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tronic circuitry, and more particularly to nanometer-scale
articles, including nanoscale wires which can be selectively
doped at various locations and at various levels. In some
cases, the articles may be single crystals. The nanoscale
wires can be doped, for example, differentially along their
length, or radially, and either in terms of identity of dopant,
concentration of dopant, or both. This may be used to
provide both n-type and p-type conductivity in a single item,
or in different items in close proximity to each other, such as
in a crossbar array. The fabrication and growth of such
articles is described, and the arrangement of such articles to
fabricate electronic, optoelectronic, or spintronic devices
and components. For example, semiconductor materials can
be doped to form n-type and p-type semiconductor regions
for making a variety of devices such as field effect transis-
tors, bipolar transistors, complementary inverters, tunnel
diodes, light emitting diodes, sensors, and the like.
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NANOSCALE WIRES AND RELATED DEVICES

PRIORITY APPLICATIONS

[0001] This application claims the benefit of priority under
35 U.S.C. §120 of U.S. patent application Ser. No. 10/152,
490, filed May 20, 2002, of Lieber, et al., entitled “Nanos-
cale Wires and Related Devices,” which claims the benefit
of priority under 35 U.S.C. §119(e) to provisional patent
application Ser. No. 60/292,045, filed May 18, 2001 of
Lieber, et al., entitled, “Nanowire Electronic Devices
Including Memory and Switching Devices,” and of 60/291,
896, filed May 18, 2001, of Lieber, et al., entitled “Nanowire
Devices Including Emissive Elements and Sensors,” and of
60/354,642, filed Feb. 6, 2002 of Lieber, et al., entitled
“Nanowire Devices Including Emissive Elements and Sen-
sors,” each of which is hereby incorporated by reference in
its entirety for all purposes.

FIELD OF THE INVENTION

[0002] The present invention relates generally to nano-
technology, and more particularly to nanoelectronics, i.e.,
nanoscale semiconductors and other articles, and associated
methods and devices. Articles and devices of size greater
than the nanoscale are also included.

BACKGROUND OF THE INVENTION

[0003] Interest in nanotechnology, in particular sub-mi-
croelectronic technologies such as semiconductor quantum
dots and nanowires, has been motivated by the challenges of
chemistry and physics at the nanoscale, and by the prospect
of utilizing these structures in electronic and related devices.
While nanoscopic articles might be well-suited for transport
of charge carriers and excitons (e.g. electrons, electron pairs,
etc.) and thus may be useful as building blocks in nanoscale
electronics applications, other than standard small-scale
lithographic techniques, nanoelectronics is not a well-devel-
oped field. Thus there is a need in the art for new and
improved articles and techniques involving nanoelectronics.

SUMMARY OF THE INVENTION

[0004] The present invention relates to articles and
devices, methods of making and using them, and related
systems. Most aspects and embodiments of the invention
involve nanometer-scale articles and devices, but larger
articles and devices are provided as well.

[0005] In one aspect, the invention comprises methods of
growing, assembling, and otherwise making articles and
devices. In one embodiment, a method of the invention
involves doping a semiconductor during growth of the
semiconductor. In another embodiment, the method includes
the step of growing a nanoscale semiconductor having
aplurality of regions able to produce light.

[0006] In another embodiment, a series of methods are
provided that involve assembling one or articles that are
elongated structures, or semiconductors (which can be elon-
gated structures) on a surface, where at least one of the
articles is at least one of the following: a single crystal, an
elongated and bulk-doped semiconductor that, at any point
along its longitudinal axis, has a largest cross-sectional
dimension less than 500 nanometers, and a free-standing and
bulk-doped semiconductor with at least one portion having
a smallest width of less than 500 nanometers. One method
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involves contacting one or more of the articles to a surface.
Another method involves conditioning the surface with one
or more functionalities that attract the one or more of the
articles to particular positions on the surface, and aligning
the one or more articles by attracting the one or more articles
to the particular positions using the one or more function-
alities. Another method involves depositing the plurality of
the articles onto the surface, and electrically charging the
surface to produce electrostatic forces between two or more
of the articles. Another method involves dispersing the one
or more of the articles on a surface of a liquid phase to form
a Langmuir-Blodgett film compressing the Langmuir-
Blodgett film, and transferring the compressed Langmuir-
Blodgett film onto a surface. Another method involves
dispersing the one or more of the articles in a flexible matrix,
stretching the flexible matrix in a direction to produce a
shear force on the articles that causes at least one article to
align in the direction, removing the flexible matrix, and
transferring the at least one aligned elongated structure to a
surface.

[0007] In another set of embodiments, the invention com-
prises systems for growing, assembling, or otherwise mak-
ing articles and/or devices. One system of the invention for
growing a doped semiconductor includes means for provid-
ing a molecules of the semiconductor and molecules of a
dopant, and means for doping the molecules of the semi-
conductor with the molecules of the dopant during growth of
the semiconductor to produce the doped semiconductor.

[0008] Another set of systems are provided for assembling
one or more elongated structures on a surface. In one
embodiment, the system comprises means for flowing a fluid
that comprises the one or more elongated structures onto the
surface, and means for aligning the one or more elongated
structures on the surface to form an array of the elongated
structures. In several embodiments, one or more of the
elongated structures are at least one of the following: a
single crystal, an elongated and bulk-doped semiconductor
that, at any point along its longitudinal axis, has a largest
cross-sectional dimension less than 500 nanometers, and a
free-standing and bulk-doped semiconductor with at least
one portion having a smallest width of less than 500 nanom-
eters. In one of these embodiments, the system includes
means for conditioning the surface with one or more func-
tionalities that attract the one or more elongated structures to
particular positions on the surface, and means for aligning
the one or more elongated structures by attracting the one or
more elongated structures to the particular positions using
the one or more functionalities. In another of these embodi-
ments, the system comprises means for depositing the plu-
rality of elongated structures onto the surface, and means for
electrically charging the surface to produce electrostatic
forces between two or more of the plurality of the elongated
structures. In another of these embodiments, the system
comprises means for dispersing the one or more elongated
structures on a surface of a liquid phase to form a Langmuir-
Blodgett film, means for compressing the Langmuir-
Blodgett film, and means for transferring the compressed
Langmuir-Blodgett film onto a surface. In another of these
embodiments, the system includes means for dispersing the
one or more elongated structures in a flexible matrix, means
for stretching the flexible matrix in a direction to produce a
shear force on the one or more elongated structures that
causes the at least one elongated structure to align in the
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direction, means for removing the flexible matrix, and
means for transferring the at least one aligned elongated
structure to a surface.

[0009] In another aspect, the invention comprises a series
of devices. In one embodiment, a device includes a semi-
conductor having a longitudinal axis, at least two regions
differing in composition along the longitudinal axis, and a
boundary between the regions. The semiconductor has a
maximum dimension at the boundary of no more than about
100 nm.

[0010] In another embodiment, a device of the invention
includes a free-standing wire including a first region, and a
second region having a composition different from that of
the first region. The first region has a smallest dimension that
is less than about 100 nm and the second region has a
smallest dimension that is less than about 100 nm.

[0011] In another embodiment, a device of the invention
includes a free-standing bulk-doped nanoscopic material
having a first region having a composition and a second
region having a composition different from the composition
of the first region. At least one of the first region and the
second region has an aspect ratio of at least about 100:1.

[0012] In another embodiment, a device of the invention
includes a free-standing bulk-doped semiconductor com-
prising a first region having a composition and a second
region having a composition different from the composition
of the first region. At least one of the first and second region
has a maximum dimension of less than about 100 nm.

[0013] In one set of embodiments, the invention provides
a series of devices each including a free-standing wire. In
each embodiment, the free-standing wire can be a nano-
scopic wire, but need not be. In one embodiment, the
free-standing wire includes a first region having a dopant
and a second region having a dopant different from the
dopant of the first region. The first region and the second
region overlap to form an overlap region having a compo-
sition that is a mixture of the dopants of the first and second
regions. The composition of the overlap region comprises
between about 10 vol % and about 90 vol % of the dopant
of the first region with a complementary amount of the
dopant of the second region. The overlap region has a
maximum dimension of less than about 100 nm. In another
embodiment, the free-standing wire is nanoscopic and
includes a first region comprising a dopant at a first con-
centration and a second region comprising the dopant at a
second concentration. The second concentration is different
from the first concentration. In another embodiment, the
free-standing wire is nanoscopic and includes a first semi-
conductor and a second semiconductor. At least one of the
first semiconductor and the second semiconductor is a doped
semiconductor. The composition of the first semiconductor
and the composition of the second semiconductor are dif-
ferent. In another embodiment, free-standing wire is nano-
scopic and comprises a first region having a first concen-
tration of a semiconductor material and a second region
having a second concentration of the semiconductor mate-
rial. The first concentration and the second concentration are
different. In another embodiment, the free-standing nano-
scopic wire comprises a first region having a first resistivity
and a second region having a second resistivity different
from the first resistivity. In another embodiment, the free-
standing nanoscopic wire comprises a first region having a
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first band gap and a second region having a second band gap
different from the first band gap.

[0014] In another embodiment, the device includes a free-
standing photoluminescent nanoscopic wire. In another
embodiment, the device includes a free-standing nanoscopic
wire able to produce polarized light. In another embodiment,
the device includes a free-standing nanoscopic wire com-
prising a plurality of light-emitting regions. In another
embodiment, the device includes a nanoscopic wire able to
produce light having a polarization ratio of at least about
0.60.

[0015] In another embodiment, the device includes a pho-
todetector having a responsivity of at least about 3000 A/W.
In another embodiment, the device includes a photodetector
having a detection speed of less than about 100 fs.

[0016] In another embodiment, the device includes a
nanoscopic wire having a first region and a second region
having a composition different from that of the first region.
The first region and the second region overlap to form an
overlap region having a composition that is a mixture of the
compositions of the first and second regions. The composi-
tion of the overlap region comprises between about 10 vol
% and about 90 vol % of the composition of the first region
with a complementary amount of the composition of the
second region. The overlap region is able to emit light.

[0017] Inanother embodiment, the device includes a light-
emitting diode comprising a nanoscale wire comprising a
first region having a dopant and a second region having a
dopant different from the dopant of the first region. The first
region and the second region overlap to form an overlap
region having a composition that is a mixture of the dopants
of the first and second regions. The composition of the
overlap region comprises between about 10 vol % and about
90 vol % of the dopant of the first region with a comple-
mentary amount of the dopant of the second region. The
light-emitting diode has an emission wavelength determined
by a dimension of the overlap region.

[0018] In another embodiment, the device includes a
nanoscale wire comprising a first region having a dopant and
a second region having a dopant different from the dopant of
the first region. The first region and the second region
overlap to form an overlap region having a composition that
is a mixture of the dopants of the first and second regions.
The composition of the overlap region comprises between
about 10 vol % and about 90 vol % of the dopant of the first
region with a complementary amount of the dopant of the
second region.

[0019] In another embodiment, the device includes a wire
comprising a semiconductor, where the wire is able to emit
light at a higher frequency than the semiconductor in a bulk
state. In another embodiment, the device includes a uni-
formly photoluminescent nanoscopic wire.

[0020] Inanother embodiment, the device includes a semi-
conductor disposed proximate to an inductive material
capable of establishing a field in the semiconductor. The
inductive material has at least two different electronic or
mechanical states which able to differentially affect a prop-
erty of the semiconductor. In another embodiment, the
device includes a semiconductor disposed proximate to an
inductive material capable of establishing a field in the
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semiconductor. The inductive material having at least two
different states able to differentially affect a property of the
semiconductor.

[0021] In another embodiment, the device includes a
doped channel, and an inductive material having at least two
different electronic or mechanical states and being disposed
proximate to the doped channel for inducing a field within
the doped channel for effecting a flow of carriers. In another
embodiment, the device includes a doped semiconductor,
and an inductive material having at least two different states,
the inductive material being disposed proximate to the
doped semiconductor.

[0022] In another embodiment, the device includes an
article formed of a bulk-doped semiconductor material. The
article is able to emit light at a frequency lower than the
frequency of light emission inherent to the bulk-doped
semiconductor material.

[0023] In another embodiment, the device includes a
memory element comprising a memory active element hav-
ing a volume of less than 314 um®. The active element is
switchable electronically between a first readable state and
a second readable state electronically distinguishable from
the first readable state.

[0024] In another embodiment, the device includes a tran-
sistor having a smallest dimension that is less than about 100
nm.

[0025] In another embodiment, the device includes at least
one doped semiconductor, where at least one doped semi-
conductor is at least one of the following: a single crystal, an
elongated and bulk-doped semiconductor that, at any point
along its longitudinal axis, has a largest cross-sectional
dimension less than 500 nanometers, and a free-standing and
bulk-doped semiconductor with at least one portion having
a smallest width of less than 500 nanometers.

[0026] In another embodiment, the device is a semicon-
ductor device including a doped channel, and an inductive
material having at least two different electronic or mechani-
cal states and being disposed proximate to the doped channel
for inducing a field within the doped channel for affecting a
flow of carriers.

[0027] In another embodiment, a device of the invention
includes a doped semiconductor, and an inductive material
having at least two different states, the inductive material
being positioned so as to be able to affect a flow of carriers
within the doped semiconductor.

[0028] In another set of embodiments, the invention com-
prises a sensor. In one embodiment, the sensor includes at
least one nanoscale wire, and means for measuring a change
in a property of the at least one nanoscale wire. In another
embodiment, a nanosensor is provided that includes a semi-
conductor having a first end in electrical contact with a
conductor to form a source electrode, a second end in
electrical contact with a conductor to form a drain electrode,
and an exterior surface having an oxide formed thereon to
form a gate electrode, and a binding agent having specificity
for a selected moiety and being bound to the exterior
surface, whereby a voltage at the gate electrode varies in
response to the binding of the moiety to the binding agent to
provide a chemically gated field effect sensor device.
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[0029] In another aspect, the invention comprises a series
of articles. In one embodiment, an article of the invention
comprises a free-standing and bulk-doped semiconductor
including at least one portion with a smallest width of less
than 500 nanometers. In another embodiment, the article
comprises an elongated and bulk-doped semiconductor that,
at any point along its longitudinal axis, has a largest cross-
sectional dimension less than 500 nanometers.

[0030] In another embodiment, an article of the invention
comprises a nanoscopic wire and a functional moiety posi-
tioned relative to the nanoscopic wire such that an interac-
tion involving the moiety causes a detectable change in a
property of the nanoscopic wire. In another embodiment, the
article comprises a sample exposure region, and a nano-
scopic wire, at least a portion of which is addressable by a
sample in the sample exposure region.

[0031] In another embodiment, an article of the invention
comprises a doped semiconductor. At least a portion of the
semiconductor is made by the method of doping the semi-
conductor during growth of the semiconductor.

[0032] In another embodiment, an article of the invention
includes a sample cassette comprising a sample exposure
region and a nanoscale wire, at least a portion of which is
addressable by a sample in the sample exposure region. The
sample cassette is operatively connectable to a detector
apparatus able to determine a property associated with the
nanoscale wire.

[0033] Inanother embodiment, the invention comprises an
analyte-gated field effect transistor having a predetermined
current-voltage characteristic and adapted for use as a
chemical or biological, sensor. The transistor includes a
substrate formed of a first insulating material, a source
electrode disposed on the substrate, a drain electrode dis-
posed on the substrate, a semiconductor disposed between
the source and drain electrodes to form a field effect tran-
sistor having a predetermined current-voltage characteristic,
and an analyte-specific binding agent disposed on a surface
of the semiconductor, where a binding event occurring
between a target analyte and the binding agent causes a
detectable change in the current-voltage characteristic of
said field effect transistor.

[0034] In another embodiment, the invention comprises a
field effect transistor. The transistor includes a conducting
channel comprising a doped semiconductor having at least
one portion having a smallest width of less then 500 nanom-
eters, and a gate electrode comprising an elongated material
having at least one portion having a smallest width of less
then 500 nanometers.

[0035] In another embodiment, the invention comprises a
logic gate. The logic gate comprises a doped semiconductor
having a smallest width of less than 500 nanometers.

[0036] In another embodiment, the invention comprises a
bulk-doped semiconductor that is at least one of the follow-
ing: a single crystal, an elongated and bulk-doped semicon-
ductor that, at any point along its longitudinal axis, has a
largest cross-sectional dimension less than 500 nanometers,
and a free-standing and bulk-doped semiconductor with at
least one portion having a smallest width of less than 500
nanometers. A phenomena produced by a section of the
bulk-doped semiconductor exhibits a quantum confinement
caused by a dimension of the section.
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[0037] In another embodiment, the invention comprises a
bulk-doped semiconductor that exhibits coherent transport.
In another embodiment, the invention comprises a bulk-
doped semiconductor that exhibits ballistic transport. In
another embodiment, the invention comprises a bulk-doped
semiconductor that exhibits Luttinger liquid behavior. In
another embodiment, the invention comprises a doped semi-
conductor comprising a single crystal.

[0038] In another embodiment, the invention comprises a
solution comprising one or more doped semiconductors,
where at least one of the semiconductors is at least one of the
following: a single crystal, an elongated and bulk-doped
semiconductor that, at any point along its longitudinal axis,
has a largest cross-sectional dimension less than 500 nanom-
eters, and a free-standing and bulk-doped semiconductor
with at least one portion having a smallest width of less than
500 nanometers.

