, SiO2, or Al2O3, or a combination of such
oxides), an insulating polymer, or another nonconductive
material. Preferred control dielectrics are described in
U.S. patent application 11/743,085 (supra) and preferred
gate electrode design is described in U.S. patent appli-
cation 60/931,488 filed May 23, 2007, by Francisco A.
Leon et al. entitled "Gate electrode for a nonvolatile mem-
ory cell," each of which is herein incorporated by refer-
ence in its entirety.
[0060] The methods can be used to form multiple na-
nostructure arrays on the same surface. Thus, in one
class of embodiments, two or more discrete regions of
the first layer are coated with the composition. Each re-
gion occupies a predetermined position on the first layer
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(which can, e.g., correspond to a predetermined position
on a substrate on which the first layer is disposed). Two
or more discrete monolayer arrays of nanostructures thus
remain associated with the coated first layer after depo-
sition of the population of nanostructures on the coated
regions of the first layer and removal of nanostructures
not associated with the nanostructure association group.
Essentially any number of nanostructure arrays can be
produced in this manner. For example, 10 or more, 50
or more, 100 or more, 1000 or more, 1 x 104 or more, 1
x 106 or more, 1 x 109 or more, 1 x 1010 or more, 1 x 1011

or more, or 1 x 1012 or more discrete regions of the first
layer can be coated with the composition, whereby 10 or
more, 50 or more, 100 or more, 1000 or more, 1 x 104 or
more, 1 x 106 or more, 1 x 109 or more, 1 x 1010 or more,
1 x 1011 or more, or 1 x 1012 or more discrete monolayer
nanostructure arrays are formed at predetermined posi-
tions on the first layer.
[0061] The regions can be of essentially any desired
size. For example, each region (and thus each resulting
monolayer array of nanostructures) can have an area of
about 104 mm2 or less, about 103 mm2 or less, about 102

mm2 or less, about 10 mm2 or less, about 1 mm2 or less,
about 105 nm2 or less, about 104 nm2 or less, or even
about 4225 nm2 or less, about 2025 nm2 or less, about
1225 nm2 or less, about 625 nm2 or less, or about 324
nm2 or less. It will be evident that each of the resulting
arrays can, if desired, be incorporated into a transistor
or other device.
[0062] Techniques for coating discrete regions of the
first layer have been described in the art. For example,
the first layer can be coated with resist (e.g., photoresist),
which is exposed and developed in the desired pattern
to uncover the desired regions of the first layer, which
are then coated with the composition. As another exam-
ple, the first layer can be coated with the composition,
then with resist which is exposed and developed in the
inverse of the desired pattern. Composition not protected
by the resist is removed, and the remaining resist is re-
moved to leave the composition in the desired regions.
As yet another example, the composition can simply be
printed on the first layer in desired regions. In another
class of embodiments, the monolayer is formed and then
patterned, e.g., using resist as described below in the
section entitled "Patterning monolayers using resist."
[0063] As noted, the composition used to coat the first
layer comprises a nanostructure association group (e.g.,
a chemical group that can interact, covalently or noncov-
alently, with a surface of a nanostructure and/or with a
ligand coating a surface of a nanostructure). A large
number of suitable groups are known in the art and can
be adapted to the practice of the present invention. Ex-
emplary nanostructure association groups include, but
are not limited to, thiol, amine, alcohol, phosphonyl, car-
boxyl, boronyl, fluorine or other noncarbon heteroatom,
phosphinyl, alkyl, aryl, and like groups.
[0064] In one class of embodiments, the composition
comprises a silane. For example, the silane can be an

organosilane, e.g., a trichlorosilane, trimethoxysilane, or
triethoxysilane. As another example, the silane can in-
clude a structure having the formula [X3Si-spacer-nanos-
tructure association group(s)] where X is a Cl, OR, alkyl,
aryl, other hydrocarbon, heteroatom, or a combination of
these groups, and where the spacer is an alkyl, aryl
and/or heteroatom combination. The silane can react
with free hydroxyl groups on the surface of a silicon oxide
first layer, for example, forming a monolayer coating on
the first layer.
[0065] In one aspect, the nanostructure association
group interacts with a surface of the nanostructures. In
one exemplary class of embodiments, the nanostructure
association group comprises a thiol group. The coated
first layer can thus comprise, e.g., a self-assembled mon-
olayer comprising a thiol compound. The composition
can comprise, for example, a mercaptoalkyltrichlorosi-
lane, a mercaptoalkyltrimethoxysilane, or a mercap-
toalkyltriethoxysilane, e.g., in which the alkyl group com-
prises between 3 and 18 carbons (e.g., 12-mercaptodo-
decyltrimethoxysilane). The composition optionally com-
prises a mixture of two or more different compounds. For
example, the composition can include a mixture of a long
chain mercaptosilane (e.g., a mercaptoalkyltrichlorosi-
lane, a mercaptoalkyltrimethoxysilane, or a mercap-
toalkyltriethoxysilane, where the alkyl group comprises
between 8 and 18 carbons) and a short chain mercap-
tosilane (e.g., a mercaptoalkyltrichlorosilane, a mercap-
toalkyltrimethoxysilane, or a mercaptoalkyltriethoxysi-
lane, where the alkyl group comprises 8 or fewer car-
bons), where the alkyl group in the long chain mercap-
tosilane comprises at least one more carbon than does
the alkyl group in the short chain mercaptosilane. In this
example, the ratio of the long and short chain mercap-
tosilanes can be varied to tailor the surface presented to
the nanostructures. For example, the long and short
chain mercaptosilanes can be present at a molar ratio of
between about 1:10 and about 1:10,000 long chain mer-
captosilane to short chain mercaptosilane (e.g., a molar
ratio of about 1:100 or 1:1000). As another example, the
composition can include a mixture of a long chain mer-
captosilane and a short chain silane which need not com-
prise a nanostructure association group (e.g., an alkyl-
trichlorosilane, alkyltrimethoxysilane, or alkyltriethoxysi-
lane, where the alkyl group comprises 8 or fewer car-
bons).
[0066] The nanostructures are optionally associated
with a surfactant or other surface ligand. In one class of
embodiments, each of the nanostructures comprises a
coating comprising a ligand associated with a surface of
the nanostructure, for example, a silsesquioxane ligand
such as those described in U.S. patent application
60/632,570 filed November 30, 2004 by Whiteford et al.
entitled "Post-deposition encapsulation of nanocrystals:
Compositions, devices and systems incorporating same"
or illustrated in Figure 3 Panels A-C. The ligands op-
tionally control spacing between adjacent nanostructures
in an array. The nanostructure association group can dis-
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place the ligand and/or can intercalate between adjacent
ligand molecules to reach the surface of the nanostruc-
tures.
[0067] An exemplary embodiment is schematically il-
lustrated in Figure 1. In this example, first layer 103 (e.g.,
a layer of SiO2) is disposed on substrate 120 (e.g., a
silicon substrate). The first layer as depicted is continu-
ously distributed across the substrate, but it will be evi-
dent that the first layer can optionally instead be disposed
in multiple discrete regions on the substrate. The first
layer is coated with composition 104 (e.g., a mixture of
long and short chain mercaptosilanes) including nanos-
tructure association group 105 (e.g., a thiol group), to
form coated first layer 102 in discrete regions 119. A pop-
ulation of nanostructures 110 (e.g., Pd quantum dots)
coated with ligand 111 (e.g., a silsesquioxane ligand) is
deposited on the coated first layer, e.g., by spin coating
(Panel A). Nanostructures associate with the nanostruc-
ture association group, which intercalates among the lig-
and coating the nanostructures, and form slightly more
than a monolayer on the first layer (Panel B). Nanostruc-
tures that are not associated with the nanostructure as-
sociation group are removed (e.g., by washing with a
solvent) to leave monolayer arrays 109 of nanostructures
associated with the coated first layer (Panel C).
[0068] Instead of (or in addition to) displacing or inter-
calating with the ligand on the nanostructures to interact
with the nanostructure surface, the nanostructure asso-
ciation group can interact with the ligand. Thus, in one
aspect, each of the nanostructures comprises a coating
comprising a ligand associated with a surface of the na-
nostructure, and the nanostructure association group in-
teracts with the ligand. In some embodiments, the ligand
comprises a silsesquioxane. Exemplary ligands include,
but are not limited to, those described in U.S. patent ap-
plication 60/632,570 (supra) or illustrated in Figure 3
Panels A-C.
[0069] The interaction between the ligand and the na-
nostructure association group can be covalent or non-
covalent. Thus, in one class of embodiments, the inter-
action is noncovalent. The composition can comprise,
for example, 3-aminopropyltriethoxysilane (APTES), do-
decyltrichlorosilane, octadecyltrichlorosilane (OTS), do-
decyltriethoxysilane, octadecyltriethoxysilane, or any of
a number of similar compounds. As noted above, the
silanes can, e.g., bind to free hydroxyl groups on the sur-
face of an SiO2 first layer. The dodecyl and octadecyl
groups provide a hydrophobic surface, e.g., for interac-
tion with a hydrophobic ligand on the nanostructures,
while APTES provides a polar surface, e.g., for interac-
tion with a ligand that can hydrogen bond with the APTES
amino groups.
[0070] In another class of embodiments, the nanos-
tructure association group forms a covalent bond with
the ligand. The composition is optionally photoactivata-
ble, such that the covalent bond between the ligand and
the nanostructure association group is formed only upon
exposure to light. In such embodiments, the methods in-

clude exposing one or more discrete regions of the coat-
ed first layer, each of which occupies a predetermined
position on the coated first layer, to light.
[0071] Essentially any number of nanostructure arrays
can be produced in this manner. For example, two or
more, 10 or more, 50 or more, 100 or more, 1000 or more,
1 x 104 or more, 1 x 106 or more, 1 x 109 or more, 1 x
1010 or more, 1 x 1011 or more, or 1 x 1012 or more discrete
regions of the coated first layer can be exposed to the
light, resulting in formation of a like number of discrete
nanostructure monolayer arrays at predetermined posi-
tions on the first layer (and thus, at predetermined posi-
tions on any substrate on which the first layer is dis-
posed). Similarly, the regions can be of essentially any
desired size. For example, each region (and thus each
resulting monolayer array of nanostructures) can have
an area of about 104 mm2 or less, about 103 mm2 or less,
about 102 mm2 or less, about 10 mm2 or less, about 1
mm2 or less, about 105 nm2 or less, about 104 nm2 or
less, or even about 4225 nm2 or less, about 2025 nm2

or less, about 1225 nm2 or less, about 625 nm2 or less,
or about 324 nm2 or less. It will be evident that each of
the resulting arrays can, if desired, be incorporated into
a transistor or other device. Using a photoactivatable
composition thus provides a convenient means of pat-
terning, such that a desired number, size, and/or shape
of monolayer nanostructure array(s) can be produced.
[0072] A large number of photoactivatable compounds
are known in the art and can be adapted to the practice
of the present invention. For example, the composition
can include a phenyl azide group, which when photoac-
tivated can form a covalent bond with, e.g., a silsesqui-
oxane ligand comprising a coating associated with a sur-
face of the nanostructures. Exemplary photoactivatable
compositions include, but are not limited to, compounds
comprising an aryl azide group (e.g., a phenyl azide, hy-
droxyphenyl azide, or nitrophenyl azide group), a psor-
alen, or a diene.
[0073] The composition can be applied to form the
coating in one or more steps. For example, in certain
embodiments, coating the first layer with the composition
involves coating the first layer with a first compound and
then coating the first layer with a second compound which
interacts with the first compound and which includes the
nanostructure association group. For example, the first
layer (e.g., an SiO2 first layer) can be coated with 3-ami-
nopropyltriethoxysilane (APTES) as the first compound
and then with N-5-azido-2-nitrobenzoyloxysuccinimide
(ANB-NOS) as the second compound. (ANB-NOS has
an amine-reactive N-hydroxysuccinimide ester group,
which reacts with the APTES amino groups, and a nitro-
phenyl azide group, which can be photolyzed, e.g., at
320-350nm.)
[0074] An exemplary embodiment is schematically il-
lustrated in Figure 2. In this example, first layer 203 (e.g.,
a layer of SiO2) is disposed on substrate 220 (e.g., a
silicon substrate). The first layer is coated with composi-
tion 204 (e.g., APTES and ANB-NOS), which includes
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photoactivatable nanostructure association group 205
(e.g., a phenyl azide group), to form coated first layer 202
(Panel A). A population of nanostructures 210 (e.g. Pd
quantum dots) coated with ligand 211 (e.g., a silsesqui-
oxane ligand) is deposited on the coated first layer, e.g.,
by spin coating to form slightly more than a monolayer
(Panel B). Discrete regions 219 of the coated first layer
are exposed to light 230, while the remainder of the coat-
ed first layer is protected from exposure to the light by
mask 231 (Panel C). Nanostructures that are not cova-
lently bonded to the nanostructure association group are
removed (e.g., by washing with a solvent, e.g., hexane)
to leave monolayer arrays 209 of nanostructures asso-
ciated with the coated first layer (Panel D).
[0075] In one class of embodiments, the population of
nanostructures is deposited on the coated first layer by
depositing a solution comprising the nanostructures dis-
persed in at least one solvent on the coated first layer.
The solution of nanostructures can be deposited by es-
sentially any convenient technique, for example, spin
coating, dip coating, soaking, spraying, or similar tech-
niques. The solvent can, but need not be, partially or
completely removed from the deposited nanostructures,
e.g., by evaporation. Any nanostructures which are not
associated with the nanostructure association group can
be conveniently removed, e.g., by washing with at least
one solvent.
[0076] In one aspect, the monolayer array (or each of
multiple arrays) of nanostructures formed by the methods
comprises an ordered array, e.g., a hexagonal-close
packed monolayer array comprising substantially spher-
ical nanocrystals or a square array comprising cubic na-
nocrystals. For many applications, however, an ordered
array is not required. For example, for an array for use
in a memory device, the nanostructures need not be or-
dered in the array as long as they achieve sufficient den-
sity in a disordered array. Thus, in another aspect, the
monolayer array of nanostructures comprises a disor-
dered array.
[0077] In one class of embodiments, the array (or each
of multiple arrays produced by the methods) has a high
density of nanostructures. For example, the monolayer
array of nanostructures optionally has a density greater
than about 1 x 1010 nanostructures/cm2, greater than
about 1 x 1011 nanostructures/cm2, greater than about
1 x 1012 nanostructures/cm2, or even greater than about
1 x 1013 nanostructures/cm2.
[0078] In one class of embodiments, the nanostruc-
tures comprise substantially spherical nanostructures or
quantum dots. The nanostructures can comprise essen-
tially any desired material, chosen, e.g., based on the
use to which the resulting monolayer array of nanostruc-
tures is to be put. For example, the nanostructures can
comprise a conductive material, a nonconductive mate-
rial, a semiconductor, and/or the like. In one aspect, the
nanostructures have a work function of about 4.5 eV or
higher. Such nanostructures are useful, for example, in
fabrication of memory devices, where if the work function

of the nanostructures is not sufficiently high, electrons
stored in the nanostructures tend to travel back across
the tunnel dielectric layer, resulting in memory loss. Thus,
the nanostructures (e.g., the substantially spherical na-
nostructures or quantum dots) optionally comprise ma-
terials such as palladium (Pd), iridium (Ir), nickel (Ni),
platinum (Pt), gold (Au), ruthenium (Ru), cobalt (Co),
tungsten (W), tellurium (Te), iron platinum alloy (FePt),
or the like. Nanostructures are described in greater detail
below in the section entitled "Nanostructures".
[0079] Thus, another general class of embodiments
provides a device including a coated first layer and a
monolayer array of nanostructures disposed on the coat-
ed first layer. The coated first layer includes a first layer
coated with a composition comprising a nanostructure
association group, and the nanostructures are associat-
ed with the nanostructure association group.
[0080] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, substrate, composition used to coat the first layer,
nanostructure association group, and nanostructures. It
is worth noting that the monolayer array of nanostruc-
tures can comprise an ordered array or a disordered ar-
ray, and that the coated first layer optionally comprises
two or more discrete regions, each of which occupies a
predetermined position (so the device optionally includes
two or more monolayer arrays of nanostructures dis-
posed on the coated first layer). It is also worth noting
that the device optionally comprises a flash transistor
(floating gate memory MOSFET) or memory device.
Thus, in certain embodiments, the first layer comprises
a dielectric material, such as an oxide (e.g., a metal oxide,
silicon oxide, hafnium oxide, or alumina (Al2O3)), a ni-
tride, an insulating polymer, or another nonconductive
material. In this class of embodiments, the first layer
(which serves as a tunnel dielectric layer) is preferably
thin (e.g., has a thickness of between about 1 nm and
about 10 nm, e.g., between 3 and 4 nm), and is disposed
on a substrate that comprises a semiconductor (e.g., a
Si substrate). The substrate typically includes a source
region, a drain region, and a channel region between the
source and drain regions and underlying the monolayer
array of nanostructures. A control dielectric layer is dis-
posed on the monolayer array of nanostructures, and a
gate electrode is disposed on the control dielectric layer.
The control dielectric layer comprises a dielectric mate-
rial, e.g., an oxide (e.g., a metal oxide, SiO2, or Al2O3),
an insulating polymer, or another nonconductive materi-
al. The electrodes can comprise essentially any suitable
material(s). For example, the gate electrode can com-
prise polysilicon, a metal silicide (e.g., nickel silicide or
tungsten silicide), ruthenium, ruthenium oxide, or Cr/Au.
Similarly, the source and drain electrodes optionally com-
prise a metal silicide (e.g., nickel silicide or tungsten sil-
icide) or any of various barrier metals or metal nitrides
such as TiN, connecting to other metals such as copper
or aluminum.
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[0081] An exemplary embodiment is schematically il-
lustrated in Figure 1 Panel C. In this example, device
101 includes coated first layer 102 and monolayer arrays
109 of nanostructures 110 disposed on the coated first
layer in discrete regions 119. Coated first layer 102 in-
cludes first layer 103 coated with composition 104 includ-
ing nanostructure association group 105. The first layer
is disposed on substrate 120.
[0082] A related exemplary embodiment is schemati-
cally illustrated in Figure 2 Panel D. In this example,
device 201 includes coated first layer 202 and monolayer
arrays 209 of nanostructures 210 disposed on the coated
first layer in discrete regions 219. Coated first layer 202
includes first layer 203 coated with composition 204 in-
cluding nanostructure association group 205. The first
layer is disposed on substrate 220. In this embodiment,
nanostructure association group 205 is covalently bond-
ed to ligand 211 on the nanostructures.

MONOLAYER FORMATION IN SPIN-ON-DIELEC-
TRICS

[0083] As noted above, nanostructure monolayers are
desirable for a number of applications. For example, for-
mation of quantum dot monolayers on tunnel oxides is
desirable for production of nanocrystal flash memory de-
vices. Because the performance of nanocrystal based
flash memory devices (or other nanostructure-based de-
vices) can be determined at least in part by variations in
nanostructure density, high density monolayers with low
nanostructure density variations are desired. However,
since imperfect size distribution of the nanodots affects
coherent length of self-assembly, simply coating a sub-
strate with dots (e.g., a substrate whose surface is not
modified with a composition that includes a nanostructure
association group and where the dots are not dispersed
in a matrix material, etc.) typically results in localized dot
assemblies with grain boundary formed among them.
Since the coherent self-assembly length depends on the
size distribution of the dots, the quality of the assembly
process has been limited by the size distribution of the
dots and it has been challenging to improve the quality
of the resulting assemblies. Solution phase chemistry
usually provides size distributions of less than 10%, while
the conventional CVD and PVD approaches provide
grain distributions of about 20% to 25%.
[0084] One aspect of the invention provides methods
that facilitate randomized assembly of nanostructures
(e.g., quantum dots) without grain boundary formation
by using spin-on-dielectric materials. The nanostructures
are dispersed well in a solution in the presence of a spin-
on-dielectric (e.g., spin-on-glass) material. When the na-
nostructure solution is spun onto a substrate, the nanos-
tructures form a randomized monolayer assembly in the
spin-on-dielectric material. The spin-on-dielectric mate-
rial forms a matrix on the substrate after the coating proc-
ess; the nanostructures are randomly distributed in the
matrix. The nanostructure density in the resulting array

is controlled by their concentration in the solution. Vari-
ation in nanostructure density across the resulting mon-
olayer is minimal.
[0085] Accordingly, one general class of embodiments
provides methods for forming a nanostructure array. In
the methods, a first layer is provided, as are nanostruc-
tures dispersed in a solution comprising a liquid form of
a spin-on-dielectric. The solution is disposed on the first
layer, whereby the nanostructures form a monolayer ar-
ray on the first layer. The liquid form of the spin-on-die-
lectric is then cured to provide a solid form of the spin-
on-dielectric. The monolayer array of nanostructures is
embedded in the resulting solid spin-on-dielectric matrix.
[0086] Suitable materials for the first layer have been
described above; examples include, but are not limited
to, a semiconductor or a dielectric material such as an
oxide (e.g., a metal oxide, silicon oxide, hafnium oxide,
or alumina (Al2O3), or a combination of such oxides) or
a nitride (e.g., silicon nitride). The first layer is optionally
treated prior to disposition of the solution. For example,
the first layer can be coated with hexamethyldisilizane
(HMDS) or a silane before the solution is disposed on it.
Thus, for example, the first layer can comprise silicon
oxide or silicon nitride coated with HMDS. The first layer
is optionally disposed on a substrate, e.g., a substrate
comprising a semiconductor. In one class of embodi-
ments, the first layer has a thickness of between about
1 nm and about 10 nm, e.g., between 3 and 4 nm. The
substrate can include a source region, a drain region,
and a channel region between the source and drain re-
gions and underlying the monolayer array of nanostruc-
tures, and the methods include disposing a gate elec-
trode on the solid form of the spin-on-dielectric material.
Optionally, the thickness of the control dielectric is in-
creased by disposing a dielectric layer on the solid form
of the spin-on-dielectric, prior to disposing the gate elec-
trode on the solid form of the spin-on-dielectric material.
As noted above, preferred tunnel and control dielectrics
and gate electrodes are described in U.S. patent appli-
cations 11/743,085 and 60/931,488, respectively.
[0087] The solution including the nanostructures and
the liquid spin-on-dielectric can be disposed on the first
layer by essentially any convenient technique. For ex-
ample, the first layer can be spin coated with the solution.
[0088] A large number of spin-on-dielectric materials
are known in the art and can be adapted to the methods.
As just a few examples, the solid form of the spin-on-
dielectric can comprise silicon oxide, aluminum oxide,
hafnium oxide (e.g., HfO2), lanthanum oxide (e.g.,
La2O3), or tantalum oxide (e.g., Ta2O5). Similarly, the
liquid form of the spin-on-dielectric can comprise alumi-
num i-propoxide (Al i-propoxide), tri-methyl aluminum,
tri-ethyl aluminum, hafnium t-butoxide (Hf t-butoxide),
hafnium ethoxide (Hf ethoxide), tetrabenzyl hafnium
(tetrabenzyl Hf), tris(cyclopentadienyl)lanthanum, tris(i-
propylcyclopentadienyl)lanthanum, pentakis(dimethyl-
amino)tantalum, tantalum methoxide (Ta methoxide), or
tantalum ethoxide (Ta ethoxide). As noted herein, the
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solid form of the spin-on-dielectric optionally serves as a
diffusion barrier.
[0089] In one class of embodiments, the spin-on-die-
lectric is a spin-on-glass. The liquid form of the spin-on-
glass can comprise a silicon compound that forms a sil-
icon oxide (e.g., SiO2) after curing. For example, the liq-
uid form of the spin-on-glass can include a silsesquiox-
ane, e.g., mercapto-propyl-cyclohexyl polyhedral oligo-
meric silsesquioxane (see Figure 3 Panel A, where R is
a cyclohexyl group), hydrogen silsesquioxane, methyl
silsesquioxane, octavinyl dimethyl silyl silsesquioxane,
octasilane silsesquioxane, octavinyl-T8 silsesquioxane,
aminopropylcyclohexyl polyhedral oligomeric silsesqui-
oxane (aminopropylcyclohexyl POSS, see Figure 3 Pan-
el C, where R is a cyclohexyl group; commercially avail-
able from Hybrid Plastics, Inc.), acrylo silsesquioxane
(e.g., an acrylo POSS® cage mixture commercially avail-
able from Hybrid Plastics, Inc., that includes
(C6H9O2)n(SiO1.5)n where n=8, 10, 12; n=8 is shown in
Figure 3 Panel E), or methacrylo silsesquioxane (e.g.,
a methacryl POSS® cage mixture commercially available
from Hybrid Plastics, Inc., that includes
(C7H11O2)n(SiO1.5)n where n=8, 10, 12; n=8 is shown in
Figure 3 Panel D), or a combination thereof (e.g., a com-
bination of silsesquioxanes with and without a nanostruc-
ture binding moiety that can bind to the surface of the
nanostructures, e.g., a mixture of mercapto-propyl-cy-
clohexyl POSS and hydrogen silsesquioxane). A variety
of such silsesquioxanes are known in the art, and a
number are commercially available, e.g., from Gelest,
Inc. Other types of spin-on-glass materials can also be
used. Preferred spin-on-glass or spin-on-dielectric ma-
terials are ones which dissolve well in the solvent for the
nanostructures and produce good wetting behavior on
the relevant surface (e.g., on an HMDS modified tunnel
oxide layer).
[0090] The spin-on-dielectric material can be cured as
is known in the art, for example, by UV, electron beam,
heat, or the like. In one class of embodiments, the liquid
form of the spin-on-dielectric comprises a photopolym-
erizable compound (e.g., hydrogen silsesquioxane or oc-
tavinyl-T8 silsesquioxane or another photopolymerizable
silsesquioxane or silicate). Use of a photopolymerizable
spin-on-dielectric facilitates patterning of the monolayer
array, as described in greater detail below in the section
entitled "Patterning monolayers using resist." In brief, to
pattern the array, a predetermined pattern is exposed to
light to cure the spin-on-dielectric, and uncured material
along with its embedded nanostructures is removed.
[0091] Thus, in one class of embodiments, at least a
first region of the first layer and the solution disposed
thereon are exposed to light of an appropriate wave-
length, thereby curing the spin-on-dielectric in the first
region. Simultaneously, at least a second region of the
first layer and the solution disposed thereon are protected
from the light, whereby the spin-on-dielectric in the sec-
ond region remains uncured. The uncured spin-on-die-
lectric and the nanostructures therein are then removed

from the first layer without removing the cured spin-on-
dielectric and the nanostructures therein, leaving one or
more monolayer arrays on the first layer. The position
and size of the array(s) in the cured spin-on-dielectric
matrix correspond to that of the first region(s).
[0092] The methods can be used to produce essen-
tially any number of monolayer arrays. For example, two
or more, 10 or more, 50 or more, 100 or more, 1000 or
more, 1 x 104 or more, 1 x 106 or more, 1 x 109 or more,
or even 1 x 1012 or more discrete regions of the first layer
and the solution disposed thereon can be exposed to the
light, such that a like number of discrete nanostructure
monolayer arrays remains on the first layer.
[0093] Similarly, if such patterning is desired when the
spin-on-dielectric is not conveniently photopolymeriza-
ble, a photoresist (e.g., any well established photoresist)
is included in the solution with the nanostructures and
the liquid form of the spin-on-dielectric. The percentage
of the various components are adjusted as desired, e.g.,
to provide adequate photo-curing of the matrix and a
good dielectric after curing.
[0094] The monolayer array of nanostructures is typi-
cally a disordered array. The array (or each of multiple
arrays) produced by the methods optionally has a high
density of nanostructures. For example, the monolayer
array of nanostructures optionally has a density greater
than about 1 x 1010 nanostructures/cm2, greater than
about 1 x 1011 nanostructures/cm2, greater than about
1 x 1012 nanostructures/cm2, or even greater than about
1 x 1013 nanostructures/cm2. As noted, variation in the
density of the nanostructures across the array (or over
large areas of the array, e.g., areas 2-3 micrometers on
a side) is preferably low. For example, variation in density
of the nanostructures in the monolayer array can be less
than 10% across the monolayer, e.g., less than 5%.
[0095] Essentially all of the features noted for the em-
bodiments above apply to these embodiments as well,
as relevant; for example, with respect to disposition of
the first layer on a substrate, composition of the substrate,
incorporation of the array(s) into transistor(s), nanostruc-
ture shape and composition, nanostructure ligands, size
of the array(s), and the like. For example, the nanostruc-
tures are optionally substantially spherical nanostruc-
tures or quantum dots. The nanostructures can comprise
essentially any desired material. In one class of embod-
iments, the nanostructures have a work function of about
4.5 eV or higher. For example, the nanostructures can
comprise palladium, platinum, nickel, or ruthenium.
[0096] Monolayer formation of Pd, Ru, and Ni quantum
dots is illustrated in Figure 8 Panels A-C, respectively.
In these examples, the substrate was coated with HMDS,
and mercapto-propyl-cyclohexyl polyhedral oligomeric
silsesquioxane (3.5 mg/ml in chlorobenzene or xylene)
was used as the spin-on-glass material. In these exam-
ples, a silicon nitride membrane was used as the sub-
strate; other exemplary substrates include, e.g., an SiO2
wafer or oxynitride substrate. The silsesquioxane was
cured in an O2, CDA environment, by ramping to
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300-400°C and dwelling at the high temperature for 5-30
minutes.
[0097] Thus, another general class of embodiments
provides a device including a first layer, a liquid or solid
form of a spin-on-dielectric disposed on the first layer,
and a monolayer of nanostructures disposed on the first
layer in the spin-on-dielectric.
[0098] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the liquid
and/or solid form of the spin-on-dielectric, first layer, sub-
strate, and nanostructures. It is worth noting that the mon-
olayer of nanostructures is typically a disordered monol-
ayer, and that the device optionally comprises two or
more discrete monolayer arrays embedded in the solid
form of the spin-on-dielectric, each of which typically oc-
cupies a predetermined position. It is also worth noting
that the device optionally comprises a flash transistor
(floating gate memory MOSFET) or memory device.
Thus, in certain embodiments, the first layer comprises
a dielectric material, such as an oxide (e.g., a metal oxide,
silicon oxide, hafnium oxide, or alumina (Al2O3)), a ni-
tride, an insulating polymer, or another nonconductive
material. In this class of embodiments, the first layer
(which serves as a tunnel dielectric layer) is preferably
thin (e.g., has a thickness of between about 1 nm and
about 10 nm, e.g., between 3 and 4 nm), and is disposed
on a substrate that comprises a semiconductor (e.g., a
Si substrate). The substrate typically includes a source
region, a drain region, and a channel region between the
source and drain regions and underlying the monolayer
array of nanostructures. A control dielectric layer is dis-
posed on the monolayer of nanostructures in the spin-
on-dielectric, if needed, and a gate electrode is disposed
on the control dielectric layer. The control dielectric layer
comprises a dielectric material, e.g., an oxide (e.g., a
metal oxide, SiO2, or Al2O3), an insulating polymer, or
another nonconductive material. The electrodes can
comprise essentially any suitable material(s). For exam-
ple, the gate electrode can comprise polysilicon, a metal
silicide (e.g., nickel silicide or tungsten silicide), ruthe-
nium, ruthenium oxide, or Cr/Au. Similarly, the source
and drain electrodes optionally comprise a metal silicide
(e.g., nickel silicide or tungsten silicide) or any of various
barrier metals or metal nitrides such as TiN, connecting
to other metals such as copper or aluminum.