[0039] In another embodiment, the invention comprises a
collection of reagents for growing a doped semiconductor
that will be at least one of the following: a single crystal, an
elongated and bulk-doped semiconductor that, at any point
along its longitudinal axis, has-a largest cross-sectional
dimension less than 500 nanometers, and a free-standing and
bulk-doped semiconductor with at least one portion having
a smallest width of less than 500 nanometers that comprises
at least one portion having a smallest width of less than 500
nanometers. The collection comprises a semiconductor
reagent and a dopant reagent.

[0040] In another aspect, the invention comprises methods
of using articles and devices. One series of embodiments
involve use of conductors and/or semiconductors. One
method involves providing a free-standing nanoscale semi-
conductor, which can be a doped semiconductor, having a
first region and a second region having a composition
different from that of the first region, and allowing an
electrical current to flow through the semiconductor.

[0041] In another embodiment, the invention comprises a
method involving exposing a conductor to a source of
electromagnetic radiation, and changing the electrical con-
ductivity of the conductor by altering polarity of the elec-
tromagnetic radiation in the absence of a grating between the
source and the conductor.

[0042] In another embodiment, a method of the invention
involves causing the emission of light from a semiconductor
wire at a frequency lower than 700 nm. In another embodi-
ment, the invention comprises a method of generating light
involving applying energy to one or more semiconductors
causing the one or more semiconductors to emit light. At
least one of the semiconductors is at least one of the
following: a single crystal, an elongated and bulk-doped
semiconductor that, at any point along its longitudinal axis,
has a largest cross-sectional dimension less than 500 nanom-
eters, and a free-standing and bulk-doped semiconductor
with at least one portion having a smallest width of less than
500 nanometers.

[0043] In another set of embodiments, the invention pro-
vides methods of detection or determination of species. One
embodiment involves a method of detecting an analyte,
involving contacting a nanoscopic wire with a sample, and
determining a property associated with the nanoscopic wire
where a change in the property, when the nanoscopic wire is
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contacted with the sample, indicates the presence and/or
quantity of the analyte in the sample. In another embodi-
ment, the method involves contacting an electrical conduc-
tor, or a nanoscopic wire, with a sample, and determining the
presence and/or quantity of an analyte in the sample by
measuring a change in a property of the conductor resultant
from the contact, where less than ten molecules of the
analyte contribute to the a change in said property.

[0044] In another embodiment, a method of the invention
includes contacting a nanoscopic wire with a sample sus-
pected of containing an analyte, and determining a change in
a property of the nanoscopic wire. In another embodiment,
the method involves contacting a nanoscopic wire with a
sample having a volume of less than about 10 microliters,
and measuring a change in a property of the nanoscopic
resultant from the contact.

[0045] Other advantages, novel features, and objects of the
invention will become apparent from the following detailed
description of the invention, including descriptions of non-
limiting embodiments, when considered in conjunction with
the accompanying drawings, which are schematic and which
are not intended to be drawn to scale. In the figures, each
identical, or substantially similar component that is illus-
trated in various figures is represented by a single numeral
or notation. For purposes of clarity, not every component is
labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not
necessary to allow those of ordinary skill in the art to
understand the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG. 1 is a perspective view of an example of a
semiconductor article in accordance with an embodiment of
the invention;

[0047] FIG. 2 is a simplified schematic diagram of an
example of a laser assisted catalytic growth process for
fabrication of semiconductors;

[0048] FIG. 3 is a schematic diagram that illustrates nano-
scopic wire growth;
[0049] FIG. 4 is a schematic diagram that illustrates an

example of a method for controlling nanoscopic wire diam-
eter;

[0050] FIG. 5 is a schematic diagram that illustrates nano-
scopic wire fabrication by deposition on the edge of surface
steps;

[0051] FIG. 6 is a schematic diagram that illustrates
nanoscale wire growth by vapor deposition in or on an
elongated template;

[0052] FIGS. 7A-7E illustrate orthogonal assembly of
semiconductor nanoscale wires to form devices;

[0053] FIGS. 8A-8C show silicon nanoscale current as a
function of bias voltage for different doping levels and gate
voltages;

[0054] FIGS. 9A and 9B show silicon nanoscale current as
a function of bias voltage for different phosphorous doping
levels and gate voltages;

[0055] FIGS. 10A and 10B show energy band diagrams
for p-type and n-type silicon nanoscale devices, respec-
tively;
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[0056] FIGS. 11A and 11B show temperature dependent
current-voltage curves recorded on a heavily boron doped
silicon nanoscale wire;

[0057] FIG. 12 is a schematic diagram that depicts the use
of monodispersed gold colloids as catalysts for the growth of
well-defined GaP semiconductor nanoscale wires;

[0058] FIG. 13A shows a FE-SEM image of nanoscale
wires synthesized from 28.2 nanometer colloids;

[0059] FIG. 13B shows a TEM image of another wire in
the sample;

[0060] FIGS. 14A-14C show histograms of measured
diameters for wires grown from different diameter colloids;

[0061] FIG. 14D shows a histogram of diameters for wires
grown using the previous method without colloids, in which
the laser is used to both generate the gold nanoclusters and
the GaP reactants;

[0062] FIG. 15 shows a pseudobinary phase diagram for
gold and gallium arsenide;

[0063] FIGS. 16A-16C show FE-SEM images of different
nanoscale wires prepared by laser assisted catalytic growth;

[0064] FIG. 17A shows a diffraction contrast TEM image
of an approximately 20 nanometer diameter gallium ars-
enide nanoscale wire;

[0065] FIGS. 17B-17D show high resolution TEM images
of different diameter nanoscale wires;

[0066] FIG. 18A shows a FE-SEM image of CdSe nanos-
cale wires prepared by laser assisted catalytic growth;

[0067] FIG. 18B shows a diffraction contrast TEM image
of an 18 nanometer diameter CdSe nanoscale wire;

[0068] FIG. 18C shows a high resolution TEM image of
an approximately 13 nanometer diameter CdSe nanoscale
wire;

[0069] FIG. 19 is a schematic diagram showing GaN
nanoscale wire growth by laser assisted catalytic growth;

[0070] FIG. 20A shows a FE-SEM image of bulk GaN
nanoscale wire synthesized by laser assisted catalytic
growth;

[0071] FIG. 20B shows a PXRD pattern recorded on bulk
GaN nanoscale wires;

[0072] FIG. 21A shows a diffraction contrast TEM image
of a GaN nanoscale wire that terminates in a faceted
nanoparticle of higher contrast;

[0073] FIG. 21B shows an HRTEM image of another GaN
nanoscale wire with a diameter of approximately 10 nanom-
eters;

[0074] FIGS. 22A-22C illustrate doping and electrical
transport of InP nanoscale wires;

[0075] FIGS. 23A-23D illustrate crossed nanoscale wire
junctions and electrical properties;

[0076] FIGS. 24A-24D illustrate optoelectrical character-
ization of nanoscale wire P-N junctions;

[0077] FIG. 25A shows an EL image taken from a p-type
Si and n-type GaN nanojunction;
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[0078] FIG. 25B shows current as a function of voltage for
various gate voltages;

[0079] FIG. 25C shows an EL spectrum for the nanojunc-
tion of FIGS. 25A;

[0080] FIGS. 26A-26D illustrate parallel and orthogonal
assembly of nanoscale wires with electric fields;

[0081] FIGS. 27A-27F illustrate crossed silicon nanoscale
wire junctions;

[0082] FIGS. 28A-28D illustrate n*pn crossed silicon
nanoscale wire bipolar transistors;

[0083] FIGS. 29A-29D illustrate complementary inverters
and tunnel diodes;

[0084] FIGS. 30A and 30B are schematics of fluidic
channel structures for flow assembly;

[0085] FIGS. 31A-31D illustrate parallel assembly of
nanoscale wire arrays;

[0086] FIGS. 32A-32D illustrate assembly of periodic
nanoscale wire arrays;

[0087] FIGS. 33A-33E illustrate layer-by-layer assembly
and transport measurements of crossed nanoscale wire
arrays;

[0088] FIG. 34 is a schematic view of a memory cell of an
embodiment of the invention;

[0089] FIGS. 35A-35C illustrates hysteresis;

[0090] FIGS. 36A-36C illustrate a nanoscale memory
switching device;

[0091] FIGS. 37A-37C illustrate a nanoscale memory cell;
[0092] FIG. 38 illustrates a device with multiple states;
[0093] FIGS. 39A-39E illustrate an AND logic gate;
[0094] FIGS. 40A-40E illustrate an OR logic gate;
[0095] FIGS. 41A-41E illustrate a NOT logic gate;
[0096] FIGS. 42A and 42B illustrate a NOR logic gate;
[0097] FIGS. 43A and 43B illustrate an XOR logic gate;
[0098] FIG. 44A illustrates, schematically, a nanoscale

detector device;

[0099] FIG. 44B illustrates, schematically, a nanoscale
detector device with a parallel array of nanoscale wires;

[0100] FIG. 45A illustrates, schematically, a nanoscale
detector device in which a nanoscale wire has been modified
with a binding agent for detection of a complementary
binding partner;

[0101] FIG. 45B illustrates, schematically, the nanoscale
detector device of FIG. 2a, in which a complementary
binding partner is fastened to the binding agent;

[0102] FIG. 46A is a low resolution scanning electron
micrograph of a single silicon nanoscale wire connected to
two metal electrodes;

[0103] FIG. 46B is a high resolution scanning electron
micrograph of a single silicon nanoscale wire device con-
nected to two metal electrodes;
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[0104] FIG. 47A shows schematically another embodi-
ment of a nanoscale sensor having a backgate;

[0105] FIGS. 47B shows conductance vs. time with vari-
ous backgate voltages;

[0106] FIG. 47C shows conductance vs. backgate voltage;

[0107] FIG. 48A shows conductance for a single silicon
nanoscale wire as a function of pH;

[0108] FIG. 48B shows conductance versus pH for a
single silicon nanoscale wire that has been modified to
expose amine groups at the surface;

[0109] FIG. 49 shows conductance versus time for a
silicon nanoscale wire with a surface modified with oligo-
nucleotide agents;

[0110] FIG. 50 is an atomic force microscopy image of a
typical single wall nanotube detector device;

[0111] FIG. 51A shows current-voltage (I-V) measure-
ments for a single-walled carbon nanotube device in air;

[0112] FIG. 51B shows current-voltage (I-V) measure-
ments for the single-walled carbon nanotube device of FIG.
8a in NaCl;

[0113] FIG. 51C shows current-voltage (I-V) measure-
ments for a single-walled carbon nanotube device of FIG.
51B in CrClL;

[0114] FIG. 52A shows the conductance of nanosensors
with hydroxyl surface groups when exposed to pH levels
from 2 to 9;

[0115] FIG. 52B shows the conductance of nanosensors
modified with amine groups when exposed to pH levels
from 2 to 9;

[0116] FIG. 52C show the relative conductance of the
nanosensors with changes in pH levels;

[0117] FIG. 53 A shows the conductance of a SINW modi-
fied with BSA biotin, as it is exposed first to a blank buffer
solution, and then to a solution containing 250 nM strepta-
vidin;

[0118] FIG. 53B shows the conductance of a SINW modi-
fied with BSA biotin, as it is exposed first to a blank buffer
solution, and then to a solution containing 25 pM strepta-
vidin;

[0119] FIG. 53C shows the conductance of a bare SINW as
it is exposed first to a blank buffer solution, and then to a
solution containing streptavidin;

[0120] FIG. 53D shows the conductance of a SINW modi-
fied with BSA biotin, as it is exposed to a buffer solution, and
then to a solution containing d-biotin streptavidin;

[0121] FIG. 53E shows the conductance of a biotin modi-
fied nanosensor exposed to a blank buffer solution, then to
a solution containing streptavidin, and then again to a blank
buffer solution;

[0122] FIG. 53F shows the conductance of a bare SINW as
it is alternately exposed to a buffer solution and a solution
containing streptavidin;

[0123] FIG. 54A shows the conductance of a BSA-biotin
modified SiINW as it is exposed first to a blank buffer
solution, then to a solution containing antibiotin;
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[0124] FIG. 54B shows the conductance of a bare SINW
during contact with a buffer solution and then a solution
containing antibiotin;

[0125] FIG. 54C shows the conductance of a BSA-biotin
modified SINW during exposure to a buffer, other 1gG type
antibodies, and then antibiotin;

[0126] FIG. 55A shows the conductance of an amine
modified SINW when alternately exposed to a blank buffer
solution and a solution containing 1 mM Cu(Il);

[0127] FIG. 55B shows the conductance of the amine
modified SINW is exposed to concentrations of Cu(Il) from
0.1 mM to 1 mM;

[0128] FIG. 55C shows the conductance verses Cu(Il)
concentration;

[0129] FIG. 55D shows conductance of an unmodified
SiNW when exposed first to a blank buffer solution and then
to 1 mM Cu(ID);

[0130] FIG. 55E shows conductance of an amine-modified
SiNW when exposed first to a blank buffer solution and then
to 1 mM Cu(Il)-EDTA;

[0131] FIG. 56A shows the conductance of a calmodulin-
modified silicon nanoscale wire exposed to a buffer solution
and then to a solution containing calcium ions;

[0132] FIG. 56B shows the conductance of a bare silicon
nanoscale wire exposed to a buffer solution and then to a
solution containing calcium ions;

[0133] FIG. 57A shows a calculation of sensitivity for
detecting up to 5 charges compared with doping concentra-
tion and nanoscale wire diameter;

[0134] FIG. 57B shows a calculation of the threshold
doping density compared to nanoscale wire diameter for
detecting a single charge;

[0135] FIG. 58A is a schematic view of an InP nanoscale
wire;

[0136] FIG. 58B shows the change in luminescence of a
nanoscale wire of FIG. 58A over time as pH varies;

[0137] FIG. 59A depicts one embodiment of a nanoscale
wire sensor, specifically a chemical or ligand-gated field
effects transistor (FET);

[0138] FIG. 539B show another view of the nanoscale wire
of FIG. 59A;

[0139] FIG. 59C illustrates the nanoscale wire of FIG. 59A
with moieties at the surface;

[0140] FIG. 59D illustrates the nanoscale wire of FIG.
59C with a depletion region;

[0141] FIGS. 60A-60C illustrate various crossed nanos-
cale wire nanodevice elements;

[0142] FIGS. 61A-611 illustrate various nano-logic gates;

[0143] FIGS. 62A-62F illustrate various nanocomputation
devices;

[0144] FIGS. 63A-63C illustrate data from one embodi-
ment of the invention;

[0145] FIGS. 64A-64C illustrate data from one embodi-
ment of the invention;
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[0146] FIGS. 65A-65C illustrate one embodiment of the
invention;

[0147] FIGS. 66A-66C illustrate data from one embodi-
ment of the invention;

[0148] FIGS. 67A-67C are schematic diagrams of one
embodiment of the invention;

[0149] FIGS. 68A-68F illustrate data from one embodi-
ment of the invention;

[0150] FIGS. 69A-69E illustrate data from one embodi-
ment of the invention;

[0151] FIGS. 70A-70F illustrate data from one embodi-
ment of the invention;

[0152] FIG. 71 illustrates fabrication techniques;

[0153] FIG. 72 illustrate data from one embodiment of the
invention;

[0154] FIG. 73 illustrate data from one embodiment of the

invention;

[0155] FIGS. 74A-74D is a schematic diagram of certain
core-shell nanoscale wires of the invention;

[0156] FIGS. 75A-75G illustrates certain core-shell
nanoscale wires of the invention;

[0157] FIGS. 76A-76G illustrates certain nanoscale wires
of the invention, comprising germanium or silicon;

[0158] FIGS. 77A-77C illustrates
nanoscale wires; and

[0159] FIGS. 78A-78C illustrates certain nanoscale tran-
sistors of the invention.

certain core-shell

DETAILED DESCRIPTION

[0160] The following U.S. provisional and utility patent
application documents are incorporated herein by reference
in their entirety for all purposes: Ser. No. 60/226,835,
entitled, “Semiconducior Nanowires,” filed Aug. 22, 2000;
Ser. No. 60/254,745, entitled, “Nanowire and Nanotube
Nanosensors,” filed Dec. 11, 2000 Ser. No. 60/292,035,
entitled “Nanowire and Nanotube Nanosensors,” filed May
18, 2001 Ser. No. 60/292,121, entitled, “Semiconductor
Nanowires,” filed May 18, 2001 Ser. No. 60/292,045,
entitled “Nanowire Electronic Devices Including Memory
and Switching Devices,” filed May 18, 2001; Ser. No.
60/291,896, entitled “Nanowire Devices Including Emissive
Elements and Sensors,” filed May 18, 2001; Ser. No. 09/935,
776, entitled “Doped Elongated Semiconductors, Growing
Such Semiconductors, Devices Including Such Semicon-
ductors, and Fabricating Such Devices,” filed Aug. 22, 2001;
Ser. No. 10/020,004, entitled “Nanosensors,” filed Dec. 11,
2001; Ser. No. 60/348,313, entitled “Transistors, Diodes,
Logic Gates and Other Devices Assembled from Nanowire
Building Blocks,” filed Nov. 9, 2001; Ser. No. 60/354,642,
entitled “Nanowire Devices Including Emissive Elements
and Sensors,” filed Feb. 6, 2002; Ser. No. 10/152,490,
entitled “Nanoscale wires and Related Devices,” filed May
20, 2002. The following International Patent Publication is
incorporated herein by reference in their entirety for all
purposes: International Patent Publication No. WO
02/17362, published Feb. 28, 2001, entitled “Doped Elon-
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gated Semiconductors, Growing Such Semiconductors,
Devices Including Such Semiconductors, and Fabricating
Such Devices.”

[0161] The present invention relates generally to sub-
microelectronic circuitry and devices, and more particularly
to nanometer-scale articles, including nanoscale wires which
can be selectively doped at various locations. In some cases,
the articles are single crystals. The nanoscale wires can be
doped, for example, differentially along their length, or
radially, and either in terms of identity of dopant, concen-
tration of dopant, or both. This may be used to provide both
n-type and p-type conductivity in a single item, or in
different items in close proximity to each other, such as in a
crossbar array. The fabrication and growth of such articles is
described herein, and the arrangement of such articles to
fabricate electronic, optoelectronic, or spintronic devices
and components. For example, semiconductor materials can
be doped to form n-type and p-type semiconductor regions
for making a variety of devices such as field effect transis-
tors, bipolar transistors, complementary inverters, tunnel
diodes, light emitting diodes, sensors, and the like.

[0162] In preferred embodiments, devices of the invention
may include wires or other components of scale commen-
surate with nanometer-scale wires, which includes nano-
tubes and nanowires. In certain embodiments, however, the
invention comprises articles that may be greater than
nanometer size (e. g., micrometer-sized).

[0163] All definitions as used herein are solely for the
purposes of this application. These definitions should not
necessarily be imputed to other commonly-owned applica-
tions, whether related or unrelated to this application.

[0164] As used herein, the term “Group” is given its usual
definition as understood by one of ordinary skill in the art.
For instance, Group II elements include Zn, Cd and Hg;
Group III elements include B, Al, Ga, In and T1; Group IV
elements include C, Si, Ge, Sn and Pb; Group V elements
include N, P, As, Sb and Bi; and Group VI elements include
O, S, Se, Te and Po. Combinations involving more than one
element from each group are also possible. For example, a
Group II-VI material may include at least one member from
Group II and at least one member from Group VI, for
example, ZnS, ZnSe, ZnSSe, ZnCdS, CdS, or CdSe. Simi-
larly, a Group III-V material may comprise at least one
member from Group I1I and at least one member from Group
V, for example GaAs, GaP, GaAsP, InAs, InP, AlGaAs, or
InAsP. Other dopants may also be included with these
materials and combinations thereof, for example, transition
metals such as Fe, Co, Te, Au, and the like.

29¢¢

[0165] As used herein, “nanoscopic-scale,”nanoscopic,
““nanometer-scale,”‘nanoscale,” the “nano-" prefix, and the
like generally refers to elements or articles having widths or
diameters of less than about 1 um, preferably less than about
100 nm in some cases. In all embodiments, specified widths
can be smallest width (i.e. a width as specified where, at that
location, the article can have a larger width in a different
dimension), or largest width (i.e. where, at that location, the
article’s width is no wider than as specified, but can have a
length that is greater).

[0166] A “wire” generally refers to any material having a
conductivity of any semiconductor or any metal, and in
some embodiments may be used to connect two electronic
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components such that they are in electronic communication
with each other. For example, the term “electrically conduc-
tive” or a “conductor” or an “electrical conductor” when
used with reference to a “conducting” wire or a nanoscale
wire, refers to the ability of that wire to pass charge.
Preferred electrically conductive materials have a resistivity
lower than about 10~>, more preferably lower than about
10~*, and most preferably lower than about 107¢ or 1077 Qm.

[0167] A “nanoscopic wire” (also known herein as a
“nanoscopic-scale wire” or “nanoscale wire”) generally is a
wire, that at any point along its length, has at least one
cross-sectional dimension and, in some embodiments, two
orthogonal cross-sectional dimensions less than 1 um, pref-
erably less than about 500 nm, preferably less than about
200 nm, more preferably less than about 150 nm, still more
preferably less than about 100 nm, even more preferably less
than about 70, still more preferably less than about 50 nm,
even more preferably less than about 20 nm, still more
preferably less than about 10 nm, and even less than about
5 nm. In other embodiments, the cross-sectional dimension
can be less than 2 nm or 1 nm. In one set of embodiments,
the nanoscale wire has at least one cross-sectional dimension
ranging from 0.5 nm to 200 nm. Where nanoscale wires are
described having, for example, a core and an outer region,
the above dimensions generally relate to those of the core.
The cross-section of the elongated semiconductor may have
any arbitrary shape, including, but not limited to, circular,
square, rectangular, tubular, or elliptical, and may a regular
or an irregular shape. The nanoscale wire may be solid or
hollow. Any nanoscale wire can be used, including carbon
nanotubes, nanorods, nanowires, organic and inorganic con-
ductive and semiconducting polymers, and the like, unless
otherwise specified. Other conductive or semiconducting
elements that may not be molecular wires, but are of various
small nanoscopic-scale dimension, also can be used in some
instances, e.g. inorganic structures such as main group and
metal atom-based wire-like silicon, transition metal-contain-
ing wires, gallium arsenide, gallium nitride, indium phos-
phide, germanium, cadmium selenide structures. A wide
variety of these and other nanoscale wires can be grown on
and/or applied to surfaces in patterns useful for electronic
devices in a manner similar to technique described herein
involving nanoscale wires, without undue experimentation.
The nanoscale wires should be able to be formed of at least
1 um, preferably at least 3 um, more preferably at least 5 pm,
and more preferably still at least 10 or 20 pum in length, and
preferably are less than about 100 nm, more preferably less
than about 75 nm, and more preferably less than about 50
nm, and more preferably still less than about 25 nm in
thickness (height and width). The wires should have an
aspect ratio (length to thickness) of at least about 2:1,
preferably greater than about 10:1, and more preferably
greater than about 1000:1.

[0168] As used herein, a “nanotube” (e.g. a carbon nan-
iotube) is generally nanoscopic wire that is hollow, or that
has a hollowed-out core, including those nanotubes known
to those of ordinary skill in the art. “Nanotube” is abbrevi-
ated herein as “NT.” Nanotubes are used as one example of
small wires for use in the invention and, in preferred
embodiments, devices of the invention include wires of
scale commensurate with nanotubes.
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[0169] A “nanowire” (e. g. comprising silicon or an other
semiconductor material) is a nanoscopic wire that is gener-
ally a solid wire, and may be elongated in some cases.

[0170] Preferably, a nanowire (which is abbreviated herein
as “NW”) is an elongated semiconductor, i. e., a nanoscale
semiconductor. A “non-nanotube nanowire” is any nanowire
that is not a nanotube. In one set of embodiments of the
invention, a non-nanotube nanowire having an unmodified
surface is used in any arrangement of the invention
described herein in which a nanowire or nanotube can be
used.

[0171] Many nanoscopic wires as used in accordance with
the present invention are individual nanoscopic wires. As
used herein, “individual nanoscopic wires” means a nano-
scopic wire free of contact with another nanoscopic wire
(but not excluding contact of a type that may be desired
between individual nanoscopic wires in a crossbar array).
For example, an “individual” or a “free-standing” article
may at some point in its life, not be attached to another
article, for example, with another nanoscopic wire, or the
free-standing article maybe in solution. As one example,
typical individual nanotubes can have a thickness as small as
about 0.5 nm. This is in contrast to nanotubes produced
primarily by laser vaporization techniques that produce
high-quality materials, but materials formed as ropes having
diameters of about 2 to about 50 nm or more and containing
many individual nanotubes (see, for example, Thess, et al.,
“Crystalline Ropes of Metallic Carbon Nanotubes”Science
273:483-486 (1996), incorporated herein by reference in its
entirety for all purposes).

[0172] As used herein, an “elongated” article (e. g. a
semiconductor or a section thereof) is an article for which,
at any point along the longitudinal axis of the article, the
ratio of the length of the article to the largest width at that
point is greater than 2:1. This ratio is termed the “aspect
ratio.”

[0173] In some embodiments, at least a portion of a
nanoscopic wire may be a bulk-doped semiconductor. As
used herein, a “bulk-doped” article (e. g. an article or a
section or region of an article) is an article for which a
dopant is incorporated substantially throughout the crystal-
line lattice of the article, as opposed to an article in which
a dopant is only incorporated in particular regions of the
crystal lattice at the atomic scale, for example, only on the
surface or exterior. For example, some articles such as
carbon nanotubes are typically doped after the base material
is grown, and thus the dopant only extends a finite distance
from the surface or exterior into the interior of the crystal
line lattice. It should be understood that “bulk-doped” does
not define or reflect a concentration or amount of doping in
a semiconductor, nor does it indicate that the doping is
necessarily uniform. In particular, in some embodiments, a
bulk-doped semiconductor may comprise two or more bulk-
doped regions. Thus, as used herein to describe nanoscopic
wires, “doped” refers to bulk-doped nanoscopic wires, and,
accordingly, a “doped nanoscopic (or nanoscale) wire” is a
bulk-doped nanoscopic wire. “Heavily doped” and “lightly
doped” are terms the meaning of which is clearly understood
by those of ordinary skill in the art.

[0174] As used herein, a “width” of an article is the
distance of a straight line from a point on a perimeter of the
article, through the center of the article, to another point on
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the perimeter of the article. As used herein, a “width” or a
“cross-sectional dimension™ at a point along a longitudinal
axis of an article is the distance along a straight line that
passes through the center of a cross-section of the article at
that point and connects two points on the perimeter of the
cross-section. The “cross-section” at a point along the lon-
gitudinal axis of the article is a plane at that point that
crosses the article and is orthogonal to the longitudinal axis
of'the article. The “longitudinal axis” of an article is the axis
along the largest dimension of the article. Similarly, a
“longitudinal section” of an article is a portion of the article
along the longitudinal axis of the article that can have any
length greater than zero and less than or equal to the length
of the article. Additionally, the “length” of an elongated
article is a distance along the longitudinal axis from end to
end ofthe article. FIG. 1 is a perspective diagram illustrating
an example of a cylindrical semiconductor L1, for example,
a wire-like semiconductor such as a nanowire. The cylin-
drical semiconductor L1 has a length [.2 and a longitudinal
axis L.3. At a point L5 along the longitudinal axis L3, the
cylindrical semiconductor [.1 has a plurality of widths [.4
across cross-section L6, where one of the widths 14 is a
smallest width at the point L5.

[0175] As used herein, a “cylindrical” article is an article
having an exterior shaped like a cylinder, but does not define
or reflect any properties regarding the interior of the article.
In other words, a cylindrical article may have a solid interior
or may have a hollowed-out interior. Generally, a cross-
section of a cylindrical article appears to be circular or
approximately circular, but other cross-sectional shapes are
also possible, such as a hexagonal shape. The cross-section
may have any arbitrary shape, including, but not limited to,
square, rectangular, or elliptical. Regular and irregular
shapes are also included.

[0176] As used herein, a first article (e. g., a nanoscopic
wire or larger-sized structure) “coupled” to a second article
is disposed such that the first article either physically con-
tacts the second article or is proximate enough to the second
article to influence a property (e. g., an electrical property, an
optical property, or a magnetic property) of the second
article. The term “electrically coupled” when used with
reference to a nanoscopic wire and an analyte or another
moiety such as a reaction entity, refers to an association
between any of the analyte, other moiety, and the nanoscopic
wire such that electrons can move from one to the other, or
in which a change in an electrical characteristic of one can
be determined by the other. This may include electron flow
between these entities, or a change in a state of charge,
oxidation state, redox potential, and the like. As examples,
electrical coupling can include direct covalent linkage
between the analyte or other moiety and the nanoscopic
wire, indirect covalent coupling (e.g. via a linking entity),
direct or indirect ionic bonding, or other types of bonding
(e.g. hydrophobic bonding). In some cases, no actual bond-
ing may be required and the analyte or other moiety may
simply be contacted with the nanoscopic wire surface. There
also need not necessarily be any contact between the nano-
scopic wire and the analyte or other moiety, in embodiments
where the nanoscopic wire is sufficiently close to the analyte
to permit electron tunneling or other field effects between the
analyte and the nanoscopic wire.

[0177] As used herein, an “array” of articles (e.g., nano-
scopic wires) comprises a plurality of the articles. As used
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herein, a “crossed array” is an array where at least one of the
articles contacts either another of the articles or a signal node
(e.g., an electrode).

[0178] As used herein, a “single crystal” item (e.g., a
semiconductor) is an item that has covalent bonding, ionic
bonding, or a combination thereof throughout the item. Such
a single crystal item may include defects in the crystal, but
is distinguished from an item that includes one or more
crystals, not ionically or covalently bonded, but merely in
close proximity to one another.

[0179] Insomeembodiments, the invention may be part of
a system constructed and arranged to determine an analyte
in a sample to which the nanoscopic wire is exposed.
“Determine,” and similar terms in this context, means to
determine the quantity and/or presence of the an entity such
as an analyte in a sample. Determining steps may include,
for example, electronic measurements, piezoelectric mea-
surements, electrochemical measurements, electromagnetic
measurements, photodetections, mechanical measurements,
acoustic measurements, gravimetric measurements and the
like. The presence of an analyte can be determined by
determining a change in a characteristic in a nanoscopic
wire, for example, an electrical characteristic or an optical
characteristic, and this change may be detectable. “Deter-
mining” may refer to detecting or quantifying interaction
between species, e.g., detection of binding between two
species.

[0180] The term “reaction entity” refers to any entity that
can interact with aanother entity such as analyte (which can
be a chemical or biological species, e.g.) in such a manner
to cause a detectable change in a property of a nanoscopic
wire. The reaction entity may enhance the interaction
between the nanoscopic wire and the analyte, or generate a
new chemical species that has a higher or lower affinity to
the nanoscopic wire, or to enrich the analyte around the
nanoscopic wire. The reaction entity can comprise a binding
partner to which the analyte binds. The reaction entity, when
it comprises a binding partner, can comprise a specific
binding partner of the analyte. For example, the reaction
entity may be a nucleic acid, an antibody, a sugar, a
carbohydrate, or a protein. In other embodiments, the reac-
tion entity may be a polymer, a catalyst, or a quantum dot.
A reaction entity that includes a catalyst may catalyze a
reaction involving the analyte, resulting in a product that
causes a detectable change in the nanoscopic wire, for
example, via binding to an auxiliary binding partner of the
product electrically coupled to the nanoscopic wire. Another
examplary reaction entity is a reactant that reacts with the
analyte, producing a product that can cause a detectable
change in the nanoscopic wire. The reaction entity may
define at least a portion of a shell or a coating on or
surrounding at least a part of the nanoscopic wire. As one
example, the shell may include a polymer that recognizes
molecules in, for example, a gaseous or liquid sample,
causing a change in the conductivity of the polymer which,
in turn, causes a detectable change in the nanoscopic wire.
In some cases, the reaction entity may comprise a nanopar-
ticle, for example, a nanoparticle having binding partners
immobilized thereto.

[0181] The term “quantum dot” is given its ordinary
meaning in the art, and generally refers to semiconductor or
metal nanoparticles (for example, a cadmium selenide nano-
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particle) that absorb light and re-emit light in a different
color. The wavelength of the emitted light may depend on
the size of the quantum dot. For example, a 2 nm quantum
dot may be able to emit green light, while a 5 nm quantum
dot may be able to emit red light.

[0182] As used herein, “attached to,” in the context of a
species relative to another species or to a surface of an
article, means that the species is chemically or biochemi-
cally linked via covalent attachment, attachment via specific
biological binding (e.g., biotin/streptavidin), coordinative
bonding such as chelate/metal binding, or the like. For
example, “attached” in this context includes multiple chemi-
cal linkages, multiple chemicalbiological linkages, etc.

[0183] The term “binding partner” refers to a chemical or
biological species, such as a protein, antigen, antibody, small
molecule, etc., that can undergo binding with another entity,
e.g. an analyte, or its respective “binding partner.” The term
includes specific, semi-specific, and non-specific binding
partners, as known to those of ordinary skill in the art. As
one example, Protein A is usually regarded as a “non-
specific” or semi-specific binder. The term “specifically
binds,” when referring to a binding partner (e.g., a protein,
a nucleic acid, an antibody, or the like.), may refer to a
reaction that is determinative of the presence and/or identity
of one or more other members of the binding pair in a
mixture of heterogeneous molecules (e.g., including proteins
and other biologics). Thus, for example, in the case of a
receptor/ligand binding pair, the ligand would specifically
and/or preferentially select its receptor from a complex
mixture of molecules, or vice versa. Other examples include
an enzyme that would specifically bind to its substrate, a
nucleic acid that would specifically bind to its complement,
or an antibody that would specifically bind to its antigen.
Other examples include nucleic acids that specifically bind
or hybridize to their complements, antibodies that specifi-
cally bind to their antigens, and the like. The binding may be
by one or more of a variety of mechanisms including, but not
limited to, ionic interactions, covalent interactions, hydro-
phobic interactions, van der Waals interactions, or the like.

[0184] The term “fluid” generally refers to a substance that
tends to flow and to conform to the outline of its container.
Typically, fluids are materials that are unable to withstand a
static shear stress. When a shear stress is applied to a fluid,
it experiences a continuing and permanent distortion. Typi-
cal fluids include liquids and gasses, but may also include
free flowing solid particles, viscoelastic fluids, and the like.