PATTERNING MONOLAYERS USING RESIST

[0099] Certain methods described above permit the
size, shape, and/or position of resultant monolayer na-
nostructure arrays to be predetermined. Use of resist,
e.g., photoresist, can also facilitate such patterning of
monolayer arrays.
[0100] One general class of embodiments known from
the prior art provides methods for patterning a nanos-
tructure monolayer. In the methods, a monolayer of na-
nostructures disposed on a first layer is provided. Resist

is disposed on the monolayer of nanostructures to pro-
vide a resist layer, and a predetermined pattern on the
resist layer is exposed (e.g., to light, an electron beam,
x-rays, etc.), to provide exposed resist in at least a first
region of the resist layer and unexposed resist in at least
a second region of the resist layer. If a positive resist is
utilized, the exposed resist and its underlying nanostruc-
tures are removed, and then the unexposed resist is re-
moved without removing its underlying nanostructures
from the first layer. If instead a negative resist is utilized,
the unexposed resist and its underlying nanostructures
are removed, and then the exposed resist is removed
without removing its underlying nanostructures. Whether
positive or negative resist is used, at least one nanos-
tructure monolayer array defined by the first region re-
mains on the first layer. It will be evident that if a positive
resist is used, the position of the array corresponds to
that of the second region (i.e., the inverse of the first
region), while if a negative resist is used, the position of
the array corresponds to that of the first region. The
boundaries of the nanostructure monolayer array are
thus defined by the boundaries of the first region.
[0101] The monolayer of nanostructures can be pro-
duced by any convenient technique. For example the first
layer can be spin coated with a solution of nanostruc-
tures, and any nanostructures which are not in contact
with the first layer can then be removed, e.g., by washing.
Monolayers can also be formed, e.g., by soaking or dip
coating the first layer or by using a commercially available
Langmuir-Blodgett device.
[0102] The first layer can, but need not, include a coat-
ing comprising a nanostructure association group such
as those described above, e.g., to increase adherence
of the nanostructures to the first layer. Similarly, the na-
nostructures optionally comprise a ligand such as those
described above.
[0103] The resist can be disposed (e.g., by spin coating
or other techniques known in the art) directly on the mon-
olayer of nanostructures. Alternatively, one or more ad-
ditional layers can be disposed between the resist and
the monolayer. For example, in one class of embodi-
ments, a dielectric layer is disposed on the monolayer of
nanostructures, and the resist is disposed on the dielec-
tric layer.
[0104] The methods can be used to produce essen-
tially any number of monolayer arrays. For example,
when positive resist is used, the unexposed resist can
be provided in two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete second regions of the resist
layer, such that two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete nanostructure monolayer arrays
remain on the first layer. Similarly, when negative resist
is used, exposed resist can be provided in two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
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104 or more, 1 3 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more discrete
first regions of the resist layer, such that a like number
of discrete nanostructure monolayer arrays remains on
the first layer.
[0105] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, disposition of the first layer on a substrate, com-
position of the substrate, incorporation of the array(s) into
transistor(s), nanostructure shape and composition, size
and density of the array(s), and the like. It is worth noting
that the monolayer array (or each of multiple arrays) can
comprise an ordered array or a disordered array.
[0106] An exemplary embodiment is schematically il-
lustrated in Figure 4. In this example, first layer 420 (e.g.,
a 3-4 nm thick layer of SiO2 or another oxide, nitride, or
other nonconductive material) is disposed on substrate
421 (e.g., a Si or other semiconductor substrate). In step
401, monolayer 422 of nanostructures (e.g., Pd quantum
dots) is disposed on the first layer. In step 402, control
dielectric layer 423 (e.g., an oxide such as SiO2 or Al2O3,
an insulating polymer, or another nonconductive materi-
al) is disposed on the monolayer. (For example, an Al2O3
layer can be disposed by atomic layer deposition, or an
SiO2 layer can be disposed by chemical vapor deposi-
tion.) The control dielectric layer is coated with a positive
resist in step 403, masked and exposed in step 404, and
developed in step 405 to removed the exposed resist. In
steps 406-408, source region 430 and drain region 431,
which are separated by channel region 437, are created
in substrate 421 by ion implantation (step 406), stripping
off the unexposed resist (step 407), and activation (step
408). The control dielectric layer is again coated with pos-
itive resist (e.g., polymethyl methacrylate (PMMA)) to
form resist layer 432, in step 409. In photolithography
step 410, resist in first regions 433 is exposed (e.g., by
electron beam or deep UV), while resist in second region
434 is protected by mask 435 and remains unexposed.
Exposed resist is removed in step 411 (e.g., developed
with an organic solvent), then the portion of the control
dielectric layer and first layer and the nanostructures un-
derlying the exposed resist in first region 433 are re-
moved (e.g., by dipping in hydrofluoric acid) in step 412,
leaving monolayer array of nanostructures 445. The
boundaries of array 445 correspond to those of second
region 434, and are therefore defined by those of first
region 433. In step 413, a metal layer is disposed to form
source electrode 440 and drain electrode 441. In step
414, the unexposed resist is removed without disturbing
the control dielectric layer or the nanostructures under-
lying it (e.g., by contacting the unexposed resist with at
least one solvent, e.g., acetone). Gate electrode 442
(e.g., Cr/Au or another suitable material, including, but
not limited to, polysilicon, a metal silicide (e.g., nickel
silicide or tungsten silicide), ruthenium, or ruthenium ox-
ide) is then disposed on the control dielectric layer in step
415, producing transistor 450.

[0107] Another general class of embodiments also pro-
vides methods for patterning a nanostructure monolayer.
In the methods, a first layer comprising a resist layer dis-
posed thereon is provided. The resist is permitted to re-
main in at least a first region of the resist layer while the
resist is removed from at least a second region of the
resist layer. A population of nanostructures is disposed
on the resist layer and the first layer; the nanostructures
contact the resist in the first region and the first layer in
a second region. The resist and its overlying nanostruc-
tures are removed from the first region, and any nanos-
tructures which are not in contact with the first layer are
removed from the second region, leaving at least one
nanostructure monolayer array remaining on the first lay-
er. It will be evident that the position, size, shape, etc. of
the array corresponds to that of the second region, and
that the number of arrays formed is equal to the number
of second regions.
[0108] The resist can disposed, exposed, and re-
moved according to lithography techniques well known
in the art. Removal of,the resist and its overlying nanos-
tructures from the first region and of any nanostructures
which are not in contact with the first layer (e.g., in the
second region) is optionally accomplished simultaneous-
ly, for example, by washing with at least a first solvent.
[0109] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, coating of the first layer, disposition of the first layer
on a substrate, composition of the substrate, incorpora-
tion of the array(s) into transistor(s), nanostructure shape
and composition, nanostructure ligands, size and density
of the array(s), and the like. It is worth noting that the
monolayer array (or each of multiple arrays) can com-
prise an ordered array or a disordered array.
[0110] In the methods according to the invention resist
and a monolayer of nanostructures embedded in the re-
sist are disposed on a first layer, to provide a resist layer.
A predetermined pattern on the resist layer is exposed
(e.g., to light, an electron beam, x-rays, etc.), to provide
exposed resist in at least a first region of the resist layer
and unexposed resist in at least a second region of the
resist layer. If a positive resist is employed, the exposed
resist and its embedded nanostructures are removed
from the first layer without removing the unexposed resist
and its embedded nanostructures. If a negative resist is
employed, the unexposed resist and its embedded na-
nostructures are removed from the first layer without re-
moving the exposed resist and its embedded nanostruc-
tures. Whether positive or negative resist is used, at least
one nanostructure monolayer array defined by the first
region remains on the first layer. It will be evident that if
a positive resist is used, the position of the array corre-
sponds to that of the second region (i.e., the inverse of
the first region), while if a negative resist is used, the
position of the array corresponds to that of the first region.
The boundaries of the nanostructure monolayer array
are thus defined by the boundaries of the first region.
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[0111] The resist layer is formed by spin coating the
first layer with a solution comprising the resist and the
nanostructures.
[0112] The methods can be used to produce essen-
tially any number of monolayer arrays. For example,
when positive resist is used, the unexposed resist can
be provided in two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete second regions of the resist
layer, such that two or more, 10 or more, 50 or more, 100
or more, 1000 or more, 1 x 104 or more, 1 x 106 or more,
1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more, or
1 x 1012 or more discrete nanostructure monolayer arrays
remain on the first layer. Similarly, when negative resist
is used, exposed resist can be provided in two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
104 or more, 1 x 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more discrete
first regions of the resist layer, such that a like number
of discrete nanostructure monolayer arrays remains on
the first layer.
[0113] In one aspect, the resist comprises a silicon
compound, and the exposed resist optionally comprises
silicon oxide (e.g., SiO2). For example, the resist can be
a silsesquioxane, such as mercapto-propyl-cyclohexyl
polyhedral oligomeric silsesquioxane, hydrogen
silsesquioxane, methyl silsesquioxane, octavinyl dime-
thyl silyl silsesquioxane, octasilane silsesquioxane, oc-
tavinyl-T8 silsesquioxane, aminopropylcyclohexyl poly-
hedral oligomeric silsesquioxane, acrylo silsesquioxane,
or methacrylo silsesquioxane, or a combination thereof.
In one class of embodiments, the silsesquioxane or sili-
cate is photopolymerizable. The nanostructures can, but
need not, have a silsesquioxane or other ligand such as
those noted herein bound to their surface.
[0114] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, treatment of the first layer, disposition of the first
layer on a substrate, composition of the substrate, incor-
poration of the array(s) into transistor(s), nanostructure
shape and composition, size and density of the array(s),
and the like. It is worth noting that the monolayer array
(or each of multiple arrays) can comprise an ordered ar-
ray or, typically, a disordered array.
[0115] The resist layer optionally includes a compound
that increases the dielectric constant of the layer. For
example, the resist layer can include a spin-on-dielectric
(e.g., a compound such as aluminum i-propoxide, tri-me-
thyl aluminum, tri-ethyl aluminum, hafnium t-butoxide,
hafnium ethoxide, tetrabenzyl hafnium, tris(cyclopenta-
dienyl) lanthanum, tris(i-propylcyclopentadienyl)lantha-
num, pentakis(dimethylamino)tantalum, tantalum meth-
oxide, or tantalum ethoxide) along with a negative resist
(e.g., hydrogen silsesquioxane), such that when the re-
sist is exposed and the spin-on-dielectric is cured, the
resulting matrix around the nanostructures has a dielec-

tric constant higher than that of exposed resist without
the compound. The nanostructures are optionally adja-
cent to or in physical or electrical contact with the first
layer, or optionally are completely surrounded by the re-
sist. The resist layer can also be utilized as a diffusion
barrier, e.g., to prevent the material comprising the na-
nostructures from diffusing into the first layer or any un-
derlying substrate during a subsequent high temperature
processing step. For example, when metal nanostruc-
tures on an SiO2 first layer are annealed at elevated tem-
peratures, the metal can diffuse through the SiO2 layer.
With a high k dielectric layer in the middle of metal na-
nostructures and the substrate, the diffusion can be
blocked. As just one example, a hafnium oxide-contain-
ing resist can help stabilize Ru nanostructures during an
annealing step.
[0116] An exemplary embodiment is schematically il-
lustrated in Figure 10. In this example, in step 1001, re-
sist 1024 and nanostructures 1023 are disposed on first
layer 1020 to provide resist layer 1022. In step 1002,
resist in first regions 1033 is exposed (e.g., by deep UV),
while resist in second regions 1034 is protected by mask
1035 and remains unexposed. Unexposed resist with its
embedded nanostructures is removed (e.g., developed
with an organic solvent) in step 1003, leaving monolayer
arrays 1045 of nanostructures embedded in exposed re-
sist.
[0117] Figure 11 presents micrographs illustrating
monolayer arrays patterned into the Nanosys, Inc. logo
and the word "nano" using methods of the invention. A
silicon nitride membrane was spin coated with a solution
of ruthenium nanodots and aminopropylcyclohexyl
POSS (see Figure 3 Panel C, where R is a cyclohexyl
group) in xylene to obtain a monolayer of Ru dots em-
bedded in the aminopropylcyclohexyl POSS. The mon-
olayer was then subjected to electron beam patterning
with the first regions (forming the logo and "nano") ex-
posed to electron beam with beam intensity 400 mC/cm2.
The unexposed aminopropylcyclohexyl POSS (and dots
therein) was then washed away with chloroform to obtain
the patterned structure shown in Figure 11.
[0118] As described herein, incorporation of nanos-
tructure arrays into devices such as flash transistors is
highly desirable. Typically, non-volatile memory devices
employing nanostructures such as metal nanocrystals or
quantum dots for charge storage require a high, uniform
density of nanostructures having a uniform size distribu-
tion. Colloidal metal nanocrystals can be synthesized
with a uniform size distribution and coated on a surface
with uniform density; however, at the high temperatures
typically employed in transistor fabrication processes
(e.g., high-temperature annealing steps following ion im-
plantation to activate source and drain regions in sub-
strates), metal dots tend to fuse with each other. Such
fusion decreases uniformity and density of the nanos-
tructure array and increases the size distribution of the
nanostructures (see, e.g., Figure 12 Panel A).
[0119] Among other benefits, the methods herein pro-
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vide a way to protect nanostructures from such fusion:
nanostructures in exposed resist can be protected from
fusion during subsequent exposure to elevated temper-
atures. Embedding nanostructures in resist can thus not
only facilitate patterning of the nanostructures, but can
also help maintain their integrity.
[0120] Figure 12 presents micrographs illustrating
protection of nanostructures from fusion at high temper-
ature by exposed silsesquioxane resist. Monolayers of
ruthenium dots in aminopropylcyclohexyl POSS (see
Figure 3 Panel C, where R is a cyclohexyl group) were
exposed to 950°C for 20 seconds in a nitrogen/hydrogen
atmosphere. The silsesquioxane resist was either not
cured before exposure to 950°C (Panel A), or cured with
UV (ultraviolet light) in a nitrogen atmosphere for 15 min-
utes (Panel B) or 100 minutes (Panel C) before exposure
to 950°C. Density of the dots is about 2.03 x 1012/cm2 in
Panel A, 2.34 x 1012/cm2 in Panel B, and 2.75 x 1012/cm2

in Panel C (densities for the three samples were com-
parable prior to heating at 950°C). In the sample without
UV curing of the silsesquioxane (Panel A), significant
fusing of the quantum dots, deterioration of the film mor-
phology, and decreased dot density are seen after 950°C
annealing. In contrast, with prior UV curing of the resist
(Panels B and C), dot size, morphology, and density can
be maintained. Without limitation to any particular mech-
anism, UV irradiation cross-links the silsesquioxane, im-
mobilizing the dots in a cross-linked silicate matrix, pre-
venting them from being mobile during the high temper-
ature step and thus preventing them from fusing with
each other.
[0121] Thus, when a negative resist is employed in the
methods, in one aspect the methods include, after expo-
sure of the resist in the first region and removal of unex-
posed resist from the second region, exposing the first
layer, the exposed resist, and its embedded nanostruc-
tures to elevated temperature. Typically, the elevated
temperature is at least about 300°C (at which tempera-
ture metal dots began to fuse if not protected by exposed
resist), e.g., at least about 400°C, at least about 500°C,
at least about 600°C, more typically at least about 700°C,
at least about 800°C, or at least about 900°C. For exam-
ple, the first layer, the exposed resist, and its embedded
nanostructures can be exposed to a temperature of
950°C or more, for example, during a high-temperature
annealing step. The duration of exposure to the elevated
temperature can be brief, e.g., less than thirty minutes,
less than ten minutes, less than one minute, less than
45 seconds, less than 30 seconds, or even 20 seconds
or less (particularly for high-temperature annealing
steps).
[0122] The resist is optionally cured (partially or com-
pletely) in one step before exposure to the elevated tem-
perature. In a particularly useful aspect, however, the
resist is incompletely cured by initial low dose or brief
exposure to pattern the monolayer, unexposed resist and
undesired nanostructures embedded therein are re-
moved, and the incompletely cured resist is then further