[0185] The term “sample” can be any cell, tissue, or fluid
that can be derived from or originates from a biological
source (a “biological sample”), or other similar media,
biological or non-biological, and that can be evaluated in
accordance with the invention, such as a bodily fluid,
environmental matter, water, or the like. A sample can
include, but is not limited to, a biological sample drawn from
an organism (e.g. a human, a non-human mammal, an
invertebrate, a plant, a fungus, an algae, a bacteria, a virus,
etc.); a sample drawn from food designed for human con-
sumption, a sample including food designed for animal
consumption such as livestock feed, milk; an organ donation
sample, a sample of blood destined for a blood supply; a
sample from a water supply, and the like. One example of a
sample is a sample drawn from a human or animal to
determine the presence or absence of a specific nucleic acid
sequence.
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[0186] A “sample suspected of containing” a particular
component means a sample with respect to which the
content of the component is unknown. For example, a fluid
sample from a human suspected of having a disease, such as
a neurodegenerative disease or a non-neurodegenerative
disease, but not known to have the disease, defines a sample
suspected of containing neurodegenerative disease.
“Sample,” in this context, includes naturally-occurring
samples, such as physiological samples from humans or
other animals, samples from food, livestock feed, and the
like. Typical samples taken from humans or other animals
include tissue biopsies, cells, whole blood, serum or other
blood fractions, urine, ocular fluid, saliva, cerebro-spinal
fluid, fluid or other samples from tonsils, lymph nodes,
needle biopsies, etc.

[0187] The terms “polypeptide,”“peptide,” and “protein,”
may be used interchangeably herein to refer to a polymer of
amino acid residues. The terms generally apply to amino
acid polymers in which one or more amino acid residues is
a naturally occurring or artificially created amino acid. The
term also includes variants on the traditional peptide linkage
joining the amino acids making up the polypeptide, such as
an ester linkage.

[0188] The terms “nucleic acid,”oligoniucleotide,” and
their grammatical equivalents herein generally refer to at
least two nucleotides covalently linked together. A nucleic
acid of the present invention is preferably single-stranded or
double stranded, and may generally contain phosphodiester
bonds, although in some cases, as outlined below, nucleic
acid analogs are included that may have alternate backbones,
comprising, for example, phosphoramide (Beaucage et al.
(1993) Tetrahedron 49(10):1925 and references therein);
Letsinger (1970) J. Org. Chem. 35:3800; Sprinzl et al.
(1977) Eur. J. Biochem. 81: 579; Letsinger et al. (1986)
Nucl. Acids Res. 14: 3487; Sawai et al. (1984) Chem. Lett.
805, Letsinger et al. (1988) J. Am. Chem. Soc. 110: 4470,
and Pauwels et al. (1986) Chemica Scripta 26: 1419),
phosphorothioate (Mag et al. (1991) Nucleic Acids Res.
19:1437; and U.S. Pat. No. 5,644,048), phosphorodithioate
(Briu et al. (1989) J. Am. Chem. Soc. 111 :2321, O-meth-
ylphophoroamidite linkages (see Ecksjein, Oligonucleotides
and Analogues: A Practical Approach, Oxtord University
Press), and peptide nucleic acid backbones and linkages (see
Egholm (1992) J. Am. Chem. Soc. 114:1895; Meier et al.
(1992) Chem. Int. Ed. Engl. 31: 1008; Nielsen (1993)
Nature, 365: 566; Carlsson et al. (1996) Nature 380: 207).
Other analog nucleic acids include those with positive
backbones (Denpcy et al. (1995) Proc. Natl. Acad. Sci. USA
92: 6097; non-ionic backbones (U.S. Pat. Nos. 5,386,023,
5,637,684, 5,602,240, 5,216,141 and 4,469,863; Angew.
(1991) Chem. Intl. Ed. English 30: 423; Letsinger et al.
(1988) J. Am. Chem. Soc. 110:4470; Letsinger et al. (1994)
Nucleoside & Nucleotide 13:1597; Chapters 2 and 3, ASC
Symposium Series 580, “Carbohydrate Modifications in
Antisense Research,” Ed. Y. S. Sanghui and P. Dan Cook;
Mesmaeker et al. (1994), Bioorganic & Medicinal Chem.
Lett. 4: 395; Jefts et al. (1994) J. Biomolecular NMR 34:17;
Tetrahedron Lett. 37:743 (1996)) and non-ribose backbones,
including those described in U.S. Pat. Nos. 5,235,033 and
5,034,506, and Chapters 6 and 7, ASC Symposium Series
580, Carbohydrate Modifications in Antisense Research, Ed.
Y. S. Sanghui and P. Dan Cook. Nucleic acids containing one
or more carbocyclic sugars are also included within the
definition of nucleic acids (see Jenkins et al. (1995), Chem.
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Soc. Rev. pp. 169-176). Several nucleic acid analogs are
described in Rawls, C & E News Jun. 2, 1997 page 35. These
modifications of the ribose-phosphate backbone may be
performed, for example, to facilitate the addition of addi-
tional moieties such as labels, or to increase the stability and
half-life of such molecules in physiological environments.
Similarly, “polynucleotides™ or “oligonucleotides” may gen-
erally refer to a polymer of nucleotides, which may include
natural nucleosides (for example, adenosine, thymidine,
guanosine, cytidine, uridine, deoxyadenosine, deoxythymi-
dine, deoxyguanosine and deoxycytidine), nucleoside ana-
logs (for example, 2-aminoadenosine, 2-thiothymidine,
inosine, pyrrolopyrimidine, 3-methyladenosine, C5-bro-
mouridine, C5-fluorouridine, C5-iodouridine, C5-propyny-
luridine, C5-propynylcytidine, C5-methylcytidine, 7-dea-
zaadenosine, 7-deazaguanosine, 8-oxoadenosine,
8-oxoguanosine, O6-methylguanosine or 2-thiocytidine),
chemically or biologically modified bases (for example,
methylated bases), intercalated bases, modified sugars (2'-
fluororibose, arabinose, or hexose), or modified phosphate
groups (for example, phosphorothioates or 5'-N-phosphora-
midite likages).

[0189] As used herein, an “antibody” refers to a protein or
glycoprotein consisting of one or more polypeptides sub-
stantially encoded by immunoglobulin genes or fragments of
immunoglobulin genes. The recognized immunoglobulin
genes include, for example, the kappa, lambda, alpha,
gamma, delta, epsilon and mu constant region genes, as well
as other immunoglobulin variable region genes. Light chains
may be classified as either kappa or lambda. Heavy chains
may be classified as gamma, mu, alpha, delta, or epsilon,
which in turn may define the immunoglobulin classes, for
example, 1gG, 1gM, IgA, IgD and IgE, respectively. A
typical immunoglobulin (antibody) structural unit may be a
tetramer. Each tetramer may be composed of two identical
or similar pairs of polypeptide chains, each pair having one
“light” (about 25 kD) and one “heavy” chain (about 50-70
kD). The N-terminus of each chain may define a variable
region of about 100 to 110 or more amino acids primarily
responsible for antigen recognition. The terms variable light
chain (VL) and variable heavy chain (VH) refer to these
light and heavy chains, respectively, and are well-known to
those of ordinary skill in the art.

[0190] Antibodies may exist as intact immunoglobulins or
as a number of well characterized fragments produced by
digestion with various peptidases. Thus, as one example that
would be understood by one of ordinary skill in the art,
pepsin may digest an antibody below (i.e. toward the Fc
domain) the disulfide linkages in the hinge region to produce
F(ab)'2, a dimer of Fab which itself is a light chain joined to
V-Cyl by a disulfide bond. The F(ab)2 may be reduced
under mild conditions to break the disulfide linkage in the
hinge region thereby converting the (Fab")2 dimer into an
Fab' monomer. The Fab' monomer may be a Fab with part
of the hinge region (see, Paul (1993) Fundamental Immu-
nology, Raven Press, N.Y. for a more detailed description of
other antibody fragments). While various antibody frag-
ments may be defined in terms of the digestion of an intact
antibody, one of skill will appreciate that such fragments
may be synthesized de novo either chemically, by utilizing
recombinant DNA methodology, by “phage display” meth-
ods (see, e.g., Vaughan et al. (1996) Nature Biotechnology,
14(3): 309-314, and PCT/US96/10287) or other similar
techniques. Antibodies may also include single chain anti-
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bodies, e.g., single chain Fv (scFv) antibodies in which a
variable heavy and a variable light chain are joined together
(directly or through a peptide linker) to form a continuous
polypeptide.

[0191] As used herein, “plurality” means two or more.

[0192] As used herein, a “set” of items may include one or
more of such items.

296

[0193] As used herein, the terms “comprising,”“including,
»“carrying,” ‘having,”‘containing,”“involving,” and the like
are to be understood to be open-ended, i.e., to mean includ-
ing but not limited to.

2%

[0194] The present invention, in many embodiments,
includes nanoscopic wires, each of which can be any nano-
scopic wire, including nanorods, nanowires, organic and
inorganic conductive and semiconducting polymers, nano-
tubes, semiconductor components or pathways and the like.
Other nanoscopic-scale conductive or semiconducting ele-
ments that may be used in some instances include, for
example, inorganic structures such as Group IV, Group
1I/Group V, Group 1I/Group VI elements, transition group
elements, or the like, as described below. For example, the
nanoscale wires may be made of semiconducting materials
such as silicon, indium phosphide, gallium nitride and
others. The nanoscale wires may also include, for example,
any organic, inorganic molecules that are polarizable or have
multiple charge states. For example, nanoscopic-scale struc-
tures may include main group and metal atom-based wire-
like silicon, transition metal-containing wires, gallium ars-
enide, gallium nitride, indium phosphide, germanium, or
cadmium selenide structures.

[0195] The nanoscale wires may include various combi-
nations of materials, including semiconductors and dopants.
The following are non-comprehensive examples of materi-
als that may be used as dopants. For example, the dopant
may be an elemental semiconductor, for example, silicon,
germanium, tin, selenium, tellurium, boron, diamond, or
phosphorous. The dopant may also be a solid solution of
various elemental semiconductors. Examples include a mix-
ture of boron and carbon, a mixture of boron and P(BPy), a
mixture of boron and silicon, a mixture of silicon and
carbon, a mixture of silicon and germanium, a mixture of
silicon and tin, or a mixture of germanium and tin.

[0196] In some embodiments, the dopant or the semicon-
ductor may include mixtures of Group IV elements, for
example, a mixture of silicon and carbon, or a mixture of
silicon and germanium. In other embodiments, the dopant or
the semiconductor may include a mixture of a Group III and
a Group V element, for example, BN, BP, BAs, AIN, AP,
AlAs, AlISb, GaN, GaP, GaAs, GaSb, InN, InP, InAs, or
InSh. Mixtures of these may also be used, for example, a
mixture of BN/BP/BAs, or BN/AIP. In other embodiments,
the dopants may include alloys of Group III and Group V
elements. For example, the alloys may include a mixture of
AlGaN, GaPAs, InPAs, GalnN, AlGalnN, GalnAsP, or the
like. In other embodiments, the dopants may also include a
mixture of Group II and Group VI semiconductors. For
example, the semiconductor may include ZnO, ZnS, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, BeS, BeSe,
BeTe, MgS, MgSe, or the like. Alloys or mixtures of these
dopants are also be possible, for example, (ZnCd)Se, or
Zn(SSe), or.the like. Additionally, alloys of different groups
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of semiconductors may also be possible, for example, a
combination of a Group II-Group VI and a Group III-Group
V semiconductor, for example, (GaAs)x(ZnS), . Other
examples of dopants may include combinations of Group IV
and Group VI elemnts, such as GeS, GeSe, GeTe, SnS,
SnSe, SnTe, PbO, PbS, PbSe, or PbTe. Other semiconductor
mixtures may include a combination of a Group I and a
Group VI, such as CuF, CuCl, CuBr, Cul, AgF, AgCl, AgBr,
Agl, or the like. Other dopant compounds may include
different mixtures of these eclements, such as BeSiN,,
CaCN,, ZnGeP,, CdSnAs,, ZnSnSb,, CuGeP;, CuSi,P;,
Si;sN,, Ge;N,, ALO;, (Al,Ga,In),(S,Se,Te);, AlL,CO, (Cu,
Ag)(Al,Ga,In,T1Fe)(S,Se,Te), and the like.

[0197] For Group IV dopant materials, a p-type dopant
may be selected from Group III, and an n-type dopant may
be selected from Group V, for example. For silicon semi-
conductor materials, a p-type dopant may be selected from
the group consisting of B, Al and In, and an n-type dopant
may be selected from the group consisting of P, As and Sh.
For Group III-Group V semiconductor materials, a p-type
dopant may be selected from Group I1, including Mg, Zn, Cd
and Hg, or Group 1V, including C and Si. An n-type dopant
may be selected from the group consisting of Si, Ge, Sn, S,
Se and Te. It will be understood that the invention is not
limited to these dopants, but may include other elements,
alloys, or materials as well.

[0198] Controlled doping of nanoscale wires can be car-
ried out to form, e.g., n-type or p-type semiconductors. One
set of embodiments involves use of at least one semicon-
ductor, controllably-doped with a dopant (e.g., boron, alu-
minum, phosphorous, arsenic, etc.) selected according to
whether an n-type or p-type semiconductor is desired. A
bulk-doped semiconductor may include various combina-
tions of materials, including other semiconductors and
dopants. For instance, the nanoscopic wire may be a semi-
conductor that is doped with an appropriate dopant to create
an n-type or p-type semiconductor, as desired. As one
example, silicon may be doped with boron, aluminum,
phosphorous, or arsenic. In various embodiments, this
invention involves controlled doping of semiconductors
selected from among indium phosphide, gallium arsenide,
gallium nitride, cadmium selenide. Dopants including, but
not limited to, zinc, cadmium, or magnesium can be used to
form p-type semiconductors in this set of embodiments, and
dopants including, but not limited to, tellurium, sulfur,
selenium, or germanium can be used as dopants to form
n-type semiconductors from these materials. These materials
may define direct band gap semiconductor materials and
these and doped silicon are well known to those of ordinary
skill in the art. The present invention contemplates use of
any doped silicon or direct band gap semiconductor mate-
rials for a variety of uses.

[0199] Nanotubes that may be used in the present inven-
tion include single-walled nanotubes (SWNTs) that exhibit
unique electronic, and chemical properties that may be
particularly suitable for molecular electronics. Structurally,
SWNTs may be formed of a single graphene sheet rolled into
a seamless tube with a diameter that may be, for example, on
the order of about 0.5 nm to about 5 nm, and a length that
can exceed about 10 um, about 20 um, or more in some
cases. Depending on diameter and helicity, SWNTs may
behave as a one-dimensional metal or a semiconductor
material, and may also be formed as a mixture of metallic
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and semiconducting regions. Methods of manufacture of
nanotubes, including SWNTs, and characterization are
known. Methods of selective functionalization on the ends
and/or sides of nanotubes also are known, and the present
invention makes use of these capabilities for use in molecu-
lar electronics. The basic structural and electronic properties
of nanotubes can be used to create connections or input/
output signals, and nanotubes have a size consistent with
molecular or nanoscopic-scale architecture.

[0200] The present invention contemplates, in one aspect,
a nanoscale wire, for example, with a smallest width of less
than 500 nm, having two or more regions having different
compositions. The regions may be positioned radially, as in
a core/shell arrangement, or longitudinally from each other.
Combinations of these arrangements are also possible. Each
regions may have any shape or dimension, as long as at least
one of the regions is nanoscopically-sized. For example, the
region may have a smallest dimension of less than 1 pm, less
than 100 nm, less than 10 nm, or less than 1 nm. In some
cases, one or more regions may comprise a single monolayer
of atoms (“delta-doping”). In certain cases, the region may
be less than a single monolayer thick (for example, if some
of the atoms within the monolayer are absent).

[0201] As used herein, regions differing in composition
may comprise different materials or elements, or may com-
prise the same materials or elements, but at different ratios
or concentrations. Each region may be of any size or shape
within the wire, for example, the regions may be adjacently
positioned along the longitudinal axis of the nanoscale wire.
The junctions may be, for example, a p/n junction, a p/p
junction, an n/n junction, a p/i junction (where i refers to an
intrinsic semiconductor), an n/i junction, an i/i junction, or
the like. The junction may also be a Schottky junction. The
junction may also be a semiconductor/semiconductor junc-
tion, a semiconductor/metal junction, a semiconductor/insu-
lator junction, a metal/metal junction, a metal/insulator
junction, an insulator/insulator junction, or the like. The
junction may also be a junction of two materials, a doped
semiconductor to a doped or an undoped semiconductor, or
a junction between regions having different dopant concen-
trations. The junction may also be a defected region to a
perfect single crystal, an amorphous region to a crystal, a
crystal to another crystal, an amorphous region to another
amorphous region, a defected region to another defected
region, an amorphous region to a defected region, or the like.

[0202] More than two regions may be present, and these
regions may have unique compositions or may comprise the
same compositions. As one example, a wire may have a first
region having a first composition, a second region having a
second composition, and a third region having a third
composition or the same composition as the first composi-
tion. Specific non-limiting examples include gallium ars-
enide/gallium phosphide compositionally modulated super-
lattices containing from 2 to 21 layers, or n-silicon/p-silicon
and n-indium phosphide/p-indium phosphide modulation
doped nanoscale wires.

[0203] The regions of the nanoscale wire may be distinct
from each other with minimal cross-contamination, or the
composition of the nanoscale wire may vary gradually from
one region to the next. The regions may be both longitudi-
nally arranged relative to each other, or radially arranged
(e.g., as in a core/shell arrangement) on the nanoscale wire.
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As one example, the nanoscale wire may have multiple
regions of alternating semiconductor materials arranged
longitudinally, each having a segment length of about 500
nm. In another example, a nanoscale wire may have two
regions having different compositions arranged longitudi-
nally, surrounded by a third region or more having a
composition different from that of the other regions. As a
specific example, the regions may be arranged in a layered
structure within the nanoscale wire, and one or more of the
regions may be delta-doped or partially delta-doped. One
example of a nanoscale wire having a series of regions
positioned both longitudinally and radially relative to each
other is shown in FIG. 78a. FIG. 78 illustrates one specific
embodiment in which a nanowire arrangement includes at
least one portion (at least the core, as illustrated), that is
constant in composition along its length, and includes at
least two shell portions, arranged longitudinally relative to
each other, each of which is radially arranged relative to the
core, each differing from the other in composition. The
arrangement can include a core that differs in composition
along its length (changes in composition or concentration
longitudinally). The shell portions can be adjacent each
other (contacting each other, or defining a change in com-
position or concentration of a unitary shell structure longi-
tudinally), or can be separated from each other by, for
example, air (as illustrated), an insulator, a fluid, or an
auxiliary, non-nanowire component. The shell portions can
be positioned directly on the core, or can be separated from
the core by one or more intermediate shells portions that can
themselves be consistent in composition longitudinally, or
varying in composition longitudinally. That is, the invention
allows the provision of any combination of a nanowire core
and any number of radially-positioned shells (e.g., concen-
tric shells), where the core and/or any shells can vary in
composition and/or concentration longitudinally, any shell
sections can be spaced from any other shell sections longi-
tudinally, and different numbers of shells can be provided at
different locations longitudinally along the structure.

[0204] In some embodiments, the junction between two
differing regions (e.g., between different longitudinal
regions of a core or shell, or between a core and shell, or
between two different shells) may be “atomically-abrupt,”
where there is a sharp transition at the atomic scale between
two adjacent regions that differ in composition. However, in
other embodiments, the junction-between two differing
regions may be more gradual. For example, the “overlap
region” between the adjacent regions may be a few nanom-
eters wide, for example, less than about 10 nm, less than
about 20 nm, less than about 40 nm, less than about 50 nm,
less than about 100 nm, or less than about 500 nm. In certain
embodiments, the overlap region between a first region
having a composition and a second region having a com-
position different from the first region (i. e., different con-
centrations or different species) can be defined as the dis-
tance between where the composition of the overlap region
ranges between about 10 vol % and about 90 vol % of the
composition of the first region, with the remainder having a
complementary amount of the composition of the second
region. In certain embodiments of the invention, nanoscale
wires having more than one junction between two regions
having different compositions are also contemplated. For
example, a nanoscale wire may have 2, 3, 4, or more overlap
regions. The number of periods and the repeat spacing may
be constant or varied during growth.
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[0205] In some embodiments, a gradual change in com-
position between two adjacent regions may relieve strain
and may enable the defect free junctions and superlattices.
However, in other embodiments, atomically-abrupt inter-
faces may be desirable, for example, in certain photonic and
electronic applications. The nature of the interface between
the two adjacent regions may be controlled by any suitable
method, for example, by using different nanocluster cata-
lysts or varying the growth temperature when reactants are
switched during synthesis. Nanoscale wires having atomi-
cally abrupt regions may be fabricated, for example, by
reducing the diameter of the nanoscale wire, for example, by
reducing the size of the starting nanocluster, or by control-
ling exposure of the growing wire to dopant gases, for
example, by selectively purging or evacuating the region
surrounding the wire between different gas exposures or
reaction conditions. All of these embodiments can be pro-
vided with one, or multiple shells. These shells can be of the
same or different composition relative to each other, and any
of' the shells can be of the same composition of a segment of
the core, or of a different composition, or can contain the
same or different concentration of a dopant as is provided in
a section of the core. The shells may be grown using any
suitable growth technique, for example, including the tech-
niques described herein, such as CVD or LCG.

[0206] Certain devices of the invention make particular
use of adjacent regions having different compositions within
a nanoscale wire, for example, p-type and n-type semicon-
ductor regions. A p/n junction may be defined by at least one
n-type semiconductor and at least one p-type semiconductor
positioned adjacent to each other within the nanoscale wire,
where at least one portion of each region contacts at least
one portion of the other region, and each semiconductor
including portions that do not contact the other component.

[0207] In various embodiments, this invention also
involves controlling and altering the doping of semiconduc-
tors in a nanoscale wire. In certain embodiments, the nanos-
cale wires may be produced using techniques that allow for
direct and controlled growth of the nanoscale wires. The
direct growth of doped nanoscale wires may eliminate the
need to use lithographic steps during production of the
nanoscale wire, thus facilitating the “bottom-up” assembly
of complex functional structures.

[0208] As illustrated in FIG. 71, fabrication paradigms for
single nanoscale wire devices that are contemplated in the
present invention include, but are not limited to, direct
fabrication of nanoscale wire junctions during synthesis, or
doping of nanoscale wires via post-synthesis techniques (e.
g., annealing of dopants from contacts or solution-process-
ing techniques). The dopants may be changed at any point
during the growth of the nanoscale wire.

[0209] In one set of embodiments, a region of a nano-
scopic wire (e.g. a shell of a nanoscopic wire) can comprise
molecules where one end has an alkyoxysilane group (e.g.
—Si(OCH,)) that may be able to react with the surface of
another region such as an inner core region, the other end of
which may comprise —CH,;, —COOH, —NH,, —SH,
—OH, a hydrazide, or an aldehyde group. In another
embodiment, the end may comprise a light activatable
moiety, such as an aryl azide, a fluorinated aryl azide, a
benzophenone or the like. External substrates and electrodes
may also be modified with certain functional groups to allow
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the nanoscopic wires to specifically bind or not bind onto the
substrate/electrodes surface, based on the interaction of the
surface with the nanoscopic wire.

[0210] Surface-functionalized nanoscopic wires (e.g.
wires having shells comprising functional moieties) may
also be coupled to the substrate surface with functional
cross-linkers, such as homobifunctional cross-linkers, com-
prising homobifunctional NHS esters, homobifunctional
imidoesters, homobifunctional sulthydryl-reactive linkers,
difluorobenzene derivatives, homobifunctional photoactive
linkers, homobifunctional aldehyde, bis-epoxides, homobi-
functional hydarzide etc.; heterobifuntional cross-linkers; or
trifuntional cross-linkers. In another embodiment, a region
may include amorphous oxide, which may allow other
molecules to be attached to the surface of the region. This
may facilitate attachment or modification, in certain
instances.

[0211] The functional moieties may also include simple
functional groups, for example, but not limited to, —OH,
—CHO, —COOH, —SO;H, —CN, —NH,, —SH,
—COSH, COOR, or a halide; biomolecular entities includ-
ing, but not limited to, amino acids, proteins, sugars, DNA,
antibodies, antigens, and enzymes; grafted polymer chains
with chain length less than the diameter of the nanoscale
wire core, including, but not limited to, polyamide, polyes-
ter, polyimide, polyacrylic; a thin coating (e.g., shell), cov-
ering the surface of the nanoscale wire core, including, but
not limited to, the following groups of materials: metals,
semiconductors, and insulators, which may be a metallic
element, an oxide, an sulfide, a nitride, a selenide, a polymer
and a polymer gel. In another embodiment, the invention
provides a nanoscale wire and a reaction entity with which
the analyte interacts, positioned in relation to the nanoscale
wire such that the analyte can be determined by determining
a change in a characteristic of the nanoscale wire.

[0212] Light-emission sources are provided in accordance
with the invention as well, in which electrons and holes may
combine to emit light. One embodiment of a light-emission
source of the invention includes at least one p/n junction, in
particular, a p/n junction within a single, free-standing
nanoscale wire. When forward-biased (i.e., positive charge
applied to the p-type region and a negative charge applied to
the n-type region), electrons flow toward the junction in the
n-type region and holes flow toward the junction in the
p-type region. At the p/n junction, holes and electrons may
combine, emitting light. Other techniques may be used to
cause one or more nanoscale wires, or other semiconductors
to emit light, as described below in more detail.

[0213] At the size scale of the invention (nanoscale) the
wavelength of light emission may be controlled by control-
ling the size of the p/n junction, for example, the overlap
region between the p-type region and the n-type region, the
diameter of the nanoscale wire or by controlling the size of
at least one, and preferably both components in embodi-
ments having configurations involving crossed wires. Where
nanowires are used, a nanowire with a larger smallest
dimension will provide emission at a lower frequency. For
example, in the case of a doped indium phosphide wire, at
size scales associated with typical fabrication processes, the
material may emit at 920 nm, depending on the dopant. At
the size scales of the present invention, the wavelength of
emission may be controlled to emit at wavelengths shorter
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than 920 nm, for example between 920 and 580 nm. Wave-
lengths can be selected within this range, such as 900, 850,
800, 750, 700 nm, etc., depending upon the wire size.

[0214] Thus, one aspect of the invention involves a doped
semiconductor light-emission source that emits electromag-
netic radiation at a frequency higher than that emitted by the
doped semiconductor in its bulk state, such that the increase
of the frequency of the emission of light may be referred to
herein as quantum confinement. “Bulk state,” in this context,
generally-refers to a state in which it is present as a com-
ponent, or a portion of a component having a smallest
dimension of greater than 500 nm or more. “Bulk state” also
may be defined as that state causing a material’s inherent
wavelength or frequency of emission, i.e. a state at which
growth in mass of the material no longer causes a change in
frequency of emission of electromagnetic radiation. The
present invention provides for such control over emission
frequency of essentially any semiconducting or doped semi-
conducting material.

[0215] In certain embodiments; the nanoscale wires may
be photoluminescent, for example, in nanoscale wires com-
prising indium phosphide. In these embodiments, the emis-
sion maxima may systematically blue shift with decreasing
nanoscale wire diameter due to radial quantum confinement.
The excitations may remain delocalized down to low experi-
mental temperatures due to the quantum effects. The nano-
scopic wires of the present invention have a size such that
the optical and electronic properties of the nanoscopic wires
are strongly size-dependent due to quantum confinement
effects.

[0216] The photoluminescence of the nanoscale wire may
exhibit uniform emission intensities over the entire length of
the nanoscopic wire. In addition, the luminescence spectra
of different positions along the nanoscopic wire axis may
have nearly identical line shapes or emission energies. The
uniformity in the photoluminescence of the nanoscopic
wires may be due to the regularity in the structure of the
nanoscopic wire. Due to this uniformity, multiple nano-
scopic wires, each having the same diameter and composi-
tion but differing lengths may all exhibit nearly the same
luminescence maxima and line shape. The line widths may
be broadened due to delocalization from the Heisenburg
Uncertainty Principle. Additionally, the photoluminescence
spectra may exhibit a systematic shift to higher energies as
the nanoscopic wire diameter is reduced, as expected for
quantum confinement.

[0217] The nanoscale wires may also exhibit polarization
anisotropy in some embodiments. The polarization anisot-
ropy may arise from the large dielectric contrast inherent to
the nanoscale wires having two or more regions having
different compositions. In contrast, mixing of valence bands
due to quantum confinement yields smaller polarization
ratios (i. e., less than about 0.60) in single-region nanoscale
wires. Thus, polarization-sensitive nanoscale photodetectors
may be constructed using the nanoscale wires of the present
invention, which may be used in integrated photonic cir-
cuits, near-field imaging, or other high-resolution or high-
speed detectors.

[0218] The excitation and emission spectra for the nanos-
cale wires may show strong linearized polarization, parallel
to the wire axis, essentially turning “on” and “off” as the
polarization angle is rotated. The ratio of parallel to perpen-
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dicular emission may be over an order-of-magnitude in
some embodiments. Quantitatively, the measured excitation
and emission polarization ratios, p=(I-I,)/(I+I,), of the
intensities parallel (I)) and perpendicular (I, ) to the wire axis
may be between 0.91x0.07, with some nanoscopic wires
exhibiting the theoretical maximum polarization of 0.96 in
the case of certain indium phosphide wires of the present
invention.

[0219] The conductance (G) of an individual nanoscale
wire may increase by about 2 to 3 orders of magnitude with
increasing excitation power density in some cases. In some
embodiments, polarization-sensitive photodetectors in
which an individual nanoscale wire serves as the detection
element may be constructed. These photodetectors may have
a reproducible photoconductivity with a nearly instanta-
neous response time (i. e., with a response time of less than
about 1 s, preferably less than about 1 ms, more preferably
less than about 1 ps, still more preferably less than about 1
ns, and even more preferably less than about 1 ps, and even
more preferably still less than about 1 fs. Preferably, the
photoconductivity may also exhibit polarization anisotropy,
where the parallel excitation is over an order of magnitude
larger than the perpendicular excitation. Quantitatively, the
photoconductivity anisotropy ratio, o=(G-G )/(G+Gss),
where G is the conductance with parallel excitation and G,
is the conductance with -perpendicular excitation, may be
between 0.91x0.07, with some nanodetectors exhibiting the
theoretical maximum polarization of 0.96 in the case of
certain indium phosphide wires. The active device nanoscale
wire element of the present invention may also be sensitive
to multiple wavelengths of light.

[0220] The present invention also provides information-
recording devices based on semiconducting nanoscale wires.
In certain embodiments, switching memory may be
achieved based on the observation that the conductance of
these semiconducting nanoscale wires can change signifi-
cantly upon either a gate or bias voltage pulse when the
surface of the nanoscale wires are appropriately modified,
for example, with molecules, functional groups, or nanoc-
rystals. Other properties of the nanoscale wire may also be
used to record memory, for example; but not limited to, the
redox state of the nanoscale wire, mechanical changes,
magnetic changes, induction from a nearby field source, and
the like.

[0221] Specifically, with respect to changes in conduc-
tance, subjection to positive or negative gate or bias voltage
pulses may cause the change of charge states in the mol-
ecules or nanocrystals, and induces the device to make a
fully reversible transition between low and high resistance
states. The different states may hysterically persist in the set
state, even after the voltage source is deactivated. This
feature (change in electrical properties upon voltage pulse)
may enable the fabrication of electrically erasable and
rewritable memory switching devices in which the revers-
ible states are indicated by the conductance of the nanoscale
wires. In addition, the memory switching devices may be
assembled specifically from nanoscale material building
blocks, and may not be created in planar materials by
lithography.

[0222] FIG. 34 is a schematic view of a memory cell
comprising a single semiconductor nanoscale wire. Memory
device 410 may comprise a single n-InP nanoscale wire 412
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on silicon substrate 414 with silicon oxide 416 with the gate
dielectrics. Two metal electrodes 418 are deposited onto the
two ends of the nanoscale wire to electrically address the
nanoscale wires. The silicon substrate may act as the gate
electrode. Measuring the conductance of the nanoscale wire
vs. gate voltage shows a small hysteresis in the source drain
current with respect to gate voltage at constant bias of one
volt. (FIG. 35a). This hysteresis may be greatly enhanced
when certain organic molecules are added to the surface of
the nanoscale wire. (FIG. 355), for example, organic mol-
ecules such as cobalt (II) phthalocyanine, cobalt (II) 2,3-
naphthalocyanine and cobalt (1I) 1,2,3,4,8,9,10,11,15,16,17,
18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine.
Without being bound to any particular theory or mechanism,
it is believed that the positive gate voltage may charge the
absorbed molecules, which in turn may change the conduc-
tance of the nanoscale wires, and that the negative gate
voltage may discharge the absorbed molecules. This large
hysteresis may enable fabrication of particular memory
switching devices. In particular, with reference to FIG. 355,
writing “1” or “0” may be done with either a negative or
positive 10 V gate pulse,and reading “1” or “0” may be done
by measuring the conductance of the nanoscale wire around
the zero gate voltage region. This memory device may be
reversibly written and read-over thousands of times in
certain embodiments. Further, the nanoscale memory device
may be stable in air at room temperature up to several weeks
(FIG. 35c¢). Retention times on the order of hours are
possible. In some embodiments, the device may be able to
memorize the state even after the device is powered off.
On-off ratios up to 2 to 4 orders of magnitude may also be
possible. Similar devices fabricated of p-Si n-GaN nanos-
cale wires have also shown similar behavior.

[0223] One technique for direct fabrication of nanoscale
wire junctions during synthesis is generally referred to as
laser catalytic growth (“LCG”). This methodology allows
the direct formation of adjacent regions having different
compositions within a nanoscale wire, such as a p/n junc-
tion, and/or adjacent regions differing in concentration of a
particular element or composition. LCG also allows the
creation of semiconductor superlattices, in which multiple
layers of different composition are grown, which may give
rise to a one-dimensional analog of multiple quantum states
that are well known from thin-film studies. In LCG, a
nanoparticle catalyst is used during growth of the nanoscale
wire, which may be further subjected to different semicon-
ductor reagents during growth. Alteration of the semicon-
ductor reagents may allow for the formation of abrupt or
gradual changes in the composition of the growing semi-
conductor material, allowing heterostructured materials to
be synthesized. One example of an LCG-grown semicon-
ductor is depicted in FIG. 72, where a GaP/GaAs hetero-
junction within a single 20 nm nanowire is shown. An initial
growth of GaAs, followed by subsequent GaP growth, gives
an abrupt junction within a single nanowire, as is shown
from transmission electron microscopy (“TEM”) elemental
mapping.

[0224] A technique of post-synthetic doping of nanoscale
wires is illustrated in FIG. 73. In this figure, a nanoscale wire
having a substantially homogeneous composition is first
synthesized, then is doped post-synthetically with various
dopants as is discussed below. For example, in FIG. 73, ap/n
junction was created by introducing p-type and an n-type
dopants down on a single nanoscale wire. The p/n junction
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was then further annealed to allow the dopants to migrate
further into the nanoscale wire to form a bulk-doped nanos-
cale wire.