cured with a second exposure to protect the nanostruc-
tures during subsequent exposure to high temperature.
Thus, in one class of embodiments, the resist in the first
region is exposed to ionizing radiation (e.g., x-rays, UV
light, or electron beam) sufficient to incompletely cure
the resist in the first region, the unexposed resist and its
embedded nanostructures are removed from the first lay-
er (without removing the incompletely cured resist and
its embedded nanostructures), then the incompletely
cured resist in the first region is exposed to ionizing ra-
diation sufficient to further cure the resist in the first re-
gion, before exposure to the elevated temperature. Suit-
able conditions for curing a variety of resists are known
in the art and/or can be empirically determined. As one
example, e.g., for a silsesquioxane cured by UV (e.g.,
UV centered at 250 nm), the resist in the first region can
be exposed to about 10 mJ/cm2- 1 J/cm2 ultraviolet light
(e.g. 1 J/cm2) to incompletely cure the resist in the first
region and then to about 1 J/cm2 - 50 J/cm2 ultraviolet
light (e.g., 10 J/cm2) to further cure the resist in the first
region.
[0123] By protecting the nanostructures from fusion,
the techniques of the invention can maintain nanostruc-
ture density, size distribution, monolayer morphology,
etc. during high temperature processing steps, as indi-
cated above. Accordingly, in one class of embodiments,
the density of nanostructures in the monolayer array after
exposure to elevated temperature (e.g., 300°C or more)
is at least 75% of the density of nanostructures in the
monolayer array before such exposure, more typically,
at least 90% or at least 95%. Optionally, the density is
essentially unchanged during the heating step. Option-
ally, following the elevated temperature step, the monol-
ayer array of nanostructures has a density greater than
about 1 x 1010 nanostructures/cm2, e.g., greater than
about 1 x 1011 nanostructures/cm2, greater than about
1 x 1012 nanostructures/cm2, at least 2 x 1012 nanostruc-
tures/cm2, at least 2.5 x 1012 nanostructures/cm2, at least
3 x 1012 nanostructures/cm2, at least 4 x 1012 nanostruc-
tures/cm2, at least 5 x 1012 nanostructures/cm2, or even
at least about 1 x 1013 nanostructures/cm2.
[0124] As described herein, monolayers with minimal
variation in nanostructure density over the monolayer can
be prepared (for example, by spin coating a substrate
with nanostructures dispersed in a liquid spin-on-dielec-
tric/resist). Since the exposed resist protects the nanos-
tructures from fusion, uniformity of the monolayer can be
maintained during high temperature steps. Accordingly,
in one class of embodiments, density of the nanostruc-
tures in the monolayer array is substantially uniform fol-
lowing the exposure to the elevated temperature. Option-
ally, variation in density of the nanostructures in the mon-
olayer array is less than 10% across the monolayer, as
indicated above, for example, as measured by comparing
25 nm squares within an array (or between arrays formed
from a single monolayer).
[0125] In a related class of embodiments, the average
diameter of the nanostructures in the monolayer array
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after exposure to the elevated temperature is less than
110% of the average diameter of the nanostructures in
the monolayer array before such exposure, for example,
less than 105% or less than 103%. Optionally, the size
distribution of the nanostructures in the array is essen-
tially unchanged during the heating step.
[0126] In another related class of embodiments, fol-
lowing the exposure to elevated temperature, the size
distribution of the nanostructures in the monolayer array
exhibits an rms deviation of less than 20%. For example,
the size distribution of the nanostructures in the monol-
ayer array can exhibit an rms deviation of less than 15%,
less than 10%, or even less than 5%. The narrow size
distributions achievable by colloidal synthesis of nanos-
tructures can thus be maintained through high tempera-
ture processing step(s).
[0127] It will be evident that the tendency of nanostruc-
tures to fuse is greater at higher initial nanostructure den-
sities, and thus protection from fusion is increasingly im-
portant with increasing nanostructure density. Thus, in
embodiments in which preservation of nanostructure
density, monolayer uniformity, nanostructure size, na-
nostructure size distribution, and/or the like is of interest,
the density of nanostructures in the monolayer array be-
fore exposure to the elevated temperature is optionally
at least about 1 x 1010 nanostructures/cm2, e.g., at least
about 1 x 1011 nanostructures/cm2, at least about 1 x
1012 nanostructures/cm2, at least 2 x 1012 nanostruc-
tures/cm2, at least 2.5 x 1012 nanostructures/cm2, at least
3 x 1012 nanostructures/cm2, at least 4 x 1012 nanostruc-
tures/cm2, at least 5 x 1012 nanostructures/cm2, or even
at least about 1 x 1013 nanostructures/cm2.
[0128] As described above, the methods offer a con-
venient way to protect as well as to pattern nanostruc-
tures. The methods also offer another related advantage;
in certain embodiments (e.g., with silsesquioxane re-
sists), the unexposed resist and its embedded nanos-
tructures is removed from the first layer by contacting the
unexposed resist with at least one organic solvent. Wash-
ing the unexposed resist and embedded undesired na-
nostructures off with solvent is very gentle compared to
etching away unwanted nanostructures, as is required
with PVD dots. Avoiding the etching step avoids potential
damage to the first layer on which the nanostructures are
deposited, for example, a sensitive tunnel oxide layer.
[0129] As previously indicated, the methods optionally
include incorporation of the array(s) into transistor(s).
Thus, for example, the methods optionally include form-
ing a source region and a drain region in the substrate
in proximity to the monolayer array of nanostructures by
implanting dopant ions in the substrate, wherein implan-
tation damage to the substrate is repaired and the dopant
is activated during the exposure to elevated temperature
(high temperature annealing step). A gate electrode can
be disposed on the exposed resist, after or, typically, be-
fore the high temperature annealing step. The exposed
resist in which the nanostructure array is embedded op-
tionally comprises a dielectric material. The exposed re-

sist can, in some embodiments, serve as a control die-
lectric. In other embodiments, a dielectric layer is dis-
posed on the exposed resist (whether the exposed resist
is itself a dielectric material or not).
[0130] An exemplary embodiment is schematically il-
lustrated in Figure 13. In this example, first layer 1320
(e.g., a 3-4 nm thick layer of SiO2 or another oxide, nitride,
or other nonconductive material) is disposed on substrate
1321 (e.g., a Si or other semiconductor substrate). In
step 1301, resist layer 1329 including monolayer 1322
of nanostructures (e.g., metal quantum dots) embedded
in resist 1328 (e.g., a silsesquioxane) is disposed on the
first layer. For example, the first layer can be spin coated
with nanostructures dispersed in the resist. In photoli-
thography step 1302, resist in first region 1333 is exposed
and incompletely cured (e.g., by electron beam or UV),
while resist in second regions 1334 is protected by mask
1335 and remains unexposed. Unexposed resist is re-
moved in step 1303 (e.g., washed off with an organic
solvent). In step 1304, the resist is further cured, for ex-
ample, by exposure to electron beam or UV at higher
dose. Optional additional steps can be included to burn
off organic substituents (e.g., in embodiments in which
a silsesquioxane with organic substituents is employed
as the resist) and/or to make the resulting matrix less
porous; for example, the substrate can be maintained at
300-400°C (e.g., for 5 to 30 minutes; e.g., in an oxygen-
containing environment, a nitrogen atmosphere, a nitro-
gen/hydrogen atmosphere such as forming gas, or water
vapor) and then optionally at 950°C (e.g., for about 20
seconds; e.g., in a nitrogen or nitrogen/hydrogen atmos-
phere). In step 1305, control dielectric layer 1323 (e.g.,
an oxide such as SiO2 or Al2O3, an insulating polymer,
or another nonconductive material), source electrode
1340, drain electrode 1341, and gate electrode 1342 are
deposited and lithographically defined. Finally, in step
1306, source region 1330 and drain region 1331, which
are separated by channel region 1337, are created in
substrate 1321 by ion implantation and activation, pro-
ducing transistor 1350. The cured resist protects the na-
nostructures during the high temperature annealing step
that activates the source and drain regions. As noted
above, preferred tunnel and control dielectric layers and
gate electrodes are described in U.S. patent applications
11/743,085 and 60/931,488, respectively.
[0131] In any of the embodiments herein, one or more
additional monolayers (or monolayer arrays) are option-
ally disposed on the monolayer (or array) described.
Thus, the methods optionally include disposing a second
monolayer of nanostructures on the resist layer or on the
exposed resist. Third, fourth, etc. monolayers can also
be disposed on the second, third, etc. The various layers
are optionally disposed and then patterned at the same
time, or the first monolayer can be patterned before the
second is disposed on it and then patterned, e.g., essen-
tially as described above. A dielectric layer is optionally
disposed between adjacent nanostructure monolayers.
[0132] A related general class of embodiments pro-
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vides methods for protecting nanostructures from fusion
during high temperature processing. The methods in-
clude a) disposing the nanostructures and a silsesquiox-
ane on a first layer, b) curing the silsesquioxane, to pro-
vide cured silsesquioxane in which the nanostructures
are embedded, and c) heating the first layer, the cured
silsesquioxane, and its embedded nanostructures. The
cured silsesquioxane can form a matrix that surrounds
or separates the nanostructures and protects them from
fusion during the heating step, as described for the em-
bodiments above.
[0133] The nanostructures and the silsesquioxane is
disposed on the first layer by spin coating the first layer
with a solution comprising the silsesquioxane and the
nanostructures. The nanostructures form a monolayer
on the first layer.
[0134] The silsesquioxane can be cured by heating it,
typically, at temperatures less than about 500°C. For ex-
ample, the silsesquioxane can be cured by exposure to
a temperature between about 300°C and 400°C, e.g., for
five to 30 minutes. In such embodiments, steps b) and
c) can be contemporaneous, or step c) can follow step
b). As another example, the silsesquioxane can be cured
by exposure to ionizing radiation (e.g., x-ray, UV, or elec-
tron beam), typically prior to step c). In one class of em-
bodiments, the silsesquioxane is exposed to ionizing ra-
diation sufficient to essentially completely cure the
silsesquioxane. The silsesquioxane is optionally cured
in one step. In a particularly useful aspect, however, the
silsesquioxane is incompletely cured as the nanostruc-
tures are patterned and is then subsequently further
cured.
[0135] Thus, in one class of embodiments, in step b)
curing the silsesquioxane comprises b) i) exposing the
silsesquioxane to ionizing radiation in a predetermined
pattern, whereby the silsesquioxane in at least a first re-
gion is exposed and incompletely cured while the
silsesquioxane in a least a second region remains unex-
posed and uncured, b) ii) removing the unexposed
silsesquioxane and nanostructures therein from the sec-
ond region without removing the incompletely cured
silsesquioxane and its embedded nanostructures from
the first region, and b) iii) after step ii), exposing the in-
completely cured silsesquioxane in the first region to ion-
izing radiation to further cure the silsesquioxane, to pro-
vide the cured silsesquioxane. In one exemplary class
of embodiments, in step b) i) the silsesquioxane in the
first region is exposed to about 10 mJ/cm2 - 1 J/cm2 ul-
traviolet light (e.g., 1 J/cm2, 250 nm) to incompletely cure
the silsesquioxane in the first region, and in step b) iii)
the incompletely cured silsesquioxane in the first region
is exposed to about 1 J/cm2 - 50 J/cm2 ultraviolet light
(e.g., 10 J/cm2, 250 nm) to further cure the silsesquiox-
ane in the first region. Unexposed silsesquioxane and
nanostructures therein can be removed from the second
region without removing the incompletely cured
silsesquioxane and its embedded nanostructures from
the first region by, e.g., contacting the unexposed

silsesquioxane with at least one organic solvent.
[0136] After step b) iii) and before step c), the cured
silsesquioxane is optionally exposed to a temperature
between about 300°C and 400°C (e.g., for 5 to 30 min-
utes; e.g., in an oxygen-containing environment, a nitro-
gen atmosphere, a nitrogen/hydrogen atmosphere such
as forming gas, or water vapor), and is then (or instead)
optionally exposed to a temperature of about 950°C (e.g.,
for about 20 seconds; e.g., in a nitrogen or nitrogen/hy-
drogen atmosphere). The optional additional step(s) can
be included to burn off organic substituents (in embodi-
ments in which a silsesquioxane with organic substitu-
ents is employed) and/or to make the resulting matrix
less porous. Optionally, the methods result in the nanos-
tructures embedded in a matrix consisting essentially of
SiO2 formed from the silsesquioxane.
[0137] Optionally, in step c) the first layer, the cured
silsesquioxane, and its embedded nanostructures are
exposed to a temperature of at least about 300°C (typi-
cally, following step b), e.g., at least about 400°C, at least
about 500°C, at least about 600°C, more typically at least
about 700°C, at least about 800°C, or at least about
900°C. For example, the first layer, the cured silsesqui-
oxane, and its embedded nanostructures can be ex-
posed to a temperature of 950°C or more, for example,
during a high-temperature annealing step. The duration
of the exposure can be brief, e.g., less than thirty minutes,
less than ten minutes, less than one minute, less than
45 seconds, less than 30 seconds, or even 20 seconds
or less (particularly for high-temperature annealing
steps).
[0138] As noted above, the nanostructures disposed
on the first layer comprise a monolayer. When a monol-
ayer is patterned in step b), in step b) ii) at least one
nanostructure monolayer array defined by the first region
remains on the first layer. The methods can be used to
produce essentially any number of monolayer arrays. For
example, the exposed silsesquioxane can be provided
in two or more, 10 or more, 50 or more, 100 or more,
1000 or more, 1 x 104 or more, 1 x 106 or more, 1 x 109

or more, or 1 x 1012 or more discrete first regions, such
that two or more, 10 or more, 50 or more, 100 or more,
1000 or more, 1 x 104 or more, 1 x 106 or more, 1 x 109

or more, or 1 x 1012 or more discrete nanostructure mon-
olayer arrays remain on the first layer.
[0139] As described above, by protecting the nanos-
tructures from fusion, the methods can maintain nanos-
tructure density, size, size distribution, monolayer mor-
phology, etc. during high temperature processing steps,
whether or not the nanostructures are arrayed in a mon-
olayer. For example, in one class of embodiments in
which the nanostructures were disposed in a monolayer,
the density of nanostructures in the monolayer array after
step c) is at least 75% of the density of nanostructures
in the monolayer array before step c), more typically, at
least 90% or at least 95%. Optionally, the density is es-
sentially unchanged during the heating step. As de-
scribed above, protection from fusion is increasingly im-
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portant with increasing nanostructure density. Thus, the
density of nanostructures in the monolayer array before
step c) is optionally at least about 1 x 1010 nanostruc-
tures/cm2, e.g., at least about 1 x 1011 nanostruc-
tures/cm2, at least about 1 x 1012 nanostructures/cm2,
at least 2 x 1012 nanostructures/cm2, at least 2.5 x 1012

nanostructures/cm2, at least 3 x 1012 nanostruc-
tures/cm2, at least 4 x 1012 nanostructures/cm2, at least
5 x 1012 nanostructures/cm2, or even at least about 1 x
1013 nanostructures/cm2. In one class of embodiments,
following step c), the monolayer array of nanostructures
has a density greater than about 1 x 1010 nanostruc-
tures/cm2, e.g., greater than about 1 x 1011 nanostruc-
tures/cm2, greater than about 1 x 1012 nanostruc-
tures/cm2, at least 2 x 1012 nanostructures/cm2, at least
2.5 x 1012 nanostructures/cm2, at least 3 x 1012 nanos-
tructures/cm2, at least 4 x 1012 nanostructures/cm2, at
least 5 x 1012 nanostructures/cm2, or even at least about
1 x 1013 nanostructures/cm2. Optionally, density of the
nanostructures in the monolayer array is substantially
uniform following step c).
[0140] In one class of embodiments, the average di-
ameter of the nanostructures embedded in the cured
silsesquioxane after step c) is less than 110% of the av-
erage diameter of the nanostructures embedded in the
cured silsesquioxane before step c), for example, less
than 105% or less than 103%. Optionally, the size distri-
bution of the nanostructures embedded in the cured
silsesquioxane is essentially unchanged during step c).
In a related class of embodiments, the size distribution
of the nanostructures embedded in the cured silsesqui-
oxane exhibits an rms deviation of less than 20%. For
example, following step c), the size distribution of the
nanostructures embedded in the cured silsesquioxane
can exhibit an rms deviation of less than 15%, less than
10%, or even less than 5%.
[0141] The methods optionally include disposing one
or more additional monolayers on the monolayer. For
example, in one class of embodiments, the methods in-
clude, after step b) i) and prior to step b) iii), disposing a
second monolayer of nanostructures in silsesquioxane
on the incompletely cured silsesquioxane. The second
monolayer can then be patterned as described for the
first. As an alternative, the various layers can be disposed
and then patterned simultaneously. A dielectric layer is
optionally disposed between adjacent nanostructure
monolayers.
[0142] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, treatment of the first layer, disposition of the first
layer on a substrate, composition of the substrate, na-
nostructure shape and composition, size of the array(s),
and the like. It is worth noting that, in embodiments in
which monolayer arrays are produced, the monolayer
array (or each of multiple arrays) can comprise an or-
dered array or, typically, a disordered array.
[0143] In embodiments in which one or more monol-

ayer arrays are produced, the methods optionally include
incorporating the array(s) into transistor(s). Thus, for ex-
ample, the methods optionally include forming a source
region and a drain region in the substrate in proximity to
the monolayer array by, prior to step c), implanting dopant
ions in the substrate, wherein implantation damage to
the substrate is repaired and the dopant is activated dur-
ing step c). A gate electrode can be disposed on the
cured silsesquioxane, after or, typically, before the step
c). A dielectric layer can be disposed on the cured
silsesquioxane (i.e., on the nanostructure array) before
the gate electrode is disposed.
[0144] A variety of suitable silsesquioxanes have been
described herein, such as mercapto-propyl-cyclohexyl
polyhedral oligomeric silsesquioxane, hydrogen
silsesquioxane, methyl silsesquioxane, octavinyl dime-
thyl silyl silsesquioxane, octasilane silsesquioxane, oc-
tavinyl-T8 silsesquioxane, aminopropylcyclohexyl poly-
hedral oligomeric silsesquioxane, acrylo silsesquioxane,
or methacrylo silsesquioxane, or a combination thereof.
See also Figure 3 Panels A-E. Additional silsesquiox-
anes are commercially available or readily produced by
one of skill in the art.
[0145] In embodiments in which the nanostructures
are metal nanostructures, if the nanostructures are oxi-
dized and converted to a metal oxide during a heating
step (particularly heating in an oxidizing atmosphere),
they are optionally subsequently reduced by heating
them in a reducing atmosphere (e.g., an atmosphere
comprising hydrogen, e.g., a forming gas).
[0146] Devices produced by or useful in practicing the
methods of the invention ccomprise a monolayer array
of nanostructures embedded in the resist (see, e.g., ar-
rays 1045 in Figure 10).
[0147] Essentially all of the features noted for the meth-
ods above apply to these embodiments as well, as rele-
vant; for example, with respect to composition of the first
layer, coating of the first layer, disposition of the first layer
on a substrate, composition of the substrate, incorpora-
tion of the array(s) into transistor(s), nanostructure shape
and composition, nanostructure ligands, size and density
of the array(s), inclusion of a second monolayer disposed
on the first, and the like. It is worth noting that the mon-
olayer array (or each of multiple arrays) can comprise an
ordered array or a disordered array.