[0225] As one example, the nanoscale wire may be doped
during growth of the nanoscale wire. Doping the nanoscale
wire during growth may result in the property that the doped
nanoscale wire is bulk-doped. Furthermore, such doped
nanoscale wires may be controllably doped, such that a
concentration of a dopant within the doped nanoscale wire
can be controlled and therefore reproduced consistently,
making possible the commercial production of such nanos-
cale wires. Additionally, the dopant may be systematically
altered during the growth of the nanoscale wire, for
example, so that the final nanoscale wire has a first doped
region comprising a first dopant and a second doped region
differing in composition from the first region, for example,
by comprising a second dopant, comprising the first dopant
at a different concentration, or omitting the first dopant.

[0226] In some embodiments, laser catalytic growth tech-
niques (“LCG”) may be used to controllably introduce
dopants during vapor phase growth of nanoscale wires. As
shown in FIGS. 2 and 3, laser vaporization of a composite
target composed of a desired material (e. g. silicon or indium
phosphide) and a catalytic material (e. g. gold) may create a
hot, dense vapor. The vapor may condenses into liquid
nanoclusters through collision with a buffer gas. Growth
may begin when the liquid nanoclusters become supersatu-
rated with the desired phase and can continue as long as
reactant is available. Growth may terminate when the nanos-
cale wire passes out of the hot reaction zone or when the
temperature is decreased.

[0227] In LCG, vapor phase semiconductor reactants
required for nanoscale wire growth may be produced by
laser ablation of solid targets, vapor-phase molecular spe-
cies, or the like. To create a single junction within a
nanoscale wire, the addition of the first reactant may be
stopped during growth, and then a second reactant may be
introduced for the remainder of the synthesis. Repeated
modulation of the reactants during growth is also contem-
plated, which may produce nanoscale wire superlattices.
LCG also may require a nanocluster catalyst suitable for
growth of the different superlattice components, for
example, a gold nanocluster catalyst can be used in a
wide-range of I1I-V and IV materials. Nearly monodisperse
metal nanoclusters may be used to control the diameter, and,
through growth time, the length various semiconductor
nanoscale wires.

[0228] As another example, LCG methods may be used to
create nanoscale wires having a multishell configuration, for
example, as illustrated in FIG. 75¢ or FIG. 76a. For
example, by altering the synthetic conditions during laser
catalytic growth, homogeneous reactant decomposition may
occur on the surface of the nanoscale wire, as is illustrated
in FIG. 74. Control ofthe synthetic conditions may lead to a
shell forming on the surface of the nanoscalex wire, and in
some embodiments, the synthetic reaction conditions may
be controlled to cause the formation of a thin, uniform shell,
a shell having a thickness of one atomic layer, or less in
some cases. In other embodiments, by modulating or alter-
ing the reactants within the laser catalytic growth system,
more than one shell may be built up on the outer surface of
the nanoscale wire, as is shown in FIG. 74d. As one
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example, a silicon nanoscale wire core may be grown, and
additional semiconductor materials may be deposited onto
the surface, for example, a germanium shell, or a silicon
shell doped with a dopant such as boron, or other dopants as
described elsewhere in this application. The boundaries
between the shells may be atomically abrupt, or may be
graduated in some fashion, depending on how reactants such
as, for example, silane, germane, or diborane are introduced
into the laser catalytic growth system. Arbitrary sequences
of Si, Ge, and alloy overlayers on both Si and Ge nanowire
cores may also be prepared. Other factors may also contrib-
ute to the growing nanoscale wire, such as, for example, the
reaction temperature, or the sample position within the
furnace. By varying these parameters, the ratio of axial
growth to radio growth may be controlled as desired.

[0229] Any catalyst able to catalyze the production of
nanoscale wires may be used. Gold may be preferred in
certain embodiments. A wide range of other materials may
also be contemplated, for example, a transition metal such as
silver, copper, zinc, cadmium, iron, nickel, cobalt, and the
like. Generally, any metal able to form an alloy with the
desired semiconductor material, but does not form a more
stable compound than with the elements of the desired
semiconductor material may be used as the catalyst.

[0230] The buffer gas may be any inert gas, for example,
N, or a noble gas such as argon. In some embodiments, a
mixture of H, and a buffer gas may be used to reduce
undesired oxidation by residual oxygen gas.

[0231] A reactive gas used during the synthesis of the
nanoscale wire may also be introduced when desired, for
example, ammonia for semiconductors containing nitrogen,
such as gallium nitride. Nanoscale wires may also be flex-
ibly doped by introducing one or more dopants into the
composite target, for example, a germanium alloy during
n-type doping of InP. The doping concentration may be
controlled by controlling the relative amount of doping
element, for example, between 0 and about 10% or about
20%, introduced in the composite target.

[0232] Laser ablation may generate liquid nanoclusters
that subsequently define the size and direct the growth
direction of the nanoscale wires. The diameters of the
resulting nanoscale wires are determined by the size of the
catalyst cluster, which may be varied by controlling the
growth conditions, such as the pressure, the temperature, the
flow rate and the like. For example, lower pressure may
produce nanoscale wires with smaller diameters in certain
cases. Further diameter control may be performed by using
uniform diameter catalytic clusters.

[0233] With same basic principle as LCG, if uniform
diameter nanoclusters (less than 10-20% variation depend-
ing on how uniform the nanoclusters are) are used as the
catalytic cluster, nanoscale wires with uniform size (diam-
eter) distribution can be produced, where the diameter of the
nanoscale wires is determined by the size of the catalytic
clusters, as illustrated in FIG. 4. By controlling the growth
time or the position of the sample within the reactor,
nanoscale wires with different lengths or different shell
thicknesses may be grown.

[0234] Nanoscale wires having uniform diameters or size
distributions may be produced in embodiments where the
diameter of the nanoscale wire is determined by the size of
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the catalytic cluster. For example, uniform diameter nano-
clusters (for example, having a variation of less than about
10% to about 20% in the average diameter) may be used as
the starting catalytic clusters. By controlling the growth
time, nanoscale wires having different lengths may be
grown.

[0235] The catalytic clusters or the vapor phase reactants
may be produced by any suitable technique. For example,
laser ablation techniques may be used to generate catalytic
clusters or vapor phase reactant that may be used during
LCG. Other techniques may also be contemplated, such as
thermal evaporation techniques.

[0236] The laser ablation technique may generate liquid
nanoclusters that may subsequently define the size and direct
the growth direction of the nanoscopic wires. The diameters
of the resulting nanoscale wires may be determined by the
size of the catalyst cluster, which in turn may be determined
using routine experiments that vary the growth conditions,
such as background pressure, temperature, flow rate of
reactants, and the like. For example, lower pressure gener-
ally produces nanoscale wires with smaller diameters. Fur-
ther diameter control may be achieved by using uniform
diameter catalytic clusters.

[0237] Certain aspects of the invention may utilize metal-
catalyzed CVD techniques (“chemical vapor deposition”) to
synthesize individual nanoscopic-scale wires, such as nano-
tubes for molecular electronics. CVD synthetic procedures
needed to prepare individual wires directly on surfaces and
in bulk form are generally known, and can readily be carried
out by those of ordinary skill in the art. See, for example,
Kong, et al., “Synthesis of Individual Single-Walled Carbon
Nanotubes on Patterned Silicon Wafers,”Nature, 395:878-
881 (1998); or Kong, et al., “Chemical Vapor Deposition of
Methane for Single-Walled Carbon Nanotubes,” Chem.
Phys. Lett., 292:567-574 (1998), both incorporated herein by
reference their entirety for all purposes. Nanoscopic wires
may also be grown through laser catalytic growth. See, for
example, Morales, et al., “A Laser Ablation Method for the
Synthesis of Crystalline Semiconductor Nanowires,”Sci-
ence, 279:208-211 (1998), incorporated herein by reference
in its entirety for all purposes. With same basic principles as
LCG, if uniform diameter nanoclusters (less than 10-20%
variation depending on how uniform the nanoclusters are)
are used as the catalytic cluster, nanoscale wires with
uniform size (diameter) distribution can be produced, where
the diameter of the nanoscale wires is determined by the size
of the catalytic clusters, as illustrated in FIG. 4. By control-
ling the growth time, nanoscale wires with different lengths
can be grown.

[0238] One technique that may be used to grow nanoscale
wires is catalytic chemical vapor deposition (“C-CVD”). In
the C-CVD method, the reactant molecules (e.g., silane and
the dopant) are formed from the vapor phase, as opposed to
from laser vaporization. In C-CVD, nanoscale wires may be
doped by introducing the doping element into the vapor
phase reactant (e. g. diborane and phosphane for p-type and
n-type doped regions). The doping concentration may be
controlled by controlling the relative amount of the doping
compound introduced in the composite target. The final
doping concentration or ratios are not necessarily the same
as the vapor-phase concentration or ratios. By controlling
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growth conditions, such as temperature, pressure or the like,
nanoscale wires having the same doping concentration may
be produced.

[0239] To produce a nanoscale wire having adjacent
regions having different compositions within a nanoscale
wire, the doping concentration may be varied by simply
varying the ratio of gas reactant (e. g. from about 1 ppm to
about 10%, from about 10 ppm to about 20%, from about
100 ppm to about 50%, or the like), or the types of gas
reactants used may be altered during growth of the nanos-
cale wire. The gas reactant ratio or the type of gas reactants
used may be altered several times during growth of the
nanoscale wire, which may produce nanoscale wires com-
prising regions having multiple compositions, all of which
may or may not be unique.

[0240] Other techniques to produce nanoscale semicon-
ductors such as nanoscale wires are also within the scope of
the present invention. For example, nanoscale wires of any
of a variety of materials may be grown directly from vapor
phase through a vapor-solid process. Also, nanoscale wires
may also be produced by deposition on the edge of surface
steps, or other types of patterned surfaces, as shown in FIG.
5. Further, nanoscale wires may be grown by vapor depo-
sition in or on any generally elongated template, for
example, as shown in FIG. 6. The porous membrane may be
porous silicon, anodic alumnia, a diblock copolymer, or any
other similar structure. The natural fiber may be DNA
molecules, protein molecules carbon nanotubes, any other
elongated structures. For all the above described techniques,
the source materials may be a solution or a vapor. In some
embodiments, while in solution phase, the template may also
include be column micelles formed by surfactant molecules
in addition to the templates described above.

[0241] For a doped semiconductor, the semiconductor
may be doped during growth of the semiconductor. Doping
the semiconductor during growth may result in the property
that the doped semiconductor is bulk-doped. Further, such
doped semiconductors may be controllably doped, such that
a concentration of a dopant within the doped semiconductor
can be controlled and therefore reproduced consistently,
making possible the commercial production of such semi-
conductors.

[0242] The nanoscopic wires may be either grown in place
or deposited after growth. Assembly, or controlled place-
ment of nanoscopic wires on surfaces after growth may be
performed by aligning nanoscopic wires using an electrical
field. An electrical field may be generated between elec-
trodes. The nanoscopic wires may be positioned between the
electrodes (optionally flowed into a region between the
electrodes in a suspending fluid), and may align in the
electrical field, thereby spanning the distance between and
contact each of the electrodes.

[0243] In another arrangement, individual contact points
may be arranged in opposing relation to each other. The
individual contact points may be tapered to form points
directed towards each other. An electric field may be gen-
erated between such points that will attract a single nano-
scopic wire to span the distance between the points, forming
a pathway for electronic communication between the points.
Thus, individual nanoscopic wires may be assembled
between individual pairs of electrical contacts. Crossed-wire
arrangements, including multiple crossings (multiple paral-
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lel wires in a first direction crossed by multiple parallel wires
in a perpendicular or approximately perpendicular second
direction) can readily be formed by first positioning contact
points (electrodes) at locations where opposite ends of the
crossed wires desirably will lie. Electrodes, or contact
points, may be fabricated via any suitable microfabrication
techniques, such as the ones described herein.

[0244] These assembly techniques can be substituted by,
or complemented with, a positioning arrangement involving
positioning a fluid flow directing apparatus to direct a fluid
that may contain suspended nanoscopic wires toward and in
the direction of alignment with locations at which nanoscale
wires are desirably positioned. A nanoscopic wire solution
may be prepared as follows. After nanoscopic wires are
synthesized, they are transferred into a solvent (e. g., etha-
nol), and then may be sonicated for several seconds to
several minutes to obtain a stable suspension.

[0245] Another arrangement involves forming surfaces
including regions that selectively attract nanoscale wires
surrounded by regions that do not selectively attract them.
For example, —NH, can be presented in a particular pattern
at a surface, and that pattern will attract nanoscale wires or
nanotubes having surface functionality attractive to amines.
Surfaces can be patterned using known techniques such as
electron-beam patterning, “soft-lithography” such as that
described in International Patent Publication No. WO
96/29629, published Jul. 26, 1996, or U.S. Pat. No. 5,512,
131, issued Apr. 30, 1996, each of which is incorporated
herein by reference in its entirety for all purposes. Additional
techniques are described in U.S. patent application Ser. No.
60/142,216, filed Jul. 2, 1999, by Lieber, et al., incorporated
herein by reference in its entirety for all purposes. Fluid flow
channels can be created at a size scale advantageous for
placement of nanoscale wires on surfaces using a variety of
techniques such as those described in International Patent
Publication No. WO 97/33737, published Sep. 18, 1997, and
incorporated herein by reference in its entirety for all pur-
poses. Other techniques include those described in U.S.
patent application Ser. No. 09/578,589, filed May 25, 2000,
and incorporated herein by reference in its entirety for all
purposes.

[0246] FIG. 7 show one such technique for creating a fluid
flow channel using a polydimethylsiloxane (PDMS) mold.
Channels may be created and applied to a surface, and a
mold may be removed and re-applied in a different orien-
tation to provide a cross flow arrangement or different
arrangement. The flow channel arrangement can include
channels having a smallest width of less than about 1 mm,
preferably less than about 0.5 mm, more preferably less than
about 200 um or less. Such channels are easily made by
fabricating a master by using photolithography and casting
PDMS on the master, as described in the above-referenced
patent applications and international publications. Larger-
scale assembly may be possible as well. The area that can be
patterned with nanoscale wire arrays may be defined only by
the feature of the channel which can be as large as desired.

[0247] The assembly of nanoscale wires onto substrate
and electrodes may also be assisted using bimolecular
recognition in certain embodiments, for example, by immo-
bilizing one biological binding partner on a nanoscale wire
surface and the other one on substrate or electrodes using
physical adsorption or covalently linking. Bio-recognition
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techniques suitable for use in the present invention may
include DNA hybridization, antibody-antigen binding,
biotin-avidin, biotin-streptavidin binding, and the like.

[0248] Another technique which may be used to direct the
assembly of a nanoscopic wires into a device is by using
“SAMs,” or self-assembled monolayers. The SAMs may be
chemically patterned in certain embodiments. In one
example of patterning SAMs for directed assembly of nano-
scopic scale circuitry using nanoscopic wires of the present
invention, atomic force microscopy (AFM) may be used to
write, at high resolution, a pattern in a SAM, after which the
SAM may then be removed. The pattern may be, for
example, a linear or a parallel array, or a crossed array of
lines.

[0249] In another embodiment, microcontact printing may
be used to apply patterned SAMs to a substrate. Open areas
in the patterned surface (i. e., the SAM-free linear region
between linear SAM) may be filled, for example, with an
amino-terminated SAM that may interact in a highly specific
manner with a nanoscopic wire such as a nanotube. The
result may be a patterned SAM, on a substrate, that includes
linear SAM portions separated by a line of amino-terminated
SAM material. Any desired pattern may be formed where
regions of the amino-terminated SAM material corresponds
to regions at which wire deposition may be desired. The
patterned surface may then be dipped into a suspension of
nanoscopic wires, e. g. nanotubes, and may be rinsed to
create an array of nanoscale wires. Where nanotubes are
used, an organic solvent such as dimethyl formamide may be
used to create the suspension of nanotubes. Suspension and
deposition of other nanoscopic-scale wires may be achieved
with solvents well-known to those of ordinary skill in the art.

[0250] Any of a variety of substrates and SAM-forming
material can be used along with microcontact printing
techniques, such as those described in international patent
publication WO 96/29629 of Whitesides, et al., published
Jun. 26, 1996 and incorporated herein by reference in its
entirety for all purposes. Patterned SAM surfaces may be
used to direct a variety of nanoscopic wires or nanoscopic-
scale electronic elements. SAM-forming material can be
selected, with suitable exposed chemical functionality, to
direct assembly of a variety of electronic elements. Elec-
tronic elements, including nanotubes, can be chemically
tailored to be attracted specifically to specific, predeter-
mined areas of a patterned SAM surface. Suitable functional
groups include, but are not limited to SH, NHj;, and the like.
Nanotubes are particularly suitable for chemical function-
alization on their exterior surfaces, as is well known.

[0251] Chemically patterned surfaces other than SAM-
derivitized surfaces can be used, and many techniques for
chemically patterning surfaces are known. Suitable exem-
plary chemistries and techniques for chemically patterning
surfaces are described in, among other places, International
Patent Publication Ser. No. WO 97/34025 of Hidber, et al.,
entitled, “Microcontact Printing of Catalytic Colloids,” and
U.S. Pat. Nos. 3,873,359; 3,873,360; and 3,900,614, each by
Lando, all of these documents incorporated herein by ref-
erence in their entirety for all purposes. Another example of
a chemically patterned surface may be a micro-phase sepa-
rated block copolymer structure. These structures provide a
stack of dense lamellar phases. A cut through these phases
reveals a series of “lanes” wherein each lane represents a
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single layer. The block copolymer may typically be an
alternating block and can provide varying domains by which
to dictate growth and assembly of a nanoscopic wire.
Additional techniques are described in International Patent
Application Ser. No. PCT/US00/18138 filed Jun. 30, 2000,
by Lieber, et al., incorporated herein by reference in its
entirety for all purposes.

[0252] The present invention also comprises a wide vari-
ety of devices. Such devices may include electrical devices,
optical devices, optronic devices, spintronic devices,
mechanical devices or any combination thereof, for
example, optoelectronic devices and electromechanical
devices. Functional devices assembled from the nanoscale
wires of the present invention may be used to produce
various computer or device architectures. For example,
nanoscale wires of the invention may be assembled into
nanoscale versions of conventional semiconductor devices,
such as diodes, light emitting diodes (LEDs), inverters,
sensors, and bipolar transistors. These inventions may
include single, free-standing nanoscale wires, crossed
nanoscale wires, or combinations of single nanoscale wires
combined with other components. Nanoscale wires having
different dopants, doping levels, or combinations of dopants
may also be used in certain cases to produce these devices.
The nanoscale wires, in particular cases, may also have
multiple regions, each of which may have different compo-
sitions. In some embodiments, a further step may include the
fabrication of these structures within the nanoscale wires
themselves, wherein a single nanoscale wire may operate as
a functional devices. In other embodiments, a nanoscale
wire may also be used as an interconnect between two
devices, or between a device and an external circuit or
system.

[0253] One aspect of the present invention includes the
ability to fabricate essentially any electronic device from
adjacent n-type and p-type semiconducting components.
This includes any device that can be made in accordance
with this aspect of the invention that one of ordinary skill in
the art would desirably make using n-type and p-type
semiconductors in combination. Examples of such devices
include, but are not limited to, field effect transistors (FETs),
bipolar junction transistors (BJTs), tunnel diodes, modula-
tion doped superlattices, complementary inverters, light
emitting devices, light sensing devices, biological system
imagers, biological and chemical detectors or sensors, ther-
mal or temperature detectors, Josephine junctions, nanoscale
light sources, photodetectors such as polarization-sensitive
photodetectors, gates, inverters, AND, NAND, NOT, OR,
TOR, and NOR gates, latches, flip-tflops, registers, switches,
clock circuitry, static or dynamic memory devices and
arrays, state machines, gate arrays, and any other dynamic or
sequential logic or other digital devices including program-
mable circuits. Also included are analog devices and cir-
cuitry, including but not limited to, amplifiers, switches and
other analog circuitry using active transistor devices, as well
as mixed signal devices and signal processing circuitry. Also
included are p/n junction devices with low turn-on voltages;
p/n junction devices with high turn-on voltages; and com-
putational devices such as a half-adder. Furthermore, junc-
tions having large dielectric contrasts between the two
regions may be used to produce 1D waveguides with built-in
photonic band gaps, or cavities for nanoscale wire lasers. In
some embodiments, the nanoscale wires of the present
invention may be manufactured during the device fabrica-
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tion process. In other embodiments, the nanoscale wires of
the present inventions may first be synthesized, then
assembled in a device.

[0254] One aspect of the present invention includes any
electronic device that may be formed from adjacent n-type
and p-type semiconducting components, where the compo-
nents are pre-fabricated (doped, in individual and separate
processes with components separate from each other when
doped) and then brought into contact after doping. This is in
contrast to typical prior art arrangements in which a single
semiconductor is n-doped in one region and p-doped in an
adjacent region, but the n-type semiconductor region and
p-type semiconducting regions are initially adjacent prior to
doping and do not move relative to each other prior to or
after doping. That is, n-type and p-type semiconductors,
initially in non-contacting arrangement, may be brought into
contact with each other to form a usefuil electronic device.
Essentially any device can be made in accordance with this
aspect of the invention that one of ordinary skill in the art
would desirably make using n-type and p-type semiconduc-
tors in combination.

[0255] Many devices of the invention make particular use
of crossed nanoscopic wires. In some of these cases, the
crossed nanoscopic wires may include p/n junctions which
are formed at the junctions of crossed n-type and p-type
nanoscale wires. Crossed p/n junctions are defined by at
least one n-type semiconductor and at least one p-type
semiconductor, at least one portion of each material con-
tacting at least one portion of the other material, and each
semiconductor including portions that do not contact the
other component. They can be arranged by pre-doping the
nanoscale wires, then bringing them into proximity with
each other using techniques described below.

[0256] In one set of embodiments, the invention includes
a nanoscale inverter. Any nanoscale inverter may be con-
templated that is constructed using adjacent regions having
different compositions, for example, a p-type and an n-type
semiconductor region. For example, in one embodiment, the
invention provides a lightly-doped complementary inverters
(complementary metal oxide semiconductors) arranged by
contact of an n-type semiconductor region with a p-type
semiconductor region. The invention also provides lightly-
doped complementary inverters (complementary metal
oxide semiconductors) arranged simply by contact of an
n-type semiconductor with a p-type semiconductor, for
example, by arrangement of crossed n-type and p-type
semiconducting nanoscale wires, or by the arrangement of
two adjacent regions.

[0257] In another set of embodiments, the invention
includes a nanoscale diode. Any nanoscale diode may be
contemplated that is constructed using adjacent regions
having different compositions, for example, a p-type and an
n-type semiconductor region, for example, Zener diodes,
tunnel diodes, light-emitting diodes, and the like. For
example, the diode may be a tunnel diodes heavily-doped
with semiconducting components. A tunnel diode may be
arranged similarly or exactly the same as a complementary
inverter, with the semiconductors being heavily doped rather
than lightly doped.

[0258] In yet another set of embodiments, the invention
comprises a nanoscale transistor, such as a field effect
transistor (“FET”) or a bipolar junction transistor (“BJT”).
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Example transistors are illustrated in FIG. 78. The transistor
may have a smallest width of less than 500 nm, less than 100
nm, or other widths as described above. Any transistor
constructed using adjacent regions having different compo-
sitions, for example, a p-type and an n-type semiconductor
region may be contemplated, for example, arranged longi-
tudinally within a single wire, arranged radially within the
wire, or between adjacent crossed wires. In some embodi-
ments, the transistor may comprise a doped semiconductor,
such as a p-type or n-type semiconductor, as is known by
those of ordinary skill in the art in transistor fabrication.
While FETs are known using nanotubes, to the inventors’
knowledge, prior arrangements select nanotubes at random,
without control over whether the nanotube is metallic or
semiconducting. In such a case a very low percentage of
devices are functional, perhaps less than one in twenty, or
one in fifty, or perhaps approximately one in one hundred.
The present invention contemplates controlled doping of
nanoscale wires such that a fabrication process can involve
fabricating functional FETs according to a technique in
which much greater than one in fifty devices is functional.
For example, the technique can involve preparing a doped
nanoscale wire and fabricating an FET therefrom.

[0259] 1In one embodiment, a FET comprising a nanoscale
wire may serve as a conducting channel, and an elongated
material having a smallest width of less than 500 nm (e.g.,
a nanoscale wire) serving as the gate electrode. For such a
FET, the widths of the nanoscale wire and the elongated
material may define a width of the FET. The field effect
transistor may also comprise a conducting channel compris-
ing a doped semiconductor having at least one portion
having a smallest width of less then 500 nanometers, and a
gate electrode comprising an elongated material having at
least one portion having a smallest width of less then 500
nanometers in another embodiment. Further, the nanoscale
wire may comprise a semiconductor, or have a core/shell
arrangement, and such shell may function as a gate dielectric
for the FET. In another emobidment, the two regions may
longitudinally positioned. Also, in another embodiment, the
intersection of the nanoscale wire and an elongated material
may define a length of the FET. In another embodiment, the
transistor may be a coaxially-gated transistor.

[0260] Such distinct nanometer-scale metrics may lead to
significantly improved device characteristics such as high
gain, high speed, and low power dissipation. Further, such
FETs may be readily integratable, and the assembly of such
FETs may be shrunk in a straightforward manner into
nanometers scale. Such a “bottom-up” approach may scale
down to sizes far beyond what is predicted for traditional
“top-down” techniques typically used in the semiconductor
industry today. Further, such bottom-up assembly may prove
to be far cheaper than the traditional top-down approach.

[0261] Electronic devices incorporating semiconductor
nanoscale wires may be controlled, for example, using any
input signal, such as an electrical, optical or a magnetic
signal. The control may involve switching between two or
more discrete states or may involve continuous control of
nanoscale wire current, i. e., analog control. In addition to
electrical signals, optical signals and magnetic signals, the
devices may also be controlled in certain embodiments in
response to biological and chemical species, for example,
DNA, protein, metal ions. In a more general sense, these
species may be charged or have a dipole moment. In other
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embodiments, the device may be switchable in response to
mechanical stimuli, for example, mechanical stretching,
vibration and bending. In yet other embodiments, the device
may be switchable in response to temperattre, pressure, or
fluid movement, for example, the movement of an environ-
mental gas or liquid.

[0262] As one example, as illustrated in FIG. 71, a nanos-
cale wire comprising a p/n junction may be used as a
nanoscale LED. In forward bias, an individual nanoscale
wire device may exhibit light emission from its p/n junction
that may be both highly polarized and blue-shifted due to the
one-dimensional structure and radial quantum confinement,
respectively. The efficiency may be at least about 0.1%,
preferably at least about 0.5%, more preferably at least about
1%, and still more preferably about 5% or higher. By
defining a quantum dot heterostructure within a p/n junction
during nanoscale wire synthesis, an electrically-driven
single photon source having a well-defined polarization may
be manufactured. Other nanoscale photonics and electronics
devices that may be manufactured include, but are not
limited to, nanoscale emitters and complementary logic
circuits, which may be obtained from series of nanoscale
wire p/n junctions. Additionally, the present invention con-
templates complex periodic superlattices that may be used in
nanoscale wire injection lasers or “engineered” 1D electron
waveguides.

[0263] Another type of light-emission source of the inven-
tion includes at least one crossed p/n junction, in particular,
crossed p-type and n-type nanoscale wires. In this and other
arrangements of the invention using crossed nanoscale
wires, the wires need not be perpendicular, but can be. When
forward biased (positive charge applied to the p-type wire
and a negative charge applied to the n-type wire) electrons
may flow toward the junction in the n-type wire and holes
flow toward the junction in the p-type wire. At the junction,
holes and electrons may combine, emitting light.

[0264] In certain embodiments, nanoscale wires having
more than one region able to produce or emit light are
contemplated. For example, a nanoscale wire having mul-
tiple p-type and n-type regions which may be produced,
where each p/n junction is able to emit light. The nanoscale
wire may have 2, 3, 4, or more p/n junctions. The number of
periods and the repeat spacing between each p/n junction
may be constant or varied during growth. Thus, for example,
nanoscale wires having multiple light-emitting and non-
light-emitting regions may be used as “nano-bar codes,”
where different sequences, patterns, and/or frequencies of
light-emitting and non-light-emitting regions may be used to
uniquely “tag” or label an article that the nanoscale wire is
used in. As varying the composition of each p/n junction (for
example, by using different dopants) may alter the frequency
of the emitted light, additional information can be encoded
through variations in the color of the emitting region using
multi-component superlattices.

[0265] In some embodiments, the responsivity of the
nanophotodetector may be greater than about 1000 A/W,
more preferably greater than about 3000 A/W, more prefer-
ably still greater than about 5000 A/W, or even more
preferably greater than about 10000 A/W. In certain embodi-
ments, the response time of the semiconductor photodetector
may be less than 1 ps, preferably less than about 100 fs, more
preferably less than about 10 fs, and more preferably still
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less than about 1 fs, due to the small capacitances of the
nanoscale wires, which may be less than about 100 aF or
about 10 aF in some cases.

[0266] Electrically erasable and re-writable memory struc-
tures and devices with reversible states and good retention
time may be constructed from nanoscale building blocks
such as nanoscale wires, nanotubes, nanocrystals and mol-
ecules. The memory structures may be based on either
individual semiconducting nanoscale wires or crossed
nanoscale wire p/n junctions. When the surfaces of these
devices are appropriately modified with either molecules or
nanocrystals, reversible memory switching behavior may be
observed when electrical pulses of opposite polarity is
applied. Specifically, subjection to positive or negative volt-
age pulses in either gate or bias voltages may cause the
devices to make fully reversible transition between low-
resistance and high resistance states. In some cases, the
transition between states is performed directly, through the
flow of electrons through the device or component. In other
cases, the transition between states is accomplished induc-
tively, through the use of field effects, electron tunneling, or
the like.

[0267] A nanoscale memory switching devices may be
assembled from nanoscale building blocks (including
nanowires, nanotubes, nanocrystals and molecules which
may have, for example, two or more regions having differing
compositions). The memory switching device may have
multiple states, non-volatile reversible states, or a large
on/off ratio. The nanoscale memory switching devices may
be highly parallel and scalable with simple chemical assem-
bly process, and can be useful in construction of a chemi-
cally assemble computer in some cases.

[0268] In one embodiment, the memory switching device
is a three terminal devices based on individual nanoscale
wires using the gate pulse to induce the switching between
two states, such as between high- and low-resistance states.
In another embodiment, the memory switching device is a
two terminal devices based on individual nanfoscale wires
using the bias pulse to induce the switching between high-
and low-resistance states. In another embodiment, the
memory switching device is based on the junction between
two regions having different compositions, for example, in
a core/shell arrangement, in an arrangement where the two
regions are longitudinally positioned relative to each other,
or in arrangements having crossed nanoscale wire p-n junc-
tions. A bias pulse or a gate pulse may be used to induce
switching between high- and low resistance states, for
example, by supplying a charge or a current through the
nanoscale wire or a region thereof, such as through a core
region. In other embodiments, the memory switching device
may 3, 4, 6, 8, or other multiple states or configurations.

[0269] Memory systems using these nanomaterials may
take the form of novel structures such as two dimensional
parallel, crossing, or three dimensional stacked memory
arrays to achieve ultra-high density data storage, and non-
volatile state switches for computer systems fabricated by
chemical assembly.

[0270] In another embodiment, the nanoscale memory
switching device comprises a two terminal memory cell
made of individual semiconductor nanoscale wires. In par-
ticular, a large bias voltage may have a similar effect on the
conductance of the nanoscale wires. With reference to FIG.
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36a, a large hysteresis may be observed in the current-
voltage curve of a p-Si nanoscale wire, indicating that a bias
pulse may be used to switch the nanoscale wire between
high and low conductance states, as could potentially be
used in a two terminal memory deices. This nanoscale
memory device may be reversibly switched on and off with
on-off, ratio up to 2-3 orders of magnitude (FIG. 365).
Similar behavior may be observed with n-InP nanoscale
wires. The two-terminal feature of these devices make them
highly parallel and may be scaled up to make highly
integrated device arrays (FIG. 36¢).

[0271] In another embodiment, the nanoscale memory
device may comprise memory cells made from crossed p/n
junctions. Similarly, these p/n junctions may be switched
between a high and low conductance states by either a gate
voltage or a bias pulse. With reference to FIG. 37a, a crossed
nanoscale wire p/n junction may show clear rectification and
large hysteresis in current-voltage behavior. Writing may be
done with either a negative to positive voltage pulse depend-
ing on the application, and reading may be done around the
hysteresis region. In some cases, these nanoscale memory
devices may be reversibly switched on and off for hundreds
of time at room temperature. The on-off ratio may differ by
up to four orders of magnitude (FIG. 375). Two terminal
memory cells made from crossed p-n junctions may enable
ultra-high density integration of the memory cells in two
dimensions (FIG. 37¢) and even in three dimensions.

[0272] Thus, it is possible to achieve an active element
two-dimensional density of at least 10'" memory elements/
cm?, preferably at least about 10" memory elements/cm?.
This is facilitated where an array of molecular wires 42
(F1G. 37b) are positioned at 20 nm intervals. Where wires 46
are similarly arranged, this density is achieved. Using nano-
tubes of 10 um length, with a memory element every 20 nm
along each nanotube, an array can be formed with 500
parallel wires in each direction, each wire containing 500
crossbar array junctions (memory elements). 250,000
memory elements are formed in such an array. Three-
dimensional arrays can be created as well. Where a 1 um
spacing is created between two-dimensional array planes,
the invention provides a three-dimensional array density of
at least about 10™* memory elements/cm’, preferably at least
about 10"° memory elements/cm’.

[0273] In another embodiment, the nanoscale memory
device may comprise memory having more than two states.
By varying the writing time and voltage, the device can be
switched to a designated state with a designated conduc-
tance. FIG. 38 shows such a device with multiple states
depending on writing time.

[0274] FIG. 39a schematically shows an AND logic gate
in accordance with the invention. FIG. 395 shows the
voltage out as a fuinction of voltages in (V;;,V,,) FIG. 39¢
shows the voltage out vs. voltage in V;;. FIG. 394 shows the
voltage out vs. voltage in V,,. FIG. 39¢ tabulates the voltage
results of FIG. 39b. FIG. 40a schematically shows an OR
logic gate. FIG. 405 shows the voltage out as a function of
voltages in (V,;,V,,) FIG. 40c¢ shows the voltage out vs.
voltage in Vis. FIG. 404 shows the voltage out vs. voltage in
V5. FIG. 40¢ tabulates the voltage results of FIG. 405. FIG.
41a shows a NOT logic gate wherein V_;=5V, V_,=2 V|
V,=0,5 V. FIG. 415 shows the current as a function of bias
voltage. FIG. 41¢ shows the voltage out vs. voltage in V,.
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FIG. 84 shows the voltage out vs. voltage in V,,. FIG. 41e
tabulates the voltage results of FIG. 415. FIGS. 424 and 426
show a NOR logic gate. FIGS. 43a and 435 show an XOR
logic gate.