DEVICES FOR MONOLAYER FORMATION

[0148] Devices and methods of using the devices for
forming nanostructure arrays will be described. Thus,
one general class of embodiments provides a device
comprising a first layer, a second layer, a cavity between
the first and second layers, one or more spacers, and at
least one aperture. The one or more spacers are posi-
tioned between the first and second layers and maintain
a distance between the first and second layers. The at
least one aperture connects the cavity with an exterior
atmosphere. The cavity is occupied by a population of
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nanostructures.
[0149] As will be described in greater detail below, the
device can be used to form a nanostructure array. In brief,
a solution of nanostructures is introduced into the cavity,
and the solvent is evaporated from the cavity. As the
solvent evaporates, the nanostructures assemble into an
array on the first layer. The speed of evaporation can be
controlled and slow, such that the nanostructures assem-
ble into an ordered array.
[0150] Thus, in one class of embodiments, the nanos-
tructures are dispersed in at least one solvent, while in
other embodiments, the nanostructures are substantially
free of solvent. The nanostructures optionally comprise
an array disposed on the first layer. The array can com-
prise a disordered array, but in certain embodiments, the
array comprises an ordered array. The array preferably
comprises a monolayer, e.g., an ordered monolayer such
as a hexagonal-close-packed monolayer, but optionally
comprises more than a monolayer.
[0151] The first and second layers are typically sub-
stantially planar and substantially parallel to each other.
Suitable materials for the first layer include, but are not
limited to, those described above; for example, a dielec-
tric material such as an oxide (e.g., silicon oxide, hafnium
oxide, and alumina) or a nitride. The first layer optionally
includes a coating comprising a composition that in-
cludes a nanostructure association group. Exemplary
coating compositions and nanostructure association
groups have been described above.
[0152] The first layer can be disposed on a substrate.
Exemplary substrates have also been described above;
for example, a semiconductor substrate can be used if
the resulting array of nanostructures is to be incorporated
into a transistor or similar device. It will be evident that
multiple devices can be disposed on a single substrate
and used to simultaneously produce essentially any de-
sired number and/or size of nanostructure arrays at pre-
determined positions on the substrate (e.g., two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
104 or more, 1 x 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more arrays).
[0153] The second layer and/or the spacer(s) can com-
prise essentially any suitable material. For example, the
second layer and/or the spacer(s) can comprise a metal
or a dielectric material (e.g., aluminum, nickel, chromium,
molybdenum, ITO, a nitride, or an oxide).
[0154] The distance between the first and second lay-
ers is greater than an average diameter of the nanos-
tructures. The distance can be about two times the av-
erage diameter of the nanostructures or more, although
to encourage formation of a monolayer of nanostruc-
tures, in certain embodiments, the distance between the
first and second layers is less than about two times the
average diameter of the nanostructures. For example,
for quantum dots having an average diameter of about
3-5 nm, the distance would be less than about 6-10 nm.
[0155] The device can be of essentially any desired
size and/or shape. In one class of embodiments, the first

layer has four edges. The first and second layers are
separated by two spacers, which run along two opposite
edges of the first layer. Two apertures, which run along
the remaining two opposite edges of the first layer, con-
nect the cavity with the exterior atmosphere, e.g., to per-
mit the solvent to escape as it evaporates. It will be evi-
dent that a large number of other configurations are pos-
sible. As just one additional example, the first layer can
have four edges and four corners, with a spacer at each
corner and an aperture along each edge, or the device
can be circular, irregularly shaped, or the like.
[0156] Formation of the nanostructure array can be fa-
cilitated by application of an electric field across the cavity
(see, e.g., Zhang and Liu (2004) "In situ observation of
colloidal monolayer nucleation driven by an alternating
electric field" Nature 429:739-743). Thus, in one class of
embodiments, the first layer comprises or is disposed on
a first conductive material, and the second layer com-
prises or is disposed on a second conductive material.
Conductive materials include, but are not limited to, a
metal, a semiconductor, ITO, and the like. Note that the
presence of an insulating layer on either or both faces of
the cavity (e.g., a dielectric first layer) does not preclude
the application of such a field.
[0157] The nanostructures can comprise, e.g., short
nanorods, substantially spherical nanostructures or
quantum dots, and can comprise essentially any desired
material. Nanostructures are described in greater detail
below in the section entitled "Nanostructures".
[0158] An example embodiment is schematically illus-
trated in Figure 5, Panels A-C. In this example, device
501 includes first layer 502, second layer 503, cavity 504
between the first and second layers, and two spacers
505. The spacers are positioned between the first and
second layers and maintain distance 506 between them.
Two apertures 510 connect cavity 504 with external at-
mosphere 513. The cavity is occupied by a population of
nanostructures 511, which in Panels A and B are dis-
persed in solvent 512, while in Panel C, they comprise
array 515 disposed on the first layer.
[0159] Methods using devices will be described. One
general class of embodiments provides methods for
forming a nanostructure array. In the methods, a device
comprising a first layer, a second layer, and a cavity be-
tween the first and second layers is provided. A solution
comprising nanostructures dispersed in at least one sol-
vent is introduced into the cavity. At least a portion of the
solvent is evaporated from the cavity, whereby the na-
nostructures assemble into an array disposed on the first
layer.
[0160] An exemplary method is schematically illustrat-
ed in Figure 5, which depicts a cavity comprising nanos-
tructures dispersed in a solvent in Panel A. The nanos-
tructures draw together as the solvent evaporates (Panel
B) and assemble into an array on the first layer (Panel
C). The second layer is removed (Panel D); in this ex-
ample, the spacers are also removed, leaving the nanos-
tructure array disposed on the first layer.
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[0161] The array is optionally incorporated into a de-
vice, e.g., a memory device; for example, the nanostruc-
ture array can comprise the gate area of a flash transistor.
It will be evident that the methods can be used to form
essentially any number of nanostructure arrays simulta-
neously, at predetermined positions (e.g., two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
104 or more, 1 x 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more).
[0162] Essentially all of the features noted for the de-
vices above apply to the methods as well, as relevant;
for example, with respect to configuration of the device;
composition of the first layer and/or spacers; type of na-
nostructures; configuration of the resulting array; and/or
the like.
[0163] The device can be fabricated, e.g., using con-
ventional lithographic, MEMS, and/or integrated circuit
techniques. In one aspect, providing the device includes
disposing a third layer on the first layer, disposing the
second layer on the third layer, and removing at least a
portion of the third layer, whereby the cavity between the
first and second layers is formed. The third layer or por-
tion thereof can be removed, e.g., by etching away the
third layer with an etchant, e.g., an anisotropic etchant.
For example, the third layer can comprise polysilicon (i.e.,
polycrystalline silicon), amorphous silicon, molybdenum
or titanium, and the etchant can comprise XeF2.
[0164] It will be evident that the thickness of the third
layer which is removed defines the height of the resulting
cavity between the first and second layers. Thus, the third
layer has a thickness that is greater than an average
diameter of the nanostructures. The third layer can have
a thickness of about two times the average diameter of
the nanostructures or more, although to encourage for-
mation of a monolayer of nanostructures, in certain em-
bodiments, the third layer has a thickness that is less
than about two times the average diameter of the nanos-
tructures.
[0165] The first and second layers are typically sepa-
rated by one or more spacers, which maintain the dis-
tance between the first and second layers when the third
layer is removed. As noted, the resulting device can be
of essentially any size and/or shape, so a large number
of configurations for the first, second, and third layers
and the spacers are possible. For example, in one class
of embodiments, the first layer has four edges. The first
and second layers are separated by two spacers, which
run along two opposite edges of the first layer. The re-
sulting device thus has two apertures running along the
remaining two opposite ages. Alternatively, the device
can have more or fewer spacers, spacers at corners in-
stead of edges, can be circular or irregular in shape, and
the like.
[0166] An exemplary method for providing a device is
schematically illustrated in Figure 6 Panel A. In this ex-
ample, a relatively thick layer 610 comprising, e.g., the
same material as the desired first layer (e.g., SiO2 or
another dielectric material) disposed on substrate 611

(e.g., a Si or other semiconductor substrate) is provided.
In step 601, layer 610 is masked and stripes are etched
into it. In step 602, a thin layer of material is disposed to
form first layer 612. In step 603, third layer 613 is disposed
on first layer 612 (e.g., a polysilicon third layer can be
disposed by chemical vapor deposition). In step 604, sec-
ond layer 614 is disposed on third layer 613 (e.g., a thin
metal second layer can be evaporated onto the third lay-
er). The thick, remaining portions of layer 610 comprise
spacers 615. In step 605, the third layer is etched away
to leave cavities 616 in device 620. In this example, two
devices are fabricated simultaneously on the same sub-
strate.
[0167] Another exemplary method for providing a de-
vice is schematically illustrated in Figure 6 Panel B. In
this example, thin first layer 660 is provided on substrate
661. In step 651, third layer 662 is disposed on first layer
660. In step 652, third layer 662 is masked and stripes
are etched in it. In step 653, metal is deposited to form
second layer 665 and spacers 666. The device is option-
ally masked and etched in stripes perpendicular to those
previously formed, to provide free edges for an etchant
to access the third layer on opposite sides. In step 654,
the third layer is etched away to leave cavities 670 in
device 671. Again, in this example, two devices are fab-
ricated simultaneously on the same substrate.
[0168] The first layer optionally comprises a coating
comprising a composition including a nanostructure as-
sociation group. Thus, the methods optionally include
coating the first layer with a composition comprising a
nanostructure association group, prior to disposing the
third layer on the first layer. Exemplary coating compo-
sitions and nanostructure association groups have been
described above.
[0169] Nanostructures can be conveniently introduced
into the cavity by, e.g., capillary action. In one class of
embodiments, the solution of nanostructures is intro-
duced into the cavity by immersing the device in an ex-
cess of the solution, permitting the solution to be drawn
into the cavity by capillary action, and removing the de-
vice from the excess of the solution.
[0170] Part or substantially all the solvent is evaporat-
ed. A rate of evaporation of the solvent can be controlled,
e.g., to control array formation. For example, slow evap-
oration of the solvent gradually increases the concentra-
tion of nanostructures, which can be conducive to forma-
tion of an ordered array of nanostructures, e.g., an or-
dered monolayer such as a hexagonal-close-packed
monolayer.
[0171] The process of solvent evaporation can create
lateral motion of the nanostructures, which can contribute
to formation of an ordered array. Additional motion of the
nanostructures can be encouraged, e.g., by applying an
AC voltage across the cavity after introducing the solution
into the cavity (e.g., prior to or simultaneous with evap-
oration of the solvent). See Zhang and Liu (supra), which
indicates that an AC voltage can generate eddy currents
in the solution that give rise to lateral motion of the na-
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nostructures, contributing to formation of an ordered ar-
ray (e.g., a hexagonal-close-packed monolayer).
[0172] When evaporation and array formation have
proceeded as far as desired, the second layer is re-
moved. Optionally, any extraneous nanostructures (e.g.,
any nanostructures greater than a monolayer) and/or any
remaining solvent can also be removed, e.g., by washing.
The second layer can, for example, be etched away, or
the spacers can be etched away and the second layer
lifted off, e.g., by washing with a solvent, without disturb-
ing the nanostructure array. Similarly, a layer of resist
can be disposed on the spacers under the second layer,
or under the spacers on the first layer, to facilitate lifting
off the second layer by soaking in a suitable solvent.
[0173] Another general class of embodiments provides
a device including a solid support comprising at least one
vertical discontinuity on its surface. The discontinuity
comprises a protrusion from the surface or an indentation
in the surface. The protrusion or indentation is at a pre-
determined position on the solid support. The device also
includes a population of nanostructures disposed on the
protrusion or in the indentation.
[0174] As will be described in greater detail below, the
device can be used to form a nanostructure array. In brief,
a solution of nanostructures is deposited on the solid sup-
port, and the solvent is evaporated. As the solvent evap-
orates, the nanostructures assemble into an array on the
protrusion or in the indentation. The speed of evaporation
can be controlled and slow, such that the nanostructures
assemble into an ordered array.
[0175] Thus, in one class of embodiments, the nanos-
tructures are dispersed in at least one solvent, while in
other embodiments, the nanostructures are substantially
free of solvent. The nanostructures optionally comprise
an array disposed on the protrusion or in the indentation.
The array can comprise a disordered array, but in certain
embodiments, the array comprises an ordered array. The
array comprises a monolayer, e.g., an ordered monolay-
er such as a hexagonal-close-packed monolayer, but op-
tionally comprises more than a monolayer.
[0176] In a class of embodiments, the solid support
comprises a first layer. The solid support optionally also
includes a substrate on which the first layer is disposed.
In one class of embodiments, the first layer includes a
coating comprising a composition comprising a nanos-
tructure association group. Exemplary materials for the
first layer and substrate, and exemplary coating compo-
sitions and nanostructure association groups, have been
described above. Essentially all of the features noted in
the embodiments above apply these embodiments as
well, as relevant; for example, with respect to type of
nanostructures (e.g., short nanorods, substantially
spherical nanostructures, quantum dots, or the like).
[0177] It will be evident that a single solid support can
comprise multiple devices, which can be used to simul-
taneously produce essentially any desired number
and/or size of nanostructure arrays at predetermined po-
sitions on the solid support (e.g., on a substrate compris-

ing the support, e.g., two or more, 10 or more, 50 or more,
100 or more, 1000 or more, 1 x 104 or more, 1 x 106 or
more, 1 x 109 or more, 1 x 1010 or more, 1 x 1011 or more,
or 1 x 1012 or more arrays).
[0178] Exemplary embodiments are schematically il-
lustrated in Figure 7, Panels Letter A-C. In one example,
device 701 comprises solid support 702, which includes
first layer 708 and substrate 709. Surface 703 of solid
support 702 includes a plurality of vertical discontinuities
704, which comprise protrusions 705 from the surface
(Panels A-B). Panel B also illustrates a population of
nanostructures 710, dispersed in solvent 711 or in array
713, disposed on protrusions 705. In a second example,
device 751 (Panel C) comprises solid support 752, which
includes first layer 758 and substrate 759. Surface 753
of solid support 752 includes a plurality of vertical dis-
continuities 754, which comprise indentations 755 in the
surface.
[0179] The devices can be fabricated, e.g., using con-
ventional lithographic, MEMS, and/or integrated circuit
techniques, e.g., by masking and etching the first layer.
[0180] One general class of embodiments provides
methods for forming a nanostructure array. In the meth-
ods, a solid support comprising at least one vertical dis-
continuity on its surface is provided. The discontinuity
comprises a protrusion from the surface or an indentation
in the surface, and the protrusion or indentation is at a
predetermined position on the solid support. A solution
comprising nanostructures dispersed in at least one sol-
vent is deposited on the solid support. At least a portion
of the solvent is evaporated, whereby the nanostructures
assemble into an array disposed on the protrusion or in
the indentation.
[0181] An exemplary method is schematically illustrat-
ed in Figure 7 Panel B. In step 721, a solution of nanos-
tructures 710 in solvent 711 is deposited on solid support
702, which includes protrusions 705 from surface 703.
As the solvent evaporates, the concentration of nanos-
tructures increases. The solvent eventually de-wets the
surface in some areas, clinging to the protrusions and
de-wetting in the space between the protrusions. Con-
vection currents within the now-isolated droplets of sol-
vent can provide lateral mobility to the nanostructures,
facilitating their self assembly. Eventually, as evapora-
tion proceeds, solvent surface tension results in a droplet
of solvent remaining on top of the protrusion (step 722).
Substantially all of the solvent can be evaporated away,
or evaporation can be halted once assembly of the na-
nostructures has reached the desired stage. Removal of
any remaining solvent, and optionally of any nanostruc-
tures greater than a monolayer and/or any nanostruc-
tures left in between the protrusions, leaves array 713 of
nanostructures disposed on the protrusion (step 723).
[0182] The array is optionally incorporated into a de-
vice, e.g., a memory device; for example, the nanostruc-
ture array can comprise the gate area of a flash transistor.
It will be evident that the methods can be used to form
essentially any number of nanostructure arrays simulta-
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neously, at predetermined positions, e.g., two or more,
10 or more, 50 or more, 100 or more, 1000 or more, 1 x
104 or more, 1 x 106 or more, 1 x 109 or more, 1 x 1010

or more, 1 x 1011 or more, or 1 x 1012 or more arrays.
[0183] Essentially all of the features noted for the de-
vices above apply to the methods as well, as relevant;
for example, with respect to configuration of the device,
type of nanostructures, configuration of the resulting ar-
ray, and/or the like.
[0184] In a preferred class of embodiments, the solid
support comprises a first layer. The solid support option-
ally also includes a substrate on which the first layer is
disposed. The first layer optionally comprises a coating
comprising a composition including a nanostructure as-
sociation group. Thus, the methods optionally include
coating the first layer with a composition comprising a
nanostructure association group, prior to depositing the
solution on the first layer. Exemplary materials for the
first layer and substrate, and exemplary coating compo-
sitions and nanostructure association groups, have been
described above.
[0185] The solution containing the nanostructures can
be deposited on the solid support by any of a variety of
techniques, including, for example, spin-coating the so-
lution on the solid support, dip-coating the solution on
the solid support, soaking the solid support in an excess
of the solution, or spray coating the solid support with the
solution.
[0186] Part or substantially all the solvent is evaporat-
ed. A rate of evaporation of the solvent can be controlled,
e.g., to control array formation. For example, slow evap-
oration of the solvent gradually increases the concentra-
tion of nanostructures, which can be conducive to forma-
tion of an ordered array of nanostructures, e.g., an or-
dered monolayer such as a hexagonal-close-packed
monolayer.

DEVICES INCLUDING NANOSTRUCTURE ARRAYS

[0187] The methods and devices described above can
be used to produce nanostructure arrays at predeter-
mined positions, and these arrays can be incorporated
into devices such as memory devices, LEDs, and the
like. Thus devices including nanostructure arrays, includ-
ing arrays of predetermined location and/or size will be
described.
[0188] One general class of embodiments provides a
device that includes a substrate and two or more nanos-
tructure arrays disposed on the substrate. Each nanos-
tructure array is disposed at a predetermined position on
the substrate. As noted, the device is optionally produced
by a method of the invention; exemplary devices are
schematically illustrated in Figure 1 (device 101) and
Figure 2 (device 201).
[0189] The substrate can comprise essentially any de-
sired material, depending e.g., on the desired use of the
nanostructure arrays. Suitable substrates include, but
are not limited to: a semiconductor; a uniform substrate,

e.g., a wafer of solid material, such as silicon or other
semiconductor material, glass, quartz, polymerics, etc.;
a large rigid sheet of solid material, e.g., glass, quartz,
plastics such as polycarbonate, polystyrene, etc.; a flex-
ible substrate, such as a roll of plastic such as polyolefin,
polyamide, and others; or a transparent substrate. Com-
binations of these features can be employed. The sub-
strate optionally includes other compositional or structur-
al elements that are part of an ultimately desired device.
Particular examples of such elements include electrical
circuit elements such as electrical contacts, other wires
or conductive paths, including nanowires or other nano-
scale conducting elements, optical and/or optoelectrical
elements (e.g., lasers, LEDs, etc.), and structural ele-
ments (e.g., microcantilevers, pits, wells, posts, etc.).
[0190] The nanostructures can, but need not be, in
physical contact with the substrate. Thus, in one class of
embodiments, a first layer is disposed between the na-
nostructure arrays and the substrate. Exemplary mate-
rials for the first layer have been described above. The
first layer optionally includes a coating comprising a com-
position including a nanostructure association group; ex-
emplary compositions and nanostructure association
groups have likewise been described above.
[0191] In one class of embodiments, the first layer com-
prises a dielectric material and has a thickness of be-
tween about 1 nm and about 10 nm, e.g., between 3 and
4 nm. The first layer can serve as a tunnel dielectric layer
in embodiments in which the nanostructure arrays are
incorporated into flash transistors or memory devices,
for example. Thus, in some embodiments, for each mon-
olayer array of nanostructures, the substrate comprises
a source region, a drain region, and a channel region
between the source and drain regions and underlying the
monolayer array of nanostructures; a control dielectric
layer is disposed on each monolayer array of nanostruc-
tures; and a gate electrode is disposed on each control
dielectric layer. Preferred tunnel and control dielectric
layers and gate electrodes are described in U.S. patent
applications 11/743,085 and 60/931,488, respectively.
[0192] The device can include essentially any number
of nanostructure arrays, for example, 10 or more, 50 or
more, 100 or more, 1000 or more, 1 x 104 or more, 1 x
106 or more, 1 x 109 or more, 1 x 1010 or more, 1 x 1011

or more, or 1 x 1012 or more nanostructure arrays. Sim-
ilarly, the arrays can be of essentially any desired size
and/or shape. For example, each nanostructure array
can have an area of about 104 mm2 or less, about 103

mm2 or less, about 102 mm2 or less, about 10 mm2 or
less, about 1 mm2 or less, about 105 nm2 or less, about
104 nm2 or less, or even about 4225 nm2 or less, about
2025 nm2 or less, about 1225 nm2 or less, about 625
nm2 or less, or about 324 nm2 or less. Each nanostructure
array optionally has dimensions of about 45x45 nm or
less, about 35x35 nm or less, about 25x25 nm or less,
or about 18x18 nm or less.
[0193] In one aspect, each nanostructure array com-
prises an ordered array and/or a monolayer, e.g., a hex-
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agonal-close-packed monolayer. For many applications,
however, ordered arrays are not required. For example,
for arrays for use in memory devices, the nanostructures
need not be ordered in the arrays as long as they achieve
sufficient density in disordered arrays. Thus, in another
aspect, each nanostructure array comprises a disor-
dered array, e.g., a disordered monolayer array. The na-
nostructure arrays (e.g., disordered monolayer arrays)
are optionally embedded in a solid form of a spin-on-
dielectric or a solid form of a spin-on-glass.
[0194] In one class of embodiments, the arrays have
a high density of nanostructures. For example, each na-
nostructure array optionally has a density greater than
about 1 x 1010 nanostructures/cm2, greater than about
1 x 1011 nanostructures/cm2, greater than about 1 x 1012

nanostructures/cm2, at least 2 x 1012 nanostruc-
tures/cm2, at least 2.5 x 1012 nanostructures/cm2, at least
3 x 1012 nanostructures/cm2, at least 4 x 1012 nanostruc-
tures/cm2, at least 5 x 1012 nanostructures/cm2, or even
greater than about 1 x 1013 nanostructures/cm2.
[0195] It will be evident that essentially any of the fea-
tures described herein apply in any relevant combination;
for example, a device having two or more disordered
monolayer arrays, each with a density of greater than
about 1 x 1011 nanostructures/cm2, disposed at prede-
termined positions on a substrate can be obtained.
[0196] In one class of embodiments, the nanostruc-
tures comprise substantially spherical nanostructures or
quantum dots. The nanostructures can comprise essen-
tially any desired material, chosen, e.g., based on the
desired application. For example, the nanostructures can
comprise a conductive material, a nonconductive mate-
rial, a semiconductor, and/or the like. In one aspect, the
nanostructures comprising the arrays have a work func-
tion of about 4.5 eV or higher. Such nanostructures are
useful, for example, in fabrication of memory devices,
where if the work function of the nanostructures is not
sufficiently high, electrons stored in the nanostructures
tend to travel back across the tunnel dielectric layer, re-
sulting in memory loss. Thus, the nanostructures (e.g.,
the substantially spherical nanostructures or quantum
dots) optionally comprise materials such as palladium
(Pd), iridium (Ir), nickel (Ni), platinum (Pt), gold (Au), ru-
thenium (Ru), cobalt (Co), tungsten (W), tellurium (Te),
iron platinum alloy (FePt), or the like. The nanostructures
comprising the arrays are typically preformed, that is,
synthesized prior to their incorporation in the array. For
example, in one aspect, the nanostructures are colloidal
nanostructures. In one class of embodiments, each of
the nanostructures comprising the arrays comprises a
coating comprising a ligand associated with a surface of
the nanostructure, e.g., a silsesquioxane ligand such as
those described in U.S. patent application 60/632,570
(supra) or illustrated in Figure 3 Panels A-C. In a related
class of embodiments, the nanostructures comprising
the arrays are encompassed by SiO2 or other insulating
shells, produced, e.g., from a silsesquioxane coating
(see U.S. patent application 60/632,570). Such ligands

or shells optionally control spacing between adjacent na-
nostructures in the arrays. Nanostructures are described
in greater detail below in the section entitled "Nanostruc-
tures".
[0197] A related general class of embodiments also
provides a device that includes a substrate and two or
more nanostructure arrays disposed on the substrate.
The substrate comprises a semiconductor, and each na-
nostructure array comprises a monolayer and is disposed
at a predetermined position on the substrate. For each
monolayer array, the substrate comprises an activated
source region, an activated drain region, and a channel
region between the source and drain regions and under-
lying the monolayer array of nanostructures. When do-
pant ions (e.g., B or As) are implanted into source and
drain regions of a substrate (e.g., Si), damage to the sub-
strate lattice typically occurs and the dopant typically as-
sumes an interstitial position in the lattice. As described
above, a high-temperature annealing step is typically
used to repair such implantation damage to the substrate
and to activate the source and drain regions. In "activat-
ed" source and drain regions, the dopant has taken sub-
stitution position in the substrate lattice, making the
source and drain regions highly conductive (since the
dopant, e.g., contributes extra electrons in the conduction
band or extra holes in the valence band).
[0198] Suitable substrates include, but are not limited
to, a quartz substrate or a silicon wafer or a portion there-
of. As for the embodiments above, the substrate option-
ally includes other compositional or structural elements
that are part of an ultimately desired device.
[0199] In one class of embodiments, a first layer is dis-
posed between the monolayer arrays and the substrate.
Exemplary materials for the first layer have been de-
scribed above. The first layer optionally includes a coat-
ing; exemplary coatings have likewise been described
above. In one class of embodiments, the first layer com-
prises a dielectric material and has a thickness of be-
tween about 1 nm and about 10 nm, e.g., between 3 and
4 nm. The first layer can serve as a tunnel dielectric layer
in embodiments in which the nanostructure arrays are
incorporated into flash transistors or memory devices,
for example. Thus, in some embodiments, a control die-
lectric layer is disposed on each monolayer array of na-
nostructures, and a gate electrode is disposed on each
control dielectric layer. As noted for the embodiments
above, preferred tunnel and control dielectric layers and
gate electrodes are described in U.S. patent applications
11/743,085 and 60/931,488, respectively.
[0200] Essentially all of the features noted for the em-
bodiments above apply to these embodiments as well,
as relevant; for example, with respect to nanostructure
shape and composition, inclusion of preformed nanos-
tructures, number of arrays, size and/or dimensions of
the arrays, and the like. It is worth noting that the arrays
can be ordered arrays or, more typically, disordered ar-
rays. The nanostructure arrays are optionally embedded
in a solid form of a spin-on-dielectric or a solid form of a
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spin-on-glass, a cured (partially or essentially completely
cured) resist, a cured silsesquioxane, silicon dioxide, or
the like, as described above.
[0201] The device is optionally produced by a method
of the invention, and thus, as described above, can in-
clude nanostructures with a narrow size distribution.
Thus, in one class of embodiments, the size distribution
of the nanostructures in the monolayer arrays exhibits
an rms deviation of less than 20%, for example, less than
15%, less than 10%, or even less than 5%.
[0202] In one class of embodiments, the arrays have
a high density of nanostructures. For example, each na-
nostructure array optionally has a density greater than
about 1 x 1010 nanostructures/cm2, greater than about
1 x 1011 nanostructures/cm2, greater than about 1 x 1012

nanostructures/cm2, at least 2 x 1012 nanostruc-
tures/cm2, at least 2.5 x 1012 nanostructures/cm2, at least
3 x 1012 nanostructures/cm2, at least 4 x 1012 nanostruc-
tures/cm2, at least 5 x 1012 nanostructures/cm2, or even
greater than about 1 x 1013 nanostructures/cm2. Option-
ally, as described above, density of the nanostructures
in each monolayer array (or between arrays) is substan-
tially uniform.
[0203] In one class of embodiments, each of the two
or more monolayer arrays of nanostructures disposed on
the substrate has an additional monolayer array (or two
or more additional arrays) of nanostructures disposed
thereon. A dielectric layer is optionally disposed between
adjacent monolayers. A control dielectric layer and gate
electrode can be disposed on the second (or third, fourth,
etc.) monolayer.
[0204] Use of nanostructures as storage elements in
memory devices facilitates creation of nodes smaller than
those accessible by conventional integrated circuit fab-
rication techniques. Thus, another general class of em-
bodiments provides a memory device that includes at
least one transistor (e.g., a MOSFET) comprising a gate
area which is occupied by a monolayer array of nanos-
tructures and which has an area of 8100 nm2 or less.
The gate area optionally has an area of about 4225 nm2

or less, about 2025 nm2 or less, about 1225 nm2 or less,
about 625 nm2 or less, or even about 324 nm2 or less.
The gate area optionally has dimensions of about 65x65
nm or less, about 45x45 nm or less, about 35x35 nm or
less, about 25x25 nm or less, or about 18x18 nm or less.
[0205] The device can include essentially any number
of such transistors. For example, the memory device can
include two or more, 10 or more, 50 or more, 100 or more,
1000 or more, 1 x 104 or more, 1 x 106 or more, 1 x 109

or more, 1 x 1010 or more, 1 x 1011 or more, or 1 x 1012

or more transistors.
[0206] Essentially all of the features noted for the em-
bodiments above apply to this embodiment as well, as
relevant. For example, the nanostructures comprising
the monolayer array optionally comprise substantially
spherical nanostructures or quantum dots, have a work
function of about 4.5 eV or higher, are preformed (e.g.,
colloidal), and/or are encompassed by SiO2 or other in-

sulating shells. Similarly, the monolayer array can com-
prise an ordered array (e.g., a hexagonal-close-packed
monolayer) or a disordered array. The monolayer array
(whether ordered or disordered) optionally has a density
greater than about 1 x 1010 nanostructures/cm2, greater
than about 1 x 1011 nanostructures/cm2 greater than
about 1 x 1012 nanostructures/cm2, at least 2 x 1012 na-
nostructures/cm2, at least 2.5 x 1012 nanostructures/cm2,
at least 3 x 1012 nanostructures/cm2, at least 4 x 1012

nanostructures/cm2, at least 5 x 1012 nanostruc-
tures/cm2, or even greater than about 1 x 1013 nanos-
tructures/cm2.
[0207] One exemplary embodiment is schematically il-
lustrated in Figure 4, in which memory device/transistor
450 includes monolayer array 445 of nanostructures oc-
cupying gate area 449.
[0208] As noted, the methods of the invention facilitate
high temperature annealing of substrates while maintain-
ing nanostructure size, density, etc. (for example, the nar-
row size distributions achievable by colloidal but not PVD
dots). Thus, one general class of embodiments provides
a memory device that includes at least one transistor
comprising a gate area which is occupied by a monolayer
array of nanostructures, an activated source region, and
an activated drain region, wherein the size distribution of
the nanostructures in the monolayer array exhibits an
rms deviation of less than 20%. For example, the size
distribution of the nanostructures in the monolayer array
can exhibit an rms deviation of less than 15%, less than
10%, or even less than 5%. Optionally, density of the
nanostructures in the monolayer array is substantially
uniform. The at least one transistor can comprise two or
more, 10 or more, 50 or more, 100 or more, 1000 or more,
1 x 104 or more, 1 x 106 or more, 1 x 109 or more, or 1 x
1012 or more transistors.
[0209] Essentially all of the features noted for the em-
bodiments above apply to these embodiments as well,
as relevant; for example, with respect to nanostructure
shape and composition, inclusion of preformed nanos-
tructures, size and/or dimensions of the array, inclusion
of a second (third, fourth, etc.) monolayer array on the
first, control dielectric, tunnel dielectric, gate electrode,
and the like. It is worth noting that the array can be or-
dered or, more typically, disordered. The monolayer ar-
ray (whether ordered or disordered) optionally has a den-
sity greater than about 1 x 1010 nanostructures/cm2,
greater than about 1 x 1011 nanostructures/cm2, greater
than about 1 x 1012 nanostructures/cm2, at least 2 x 1012

nanostructures/cm2, at least 2.5 x 1012 nanostruc-
tures/cm2, at least 3 x 1012 nanostructures/cm2, at least
4 x 1012 nanostructures/cm2, at least 5 x 1012 nanostruc-
tures/cm2, or even greater than about 1 x 1013 nanos-
tructures/cm2. The nanostructures in the array are op-
tionally embedded in a solid form of a spin-on-dielectric
or a solid form of a spin-on-glass, a cured (partially or
essentially completely cured) resist, a cured silsesquiox-
ane, silicon dioxide, or the like, as described above.
[0210] Additional details of nanostructure-based mem-
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ory devices, transistors, and the like can be found, e.g.,
in U.S. patent application 11/018,572 by Xiangfeng Duan
et al. entitled "Nano-enabled memory devices and ani-
sotropic charge carrying arrays", filed December 21,
2004.

NANOSTRUCTURES

[0211] The individual nanostructures employed in the
methods and devices include, but are not limited to, a
nanocrystal, a quantum dot, a nanodot, a nanoparticle,
a nanowire, a nanorod, a nanotube, a nanotetrapod, a
tripod, a bipod, a branched nanocrystal, or a branched
tetrapod. In one aspect, the methods and devices include
spherical, nearly spherical, and/or isotropic nanocrystals
such as nanodots and/or quantum dots, e.g., substan-
tially spherical nanocrystals or quantum dots having an
average diameter less than about 10 nm, and optionally
less than about 8 nm, 6 nm, 5nm, or 4 nm.
[0212] The nanostructures employed in the methods
of the present invention can be fabricated from essen-
tially any convenient materials. For example, the nanoc-
rystals can comprise inorganic materials, e.g., a metal,
including, e.g., Pd, Ir, Ni, Pt, Au, Ru, Co, W, Te, Ag, Ti,
Sn, Zn, Fe, FePt, or the like, or a semiconducting material
selected from a variety of Group II-VI, Group III-V, or
Group IV semiconductors, and including, e.g., a material
comprising a first element selected from Group II of the
periodic table and a second element selected from Group
VI (e.g., ZnS, ZnO, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS,
HgSe, HgTe, MgS, MgSe, MgTe, CaS, CaSe, CaTe, SrS,
SrSe, SrTe, BaS, BaSe, BaTe, and like materials); a ma-
terial comprising a first element selected from Group III
and a second element selected from Group V (e.g., GaN,
GaP, GaAs, GaSb, InN, InP, InAs, InSb, and like mate-
rials); a material comprising a Group IV element (Ge, Si,
and like materials); a material such as PbS, PbSe, PbTe,
AlS, AlP, and AlSb; or an alloy or a mixture thereof. The
nanostructures can include a p- or n-doped semiconduc-
tor. In other embodiments, the nanostructures can in-
clude an insulating material (e.g., a metal oxide), a pol-
ymer, an organic material (e.g., carbon), and/or the like.
[0213] In one aspect, the nanostructures are pre-
formed, i.e., fabricated prior to their use in the methods
or incorporation into the devices. For example, the na-
nostructures can be colloidal nanostructures. Synthesis
of colloidal metal nanostructures (e.g., Pd, Pt, and Ni
nanostructures) is described in U.S. patent application
60/637,409, filed December 16, 2004, by Jeffery A. Whit-
eford, et al. entitled "Process for group can metal nanos-
tructure synthesis and compositions made using same."
Synthesis of colloidal III-V semiconductor nanostructures
is described in U.S. patent application 60/628,455, filed
November 15, 2004, by Erik C. Scher, et al. entitled "Proc-
ess for group III-V semiconductor nanostructure synthe-
sis and compositions made using same." Additional de-
tails of nanostructure synthesis have been described in
the literature (see, e.g., the following references).

[0214] Nanostructures can be fabricated and their size
can be controlled by any of a number of convenient meth-
ods that can be adapted to different materials. For ex-
ample, synthesis of nanocrystals of various composition
is described in, e.g., Peng et al. (2000) "Shape control
of CdSe nanocrystals" Nature 404, 59-61; Puntes et al.
(2001) "Colloidal nanocrystal shape and size control: The
case of cobalt" Science 291, 2115-2117; USPN
6,306,736 to Alivisatos et al. (October 23, 2001) entitled
"Process for forming shaped group III-V semiconductor
nanocrystals, and product formed using process"; USPN
6,225,198 to Alivisatos et al. (May 1, 2001) entitled "Proc-
ess for forming shaped group II-VI semiconductor nanoc-
rystals, and product formed using process"; USPN
5,505,928 to Alivisatos et al. (April 9, 1996) entitled "Prep-
aration of III-V semiconductor nanocrystals"; USPN
5,751,018 to Alivisatos et al. (May 12, 1998) entitled
"Semiconductor nanocrystals covalently bound to solid
inorganic surfaces using self-assembled monolayers";
USPN 6,048,616 to Gallagher et al. (April 11, 2000) en-
titled "Encapsulated quantum sized doped semiconduc-
tor particles and method of manufacturing same"; and
USPN 5,990,479 to Weiss et al. (November 23, 1999)
entitled "Organo luminescent semiconductor nanocrystal
probes for biological applications and process for making
and using such probes."
[0215] Growth of nanowires having various aspect ra-
tios, including nanowires with controlled diameters, is de-
scribed in, e.g., Gudiksen et al (2000) "Diameter-selec-
tive synthesis of semiconductor nanowires" J. Am.
Chem. Soc. 122, 8801-8802; Cui et al. (2001) "Diameter-
controlled synthesis of single-crystal silicon nanowires"
Appl. Phys. Lett. 78, 2214-2216; Gudiksen et al. (2001)
"Synthetic control of the diameter and length of single
crystal semiconductor nanowires" J. Phys. Chem. B
105,4062-4064; Morales et al. (1998) "A laser ablation
method for the synthesis of crystalline semiconductor na-
nowires" Science 279, 208-211; Duan et al. (2000) "Gen-
eral synthesis of compound semiconductor nanowires"
Adv. Mater. 12, 298-302; Cui et al. (2000) "Doping and
electrical transport in silicon nanowires" J. Phys. Chem.
B 104, 5213-5216; Peng et al. (2000) "Shape control of
CdSe nanocrystals" Nature 404, 59-61; Puntes et al.
(2001) "Colloidal nanocrystal shape and size control: The
case of cobalt" Science 291, 2115-2117; USPN
6,306,736 to Alivisatos et al. (October 23, 2001) entitled
"Process for forming shaped group III-V semiconductor
nanocrystals, and product formed using process"; USPN
6,225,198 to Alivisatos et al. (May 1, 2001) entitled "Proc-
ess for forming shaped group II-VI semiconductor nanoc-
rystals, and product formed using process"; USPN
6,036,774 to Lieber et al. (March 14,2000) entitled "Meth-
od of producing metal oxide nanorods"; USPN 5,897,945
to Lieber et al. (April 27, 1999) entitled "Metal oxide na-
norods"; USPN 5,997,832 to Lieber et al. (December 7,
1999) "Preparation of carbide nanorods"; Urbau et al.
(2002) "Synthesis of single-crystalline perovskite na-
nowires composed of barium titanate and strontium ti-
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tanate" J. Am. Chem. Soc., 124, 1186; and Yun et al.
(2002) "Ferroelectric Properties of Individual Barium Ti-
tanate Nanowires Investigated by Scanned Probe Micro-
scopy" Nanoletters 2,447.
[0216] Growth of branched nanowires (e.g., nanotetra-
pods, tripods, bipods, and branched tetrapods) is de-
scribed in, e.g., Jun et al. (2001) "Controlled synthesis
of multi-armed CdS nanorod architectures using mono-
surfactant system" J. Am. Chem. Soc. 123, 5150-5151;
and Manna et al. (2000) "Synthesis of Soluble and Proc-
essable Rod-,Arrow-, Teardrop-, and Tetrapod-Shaped
CdSe Nanocrystals" J. Am. Chem. Soc. 122,
12700-12706.
[0217] Synthesis of nanoparticles is described in, e.g.,
USPN 5,690,807 to Clark Jr. et al. (November 25, 1997)
entitled "Method for producing semiconductor particles";
USPN 6,136,156 to El-Shall, et al. (October 24, 2000)
entitled "Nanoparticles of silicon oxide alloys"; USPN
6,413,489 to Ying et al. (July 2, 2002) entitled "Synthesis
of nanometer-sized particles by reverse micelle mediat-
ed techniques"; and Liu et al. (2001) "Sol-Gel Synthesis
of Free-Standing Ferroelectric Lead Zirconate Titanate
Nanoparticles" J. Am. Chem. Soc. 123, 4344.
[0218] The nanostructures optionally comprise a core-
shell architecture. Synthesis of core-shell nanostructure
heterostructures, namely nanocrystal and nanowire
(e.g., nanorod) core-shell heterostructures, are de-
scribed in, e.g., Peng et al. (1997) "Epitaxial growth of
highly luminescent CdSe/CdS core/shell nanocrystals
with photostability and electronic accessibility" J. Am.
Chem. Soc. 119, 7019-7029; Dabbousi et al. (1997)
"(CdSe)ZnS core-shell quantum dots: Synthesis and
characterization of a size series of highly luminescent
nanocrysallites" J. Phys. Chem. B 101, 9463-9475; Man-
na et al. (2002) "Epitaxial growth and photochemical an-
nealing of graded CdS/ZnS shells on colloidal CdSe na-
norods" J. Am. Chem. Soc. 124, 7136-7145; and Cao et
al. (2000) "Growth and properties of semiconductor
core/shell nanocrystals with InAs cores" J. Am. Chem.
Soc. 122,9692-9702. Similar approaches can be applied
to growth of other core-shell nanostructures.
[0219] Growth of nanowire heterostructures in which
the different materials are distributed at different loca-
tions along the long axis of the nanowire is described in,
e.g., Gudiksen et al. (2002) "Growth of nanowire super-
lattice structures for nanoscale photonics and electron-
ics" Nature 415, 617-620; Bjork et al. (2002) "One-dimen-
sional steeplechase for electrons realized" Nano Letters
2, 86-90; Wu et al. (2002) "Block-by-block growth of sin-
gle-crystalline Si/SiGe superlattice nanowires" Nano Let-
ters 2, 83-86; and US patent application 60/370,095 (April
2, 2002) to Empedocles entitled "Nanowire heterostruc-
tures for encoding information." Similar approaches can
be applied to growth of other heterostructures.
[0220] In certain embodiments, the collection or pop-
ulation of nanostructures is substantially monodisperse
in size and/or shape. See, e.g., US patent application
20020071952 by Bawendi et al entitled "Preparation of

nanocrystallites."
[0221] Silsesquioxane and other ligand coatings for
nanostructures, SiO2 shells, and oxidation of metal na-
nostructures are described in U.S. patent applications
60/632,570 (supra), 11/147,670, and 11/299,299.
[0222] While the foregoing invention has been de-
scribed in some detail for purposes of clarity and under-
standing, it will be clear to one skilled in the art from a
reading of this disclosure that various changes in form
and detail can be made without departing from the true
scope of the invention. For example, all the techniques
and apparatus described above can be used in various
combinations, the invention being defined by the append-
ed claims.

Claims

1. A method for patterning a nanostructure monolayer,
the method comprising:

a) disposing resist and a monolayer of nanos-
tructures on a first layer, wherein the nanostruc-
tures are embedded in the resist, to provide a
resist layer,
wherein in step a) disposing the resist and the
monolayer of nanostructures on the first layer
comprises spin coating the first layer with a so-
lution comprising the resist and the nanostruc-
tures;
b) exposing a predetermined pattern on the re-
sist layer, to provide exposed resist in at least a
first region of the resist layer and unexposed re-
sist in at least a second region of the resist layer,
wherein in step b) exposing a predetermined
pattern on the resist layer comprises exposing
the predetermined pattern to ultraviolet light or
an electron beam; and
c) i) removing the exposed resist and its embed-
ded nanostructures from the first layer without
removing the unexposed resist and its embed-
ded nanostructures, or ii) removing the unex-
posed resist and its embedded nanostructures
from the first layer without removing the exposed
resist and its embedded nanostructures,
whereby at least one nanostructure monolayer
array remains on the first layer, the boundaries
of the monolayer array being defined by the
boundaries of the first region.

2. The method of claim 1 which comprises

d) after step c), exposing the first layer, the ex-
posed resist and its embedded nanostructures
to a temperature of at least about 300° C.

3. The method of claim 2, wherein, following step d),
the size distribution of the nanostructures in the mon-
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olayer array exhibits an rms deviation of less than
20%.

4. The method of any one of the preceding claims,
wherein the resist comprises a silicon compound.

5. The method of any one of the preceding claims,
wherein the resist comprises a silsesquioxane.

6. The method for patterning nanostructures according
to claim 5, wherein the method comprises:

a) disposing the nanostructures and a silsesqui-
oxane on a first layer; and
b) curing the silsesquioxane, to provide cured
silsesquioxane in which the nanostructures are
embedded, by

i) exposing the silsesquioxane to ionizing
radiation in a predetermined pattern, where-
by the silsesquioxane in at least a first re-
gion is exposed and incompletely cured
while the silsesquioxane in at least a second
region remains unexposed and uncured;
ii) removing the unexposed silsesquioxane
and nanostructures therein from the second
region without removing the incompletely
cured silsesquioxane and its embedded na-
nostructures from the first region; and
iii) after step ii), exposing the incompletely
cured silsesquioxane in the first region to
ionizing radiation to further cure the
silsesquioxane, to provide the cured
silsesquioxane.

7. The method of claim 6, wherein exposing the
silsesquioxane and the incompletely cured silsesqui-
oxane to ionizing radiation comprises exposing the
silsesquioxane and the incompletely cured silsesqui-
oxane to ultraviolet light or an electron beam.

8. The method of any one of the preceding claims,
wherein the first layer is disposed on a substrate,
wherein the substrate comprises a semiconductor.

9. The method of claim 8, wherein the first layer com-
prises a dielectric material and has a thickness of
between about 1 nm and about 10 nm.

10. The method of claims 2 and 8, comprising: forming
a source region and a drain region in the substrate
in proximity to the monolayer array of nanostructures
by, prior to step d), implanting dopant ions in the
substrate, wherein implantation damage to the sub-
strate is repaired and the dopant is activated during
step d).

11. The method of claim 8, comprising disposing a gate

electrode on the exposed resist.

12. The method of claim 11, comprising disposing a di-
electric layer on the exposed resist prior to disposing
the gate electrode on the exposed resist.

13. The method of any one of the preceding claims,
wherein the nanostructures comprise metal nanos-
tructures.

14. The method of any one of the preceding claims,
wherein the nanostructures comprise palladium,
platinum, nickel, or ruthenium.

15. The method of claim 1, wherein the resist layer com-
prises a spin-on-dielectric and the method compris-
es:

spin coating the first layer with a solution com-
prising the resist, a liquid form of the spin-on-
dielectric and the nanostructures; and
curing the liquid form of the spin-on-dielectric to
provide a solid form of the spin-on-dielectric as
a matrix in which the nanostructures in the mon-
olayer array are randomly distributed.

16. The method of claim 15, wherein the first layer is
disposed on a substrate, wherein the substrate com-
prises a semiconductor, and wherein the first layer
comprises a dielectric material and has a thickness
of between about 1 nm and about 10 nm.

17. The method of claim 16, wherein the substrate com-
prises a source region, a drain region, and a channel
region between the source and drain regions and
underlying the monolayer array of nanostructures;
the method comprising disposing a gate electrode
on the solid form of the spin-on-dielectric.

18. The method of claim 17, the method comprising dis-
posing a dielectric layer on the solid form of the spin-
on-dielectric prior to disposing the gate electrode on
the solid form of the spin-on-dielectric.

19. The method of any one of claims 15 to 18, wherein
the solid form of the spin-on-dielectric comprises sil-
icon oxide, aluminum oxide, hafnium oxide, lantha-
num oxide, or tantalum oxide.

20. The method of any one of claims 15 to 19, wherein
the liquid form of the spin-on-dielectric is a liquid form
of a spin-on-glass, and wherein the solid form of the
spin-on-dielectric is a solid form of a spin-on-glass.

21. The method of claim 20, wherein the liquid form of
the spin-on-glass comprises a silsesquioxane.

22. The method of any one of claims 15 to 21, wherein
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the nanostructures comprise palladium, platinum,
nickel, or ruthenium.

Patentansprüche

1. Verfahren zum Strukturieren einer Nanostruktur-
Monoschicht, wobei das Verfahren das Folgende
umfasst:

a) Aufbringen eines Abdeckmittels und einer
Monoschicht von Nanostrukturen auf einer ers-
ten Schicht, wobei die Nanostrukturen in das Ab-
deckmittel eingebettet werden, um eine Abdeck-
schicht bereitzustellen,
wobei in Schritt a) das Aufbringen des Abdeck-
mittels und der Monoschicht der Nanostrukturen
auf der ersten Schicht das Aufschleuder-Be-
schichten der ersten Schicht mit einer Lösung,
die das Abdeckmittel und die Nanostrukturen
enthält, umfasst;
b) Belichten eines vorbestimmten Musters auf
der Abdeckschicht, um belichtetes Abdeckmittel
in zumindest einer ersten Region der Abdeck-
schicht und unbelichtetes Abdeckmittel in zu-
mindest einer zweiten Region der Abdeck-
schicht bereitzustellen,
wobei im Schritt b) das Belichten eines vorbe-
stimmten Musters auf der Abdeckschicht das
Belichten des vorbestimmten Musters mit ultra-
violettem Licht oder einem Elektronenstrahl um-
fasst; und
c) i) Entfernen des belichteten Abdeckmittels
und seiner eingebetteten Nanostrukturen von
der ersten Schicht ohne das unbelichtete Ab-
deckmittel und seine eingebetteten Nanostruk-
turen zu entfernen oder ii) Entfernen des unbe-
lichteten Abdeckmittels und seiner eingebette-
ten Nanostrukturen von der ersten Schicht ohne
das belichtete Abdeckmittel und seine eingebet-
teten Nanostrukturen zu entfernen,
wobei zumindest eine Nanostruktur-Mono-
schicht-Anordnung auf der ersten Schicht ver-
bleibt, wobei die Begrenzungen der Mono-
schicht-Anordnung durch die Begrenzungen
der ersten Region definiert sind.

2. Das Verfahren nach Anspruch 1, das den Schritt d)
nach c) umfasst, worin die erste Schicht, das belich-
tete Abdeckmittel und seine eingebetteten Nanos-
trukturen einer Temperatur von mindestens unge-
fähr 300 °C ausgesetzt wird.

3. Das Verfahren nach Anspruch 2, wobei nach Schritt
d) die Größenverteilung der Nanostrukturen in der
Monoschicht-Anordnung eine RMS-Abweichung
von weniger als 20% aufweist.

4. Das Verfahren nach einem der vorherigen Ansprü-
che, dadurch gekennzeichnet, dass das Abdeck-
mittel eine Siliziumverbindung umfasst.

5. Das Verfahren nach einem der vorherigen Ansprü-
che, dadurch gekennzeichnet, dass das Abdeck-
mittel ein Silsesquioxan umfasst.

6. Das Verfahren zum Strukturieren von Nanostruktu-
ren nach Anspruch 5, wobei das Verfahren das Fol-
gende umfasst:

a) Aufbringen der Nanostrukturen und eines Sil-
sesquioxans auf einer ersten Schicht; und
b) Aushärten des Silsesquioxans, um gehärte-
tes Silsesquioxan bereitzustellen, in dem die
Nanostrukturen eingebettet werden, durch

i) Belichten des Silsesquioxans mit ionisie-
render Strahlung in einem vorbestimmten
Muster, wobei das Silsesquioxan in zumin-
dest einer ersten Region belichtet wird und
unvollständig gehärtet wird während das
Silsesquioxan in zumindest einer zweiten
Region unbelichtet und ungehärtet bleibt;
ii) Entfernen des unbelichteten Silsesquio-
xans und den darin enthaltenen Nanostruk-
turen von der zweiten Region ohne das un-
vollständig gehärtete Silsesquioxan und
seiner eingebetteten von der ersten Region
zu entfernen; und
iii) nach Schritt ii), Belichten des unvollstän-
dig gehärteten Silsesquioxan in der ersten
Region mit ionisierender Strahlung, um das
Silsesquioxan weiter zu härten, um das ge-
härtete Silsesquioxan bereitzustellen.

7. Das Verfahren nach Anspruch 6, wobei das Belich-
ten des Silsesquioxans und des unvollständig ge-
härteten Silsesquioxans mit ionisierender Strahlung
das Belichten des Silsesquioxans und des unvoll-
ständig gehärteten Silsesquioxans mit ultraviolettem
Licht oder einem Elektronenstrahl umfasst.

8. Das Verfahren nach einem der vorherigen Ansprü-
che, wobei die erste Schicht auf einem Substrat auf-
gebracht wird, wobei das Substrat einen Halbleiter
umfasst.

9. Das Verfahren nach Anspruch 8, wobei die erste
Schicht ein dielektrisches Material umfasst und eine
Dicke von zwischen ungefähr 1 nm und ungefähr 10
nm hat.

10. Das Verfahren nach Ansprüche 2 und 8, das Fol-
gende umfassend:

Bilden einer Source-Region und einer Drain-Re-
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gion im Substrat in der Nähe der Monoschicht-
Anordnung von Nanostrukturen durch, vor dem
Schritt d), Implantieren von Dotierungs-Ionen in
das Substrat, wobei Implantationsschäden am
Substrat repariert wird und der Dotand während
des Schritts d) aktiviert wird.

11. Das Verfahren nach Anspruch 8, das das Aufbringen
einer Gate-Elektrode auf dem belichteten Abdeck-
mittel umfasst.

12. Das Verfahren nach Anspruch 11, das das Aufbrin-
gen einer dielektrischen Schicht auf dem belichteten
Abdeckmittel vor dem Aufbringen der Gate-Elektro-
de auf dem belichteten Abdeckmittel umfasst.

13. Das Verfahren nach einem der vorherigen Ansprü-
che, wobei die Nanostrukturen Metall-Nanostruktu-
ren umfassen.

14. Das Verfahren nach einem der vorherigen Ansprü-
che, wobei die Nanostrukturen Palladium, Platin, Ni-
ckel oder Ruthenium umfassen.

15. Das Verfahren nach Anspruch 1, wobei die Abdeck-
schicht ein Aufschleuder-Dielektrikum umfasst und
das Verfahren das Folgende umfasst:

Schleuder-Beschichten der ersten Schicht mit
einer Lösung, die ein Abdeckmittel, eine flüssige
Form des Aufschleuder-Dielektrikums und die
Nanostrukturen umfasst; und
Aushärten der flüssigen Form des Aufschleu-
der-Dielektrikums, um eine feste Form des Auf-
schleuder-Dielektrikums als Matrix bereitzustel-
len, in der die Nanostrukturen in der Mono-
schicht-Anordnung zufällig verteilt sind.

16. Das Verfahren nach Anspruch 15, wobei die erste
Schicht auf ein Substrat aufgebracht wird, wobei das
Substrat einen Halbleiter umfasst und wobei die ers-
te Schicht ein dielektrisches Material umfasst und
eine Dicke von zwischen ungefähr 1 nm und unge-
fähr 10 nm hat.

17. Das Verfahren nach Anspruch 16, wobei das Sub-
strat eine Source-Region, eine Drain-Region und ei-
ne Kanal-Region zwischen der Source- und der
Drain-Region umfasst und unter der Monoschicht-
Anordnung von Nanostrukturen liegt, wobei das Ver-
fahren das Aufbringen einer Gate-Elektrode auf der
festen Form des Aufschleuder-Dielektrikums um-
fasst.

18. Das Verfahren nach Anspruch 17, wobei das Ver-
fahren das Aufbringen einer dielektrischen Schicht
auf der festen Form des Aufschleuder-Dielektrikums
vor dem Aufbringen der Gate-Elektrode auf der fes-

ten Form des Aufschleuder-Dielektrikums umfasst.

19. Das Verfahren nach einem der Ansprüche 15 bis 18,
wobei die feste Form des Aufschleuder-Dielektri-
kums Siliziumoxid, Aluminiumoxid, Hafniumoxid,
Lanthanoxid oder Tantaloxid umfasst.

20. Das Verfahren nach einem der Ansprüche 15 bis 19,
wobei die flüssige Form des Aufschleuder-Dielektri-
kums eine flüssige Form von Aufschleuder-Glas ist
und wobei die feste Form des Aufschleuder-Dielek-
trikums eine feste Form von Aufschleuder-Glas ist.

21. Das Verfahren nach Anspruch 20, wobei flüssige
Form des Aufschleuder-Glases ein Silsesquioxan
umfasst.

22. Das Verfahren nach einem der Ansprüche 15 bis 21,
wobei die Nanostrukturen Palladium, Platin, Nickel
oder Ruthenium umfassen.

Revendications

1. Procédé pour fournir en motif une monocouche de
nanostructures, le procédé comprenant :

a) la disposition d’une réserve et d’une mono-
couche de nanostructures sur une première
couche, où les nanostructures sont noyées dans
la réserve, pour fournir une couche de réserve,
dans lequel dans l’étape a), la disposition de la
réserve et de la monocouche de nanostructures
sur la première couche comprend le dépôt à la
tournette sur la première couche d’une solution
comprenant la réserve et les nanostructures ;
b) l’exposition d’un motif prédéterminé sur la
couche de réserve, pour fournir une réserve ex-
posée dans au moins une première région de la
couche de réserve et une réserve non exposée
dans au moins une seconde région de la couche
de réserve,
dans lequel dans l’étape b), l’exposition d’un mo-
tif prédéterminé sur la couche de réserve com-
prend l’exposition du motif prédéterminé à de la
lumière ultraviolette ou à un faisceau
d’électrons ; et
c) i) l’enlèvement de la réserve exposée et de
ses nanostructures noyées de la première cou-
che sans enlever la réserve non exposée et ses
nanostructures noyées, ou ii) l’enlèvement de la
réserve non exposée et de ses nanostructures
noyées de la première couche sans enlever la
réserve exposée et ses nanostructures noyées,
moyennant quoi au moins un réseau de mono-
couches de nanostructures reste sur la première
couche, les frontières du réseau de monocou-
ches étant définies par les frontières de la pre-
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mière région.

2. Procédé selon la revendication 1, qui comprend

d) après l’étape c), l’exposition de la première
couche, de la réserve exposée et de ses nanos-
tructures noyées à une température d’au moins
environ 300 °C.

3. Procédé selon la revendication 2, dans lequel, après
l’étape d), la distribution de taille des nanostructures
dans le réseau de monocouches présente un écart
moyen quadratique de moins de 20 %.

4. Procédé selon l’une quelconque des revendications
précédentes, dans lequel la réserve comprend un
composé de silicium.

5. Procédé selon l’une quelconque des revendications
précédentes, dans lequel la réserve comprend un
silsesquioxane.

6. Procédé pour former un motif de nanostructures se-
lon la revendication 5, dans lequel le procédé
comprend :

a) la disposition des nanostructures et d’un sil-
sesquioxane sur la première couche ; et
b) le durcissement du silsesquioxane, pour for-
mer un silsesquioxane durci dans lequel les na-
nostructures sont noyées, par

i) exposition du silsesquioxane à un rayon-
nement ionisant dans un motif prédétermi-
né, moyennant quoi le silsesquioxane dans
au moins une première région est exposé
et incomplètement durci alors que le silses-
quioxane dans au moins une seconde ré-
gion reste non exposé et non durci ;
ii) enlèvement du silsesquioxane non expo-
sé et des nanostructures à l’intérieur de la
seconde couche sans enlèvement du sil-
sesquioxane incomplètement durci et de
ses nanostructures noyées de la première
région ; et
iii) après l’étape ii), exposition du silses-
quioxane incomplètement durci dans une
première région à un rayonnement ionisant
pour durcir davantage le silsesquioxane,
pour fournir le silsesquioxane durci.

7. Procédé selon la revendication 6, dans lequel l’ex-
position du silsesquioxane et du silsesquioxane in-
complètement durci à un rayonnement ionisant com-
prend l’exposition du silsesquioxane et du silses-
quioxane incomplètement durci à une lumière ultra-
violette ou à un faisceau d’électrons.

8. Procédé selon l’une quelconque des revendications
précédentes, dans lequel la première couche est dis-
posée sur un substrat, dans lequel le substrat com-
prend un semi-conducteur.

9. Procédé selon la revendication 8, dans lequel la pre-
mière couche comprend un matériau diélectrique et
a une épaisseur entre environ 1 nm et environ 10 nm.

10. Procédé selon les revendications 2 et 8,
comprenant :

la formation d’une région de source et d’une ré-
gion de drain dans le substrat à proximité du
réseau de monocouches de nanostructures par,
avant l’étape d), implantation d’ions dopants
dans le substrat, dans lequel des dégâts d’im-
plantation occasionnés au substrat sont réparés
et le dopant est activé durant l’étape d).

11. Procédé selon la revendication 8, comprenant la dis-
position d’une électrode de grille sur la réserve ex-
posée.

12. Procédé selon la revendication 11, comprenant la
disposition d’une couche diélectrique sur la réserve
exposée avant la disposition de l’électrode de grille
sur la réserve exposée.

13. Procédé selon l’une quelconque des revendications
précédentes, dans lequel les nanostructures com-
prennent des nanostructures de métal.

14. Procédé selon l’une quelconque des revendications
précédentes, dans lequel les nanostructures com-
prennent du palladium, du platine, du nickel ou du
ruthénium.

15. Procédé selon la revendication 1, dans lequel la cou-
che de réserve comprend un diélectrique appliqué
par rotation et le procédé comprend :

le dépôt à la tournette sur la première couche
d’une solution comprenant une réserve, une for-
me liquide du diélectrique appliqué par rotation
et les nanostructures ; et
le durcissement de la forme liquide du diélectri-
que appliqué par rotation pour fournir une forme
solide du diélectrique appliqué par rotation sous
forme de matrice dans laquelle les nanostructu-
res dans le réseau de monocouches sont distri-
buées au hasard.

16. Procédé selon la revendication 15, dans lequel la
première couche est disposée sur un substrat, dans
lequel le substrat comprend un semi-conducteur, et
dans lequel la première couche comprend un maté-
riau diélectrique et a une épaisseur entre environ 1
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nm et environ 10 nm.

17. Procédé selon la revendication 16, dans lequel le
substrat comprend une région de source, une région
de drain et une région de canal entre les régions de
source et de drain et sous-jacente au réseau de mo-
nocouches de nanostructures ; le procédé compre-
nant la disposition d’une électrode de grille sur la
forme solide du diélectrique appliqué par rotation.

18. Procédé selon la revendication 17, le procédé com-
prenant la disposition d’une couche diélectrique sur
la forme solide du diélectrique appliqué par rotation
avant la disposition de l’électrode de grille sur la for-
me solide du diélectrique appliqué par rotation.

19. Procédé selon l’une quelconque des revendications
15 à 18, dans lequel la forme solide du diélectrique
appliqué par rotation comprend de l’oxyde de sili-
cium, de l’oxyde d’aluminium, de l’oxyde de hafnium,
de l’oxyde de lanthane ou de l’oxyde de tantale.

20. Procédé selon l’une quelconque des revendications
15 à 19, dans lequel la forme liquide du diélectrique
appliqué par rotation est une forme liquide d’un verre
déposé par rotation, et dans lequel la forme solide
du diélectrique appliqué par rotation est une forme
solide d’un verre déposé par rotation.

21. Procédé selon la revendication 20, dans lequel la
forme liquide du verre déposé par rotation comprend
un silsesquioxane.

22. Procédé selon l’une quelconque des revendications
15 à 21, dans lequel les nanostructures compren-
nent du palladium, du platine, du nickel ou du ruthé-
nium.
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