[0275] In another embodiment, control and growth of the
nanoscale wire structures, for example a core-multishell
structure, may be used to study a variety of fundamental
phenomena, for example electron gases in radially symmet-
ric core or shell potentials; or new device concepts.

[0276] The invention also provides a sensing element,
which may be an electronic sensing element, and a nanos-
cale wire able to detect the presence, absence, and/or amount
(concentration), of a species such as an analyte in a sample
(e.g. a fluid sample) containing, or suspected of containing,
the species. Nanoscale sensors of the invention may be used,
for example, in chemical applications to detect pH or the
presence of metal ions; in biological applications to detect a
protein, nucleic acid (e.g. DNA, RNA, etc.), a sugar or
carbohydrate, and/or metal ions; and in environmental appli-
cations to detect pH, metal ions, or other analytes of interest.
Also provided is an article comprising a nanoscale wire and
a detector constructed and arranged to determine a change in
an electrical property of the nanoscale wire. At least a
portion of the nanoscale wire is addressable by a sample
containing, or suspected of containing, an analyte. The
phrase “addressable by a fluid” is defined as the ability of the
fluid to be positioned relative to the nanoscale wire so that
an analyte suspected of being in the fluid is able to interact
with the nanoscale wire. The fluid may be proximate to or in
contact with the nanoscale wire.

[0277] Whether nanotubes or nanowires are selected, the
criteria for selection of nanoscale wires and other conductors
or semiconductors for use in the invention are based, in
some instances, mainly upon whether the nanoscale wire
itself is able to interact with an analyte, or whether the
appropriate reaction entity, e.g. binding partner, can be
easily attached to the surface of the nanoscale wire, or the
appropriate reaction entity, e.g. binding partner, is near the
surface of the nanoscale wire. Selection of suitable conduc-
tors or semiconductors, including nanotubes or nanoscale
wires, will be apparent and readily reproducible by those of
ordinary skill in the art with the benefit of the present
disclosure.

[0278] Chemical changes associated with the nanoscale
wires used in the present invention can modulate the prop-
erties of the wires and create electronic devices of a variety
of types. Presence of the analyte can change the electrical
properties of the nanoscale wires through electrocoupling
with a binding agent of the nanoscale wire. If desired, the
nanoscale wires may be coated with a specific reaction
entity, binding partner or specific binding partner, chosen for
its chemical or biological specificity to a particular analyte.

[0279] The reaction entity is positioned relative to the
nanoscale wire to cause a detectable change in the nanoscale
wire. The reaction entity may be positioned within 100 nm
of the nanoscale wire, preferably with in 50 nm of the
nanoscale wire, and more preferably with in 10 nm of the
nanoscale wire, and the proximity can be determined by
those of ordinary skill in the art. In one embodiment, the
reaction entity is positioned less than 5 nm from the nano-
scopic wire. In alternative embodiments, the reaction entity
is positioned with 4 nm, 3 nm, 2 nm, and 1 nm of the
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nanoscopic wire. In one embodiment, the reaction entity is
attached to the nanoscopic wire through a linker.

[0280] The invention also provides an article comprising a
sample exposure region and a nanoscale wire able to detect
the presence of absence of an analyte. The sample exposure
region may be any region in close proximity to the nanoscale
wire wherein a sample in the sample exposure region
addresses at least a portion of the nanoscale wire. Examples
of sample exposure regions include, but are not limited to,
a well, a channel, a microchannel, and a gel. In preferred
embodiments, the sample exposure region holds a sample
proximate the nanoscale wire, or may direct a sample toward
the nanoscale wire for determination of an analyte in the
sample. The nanoscale wire may be positioned adjacent to or
within the sample exposure region. Alternatively, the nanos-
cale wire may be a probe that is inserted into a fluid or fluid
flow path. The nanoscale wire probe may also comprise a
microneedle and the sample exposure region may be addres-
sable by a biological sample. In this arrangement, a device
that is constructed and arranged for insertion of a micron-
eedle probe into a biological sample will include a region
surrounding the microneedle that defines the sample expo-
sure region, and a sample in the sample exposure region is
addressable by the nanoscale wire, and viceversa. Fluid flow
channels can be created at a size and scale advantageous for
use in the invention (microchannels) using a variety of
techniques such as those described in International Patent
Publication No. WO 97/33737, published Sep. 18, 1997, and
incorporated herein by reference in its entirety for all pur-
poses.

[0281] In another aspect of the invention, an article may
comprise a plurality of nanoscopic wires (2) able to detect
the presence or absence of a plurality of one or more
analytes. The individual nanoscopic wires may be differen-
tially doped as described above, thereby varying the sensi-
tivity of each nanoscale wire to the analyte. Alternatively,
individual nanoscale wires may be selected based on their
ability to interact with specific analytes, thereby allowing
the detection of a variety of analytes. The plurality of
nanoscale wires may be randomly oriented or parallel to one
another. Alternatively, the plurality of nanoscale wires may
be oriented in an array on a substrate.

[0282] FIG. 4d4a shows one example of an article of the
present invention. In FIG. 444, nanoscale detector device
510 is comprised of a single nanoscale wire 538 positioned
above upper surface 518 of substrate 516. Chip carrier 512
has an upper surface 514 for supporting substrate 516 and
electrical connections 522. Chip carrier 512, may be made of
any insulating material that allows connection of electrical
connections 522 to electrodes 536. In a preferred embodi-
ment, the chip carrier is an epoxy. Upper surface 514 of the
chip carrier, may be of any shape including, for example,
planar, convex, and concave. In a preferred embodiment,
upper surface 514 of the chip carrier is planar.

[0283] As shown in FIG. 44a, lower surface of 520 of
substrate 516 is positioned adjacent to upper surface 514 of
the chip carrier and supports electrical connection 522.
Substrate 516 may typically be made of a polymer, silicon,
quartz, or glass, for example. In a preferred embodiment, the
substrate 516 is made of silicon coated with 600 nm of
silicon oxide. Upper surface 518 and lower surface 520 of
substrate 516 may be of any shape, such as planar, convex,
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and concave. In a preferred embodiment, lower surface 520
of substrate 516 contours to upper surface 514 of chip carrier
512. Similarly, mold 524 has an upper surface 526 and a
lower surface 528, either of which may be of any shape. In
a preferred embodiment, lower surface 526 of mold 524
contours to upper surface 518 of substrate 516.

[0284] Mold 524 has a sample exposure region 530,
shown here as a microchannel, having a fluid inlet 532 and
fluid outlet 534, shown in FIG. 44a on the upper surface 526
of mold 524. Nanoscale wire 538 is positioned such that at
least a portion of the nanoscale wire is positioned within
sample exposure region 530. Electrodes 536 connect nanos-
cale wire 538 to electrical connection 522. Electrical con-
nections 522 are, optionally, connected to a detector (not
shown) that measures a change in an electrical, or other
property of the nanoscale wire. FIGS. 46a and 465 are low
and high resolution scanning electron micrographs, respec-
tively, of one embodiment of the present invention. A single
silicon nanoscale wire 538 is connected to two metal elec-
trodes 536. FIG. 50 shows an atomic force microscopy
image of a typical SWNT positioned with respect to two
electrodes. As seen in FIG. 50, the distance between elec-
trodes 536 is about 500 nm. In certain preferred embodi-
ments, electrode distances will range from 50 nm to about
20000 nm, more preferably from about 100 nm to about
10000 nm, and most preferably from about 500 nm to about
5000 nm.

[0285] Where a detector is present, any detector capable of
determining a property associated with the nanoscale wire
can be used. The property can be electronic, optical, or the
like. An electronic property of the nanoscale wire can be, for
example, its conductivity, resistivity, etc. An optical property
associated with the nanoscale wire can include its emission.
intensity, or emission wavelength where the nanoscale wire
is an emissive nanoscale wire where emission occurs at a p/n
junction. For example, the detector can be constructed for
measuring a change in an electronic or magnetic property
(e.g. voltage, current, conductivity, resistance, impedance,
inductance, charge, etc.) can be used. The detector typically
includes a power source and a voltmeter or amp meter. In
one embodiment, a conductance less than 1 nS can be
detected. In a preferred embodiment, a conductance in the
range of thousandths of a nS can be detected. The concen-
tration of a species, or analyte, may be detected from less
than micromolar to molar concentrations and above. By
using nanoscale wires with known detectors, sensitivity can
be extended to less than 10 molecules or a single molecule.
In one embodiment, an article of the invention is capable of
delivering a stimulus to the nanoscale wire and the detector
is constructed and arranged to determine a signal resulting
from the stimulus. For example, a nanoscale wire including
a p/n junction can be delivered a stimulus (electronic cur-
rent), where the detector is constructed and arranged to
determine a signal (electromagnetic radiation) resulting
from the stimulus. In such an arrangement, interaction of an
analyte with the nanoscale wire, or with a reaction entity
positioned proximate the nanoscale wire, can affect the
signal in a detectable manner. In another example, where the
reaction entity is a quantum dot, the quantum dot may be
constructed to receive electromagnetic radiation of one
wavelength and emit electromagnetic radiation of a different
wavelength. Where the stimulus is electromagnetic radia-
tion, it can be affected by interaction with an analyte, and the
detector can detect a change in a signal resulting therefrom.
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Examples of stimuli include a constant current/voltage, an
alternating voltage, and electromagnetic radiation such as

light.

[0286] Inoneexample, a sample, such as a fluid suspected
of containing an analyte that is to be detected and/or
quantified, e.g. a specific chemical contacts nanoscopic wire
having a corresponding reaction entity at or near nanoscopic
wire 538 (or, at least the fluid sample contacts the reaction
entity). An analyte present in the fluid binds to the corre-
sponding reaction entity and causes a change in at least one
property of the nanoscopic wire, e.g. a change in an elec-
trical property of the nanoscale wire that is detected, e.g.
using conventional electronics. That is, the interaction of the
analyte with the reaction entity induces a change in the
nanoscopic wire in that it causes a change, which can be via
induction in the electrical sense. If the analyte is not present
in the fluid, the electrical properties of the nanoscale wire
will remain unchanged, and the detector will measure a zero
change. Presence or absence of a specific chemical can be
determined by monitoring changes, or lack thereof, in the
electrical properties of the nanoscale wire. The term “deter-
mining” refers to a quantitative or qualitative analysis of a
species via, piezoelectric measurement, electrochemical
measurement, electromagnetic measurement, photodetec-
tion, mechanical measurement, acoustic measurement,
gravimetric measurement and the like. “Determining” also
means detecting or quantifying interaction between species,
e.g. detection of binding between two species.

[0287] Particularly preferred flow channels 530 for use in
this invention are “microchannels.” The term microchannel
is used herein for a channel having dimensions that provide
low Reynolds number operation, i.e., for which fluid dynam-
ics are dominated by viscous forces rather than inertial
forces. Reynolds number, sometimes referred to the ratio of
inertial forces to viscous forces is given as:

Re=pd?+pudi

where u is the velocity vector, p is the fluid density, m is the
viscosity of the fluid, d is the characteristic dimension of the
channel, and 7 is the time scale over which the velocity is
changing (where p/t=0u/dt). The term “characteristic
dimension” is used herein for the dimension that determines
Reynolds number, as is known in the art. For a cylindrical
channel it is the diameter. For a rectangular channel, it
depends primarily on the smaller of the width and depth. For
a V-shaped channel it depends on the width of the top of the
“V,” and so forth. Calculation of Re for channels of various
morphologies can be found in standard texts on fluid
mechanics (e.g. Granger (1995) Fluid Mechanics, Dover,
N.Y.; Meyer (1982) Introduction to Mathematical Fluid
Dynamics, Dover, N.Y.).

[0288] Fluid flow behavior in the steady state (t—infinity)
is characterized by the Reynolds number, Re=pud/m.
Because of the small sizes and slow velocities, microfabri-
cated fluid systems are often in the low Reynolds number
regime (Re less than about 1). In this regime, inertial effects,
that cause turbulence and secondary flows, and therefore
mixing within the flow, are negligible and viscous effects
dominate the dynamics. Under these conditions, flow
through the channel is generally laminar. In particularly
preferred embodiments, the channel with a typical analyte-
containing fluid provides a Reynolds number less than about
0.001, more preferably less than about 0.0001.
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[0289] Since the Reynolds number depends not only on
channel dimension, but on fluid density, fluid viscosity, fluid
velocity and the timescale on which the velocity is changing,
the absolute upper limit to the channel diameter is not
sharply defined. In fact, with well designed channel geom-
etries, turbulence can be avoided for R<100 and possibly for
R<1000, so that high throughput systems with relatively
large channel sizes are possible. The preferred channel
characteristic dimension range is less than about 1 millime-
ter, preferably less than about 0.5 mm, and more preferably
less than about 200 microns.

[0290] In one embodiment, the sample exposure region,
such as a fluid flow channel 30 may be formed by using a
polydimethyl siloxane (PDMS) mold. Channels can be
created and applied to a surface, and a mold can be removed.
In certain embodiments, the channels are easily made by
fabricating a master by using photolithography and casting
PDMS on the master, as described in the above-referenced
patent applications and international publications. Larger-
scale assembly is possible as well.

[0291] FIG. 445 shows an alternative embodiment of the
present invention wherein the nanoscale detector device 510
of FIG. 44a further includes multiple nanoscale wires
538a-h (not shown). In FIG. 445, wire interconnects 540a-/
connect corresponding nanoscale wires 538a-/% to electrical
connections 522a-/4, respectively (not shown). In a preferred
embodiment, each nanoscale wires 538a-# has a unique
reaction entity selected to detect a different analytes in the
fluid. In this way, the presence or absence of several analytes
may be determined using one sample while performing one
test.

[0292] FIG. 45a schematically shows a portion of a nanos-
cale detector device in which the nanoscale wire 538 has
been modified with a reactive entity that is a binding partner
542 for detecting analyte 544. FIG. 455 schematically shows
a portion of the nanoscale detector device of FIG. 454, in
which the analyte 544 is attached to the specific binding
partner 542. Selectively functionalizing the surface of
nanoscale wires can be done, for example, by functionaliz-
ing the nanoscale wire with a siloxane derivative. For
example, a nanoscale wire may be modified after construc-
tion of the nanoscale detector device by immersing the
device in a solution containing the modifying chemicals to
be coated. Alternatively, a microfluidic channel may be used
to deliver the chemicals to the nanoscale wires. For example,
amine groups may be attached by first making the nanoscale
detector device hydrophilic by oxygen plasma, or an acid
and/or oxidizing agent and the immersing the nanoscale
detector device in a solution containing amino silane. By
way of example, DNA probes may be attached by first
attaching amine groups as described above, and immersing
the modified nanoscale detector device in a solution con-
taining bifunctional crosslinkers, if necessary, and immers-
ing the modified nanoscale detector device in a solution
containing the DNA probe. The process may be accelerated
and promoted by applying a bias voltage to the nanoscale
wire, the bias voltage can be either positive or negative
depending on the nature of reaction species, for example, a
positive bias voltage will help to bring negatively charged
DNA probe species close to the nanoscale wire surface and
increase its reaction chance with the surface amino groups.

[0293] FIG. 47a schematically shows another embodi-
ment of a nanoscale sensor having a backgate 546. FIG. 476
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shows conductance vs. time at with a backgate voltage
ranging from -10 V to +10 V. FIG. 47¢ shows conductance
vs. backgate voltage. The backgate can be used to inject or
withdraw the charge carriers from the nanoscale wire.
Therefore, it may be used to control the sensitivity and the
dynamic range of the nanoscale wire sensor and to draw
analytes to the nanoscale wire.

[0294] FIGS. 48a and 48b show the conductance for a
single silicon nanoscale wire, native and coated, respec-
tively, as a function of pH. As seen in FIG. 47, the conduc-
tance of the silicon nanoscale wire changes from 7 to 2.5
when the sample is changed. The silicon nanoscale wire of
FIG. 48 has been modified to expose amine groups at the
surface of the nanoscale wire. FIG. 48 shows a change in
response to pH when compared to the response in FIG. 47.
The modified nanoscale wire of FIG. 48 shows a response to
milder conditions such as, for example, those present in
physiological conditions in blood.

[0295] FIG. 49 shows the conductance for a silicon nanos-
cale wire having a surface modified with an oligonucleotide
agent reaction entity. The conductance changes dramatically
where the complementary oligonucleotide analyte binds to
the attached oligonucleotide agent.

[0296] FIG. 51a shows the change in the electrostatic
environment with change in gate voltage for a single-walled
nanotube. FIGS. 515 and 51c¢, show the change in conduc-
tance induced by the presence of NaCl and CrCl, of a
single-walled carbon nanotube.

[0297] FIG. 9a shows the change in conductance as
nanosensors with hydroxyl surface groups are exposed to pH
levels from 2 to 9. FIG. 526 shows the change in conduc-
tance as nanosensors modified with amine groups are
exposed to pH levels from 2 to 9. FIG. 52¢ show the relative
conductance of the nanosensors with changes in pH levels.
The results showed a linear response in a wide range of pH,
which clearly demonstrated the device is suitable for mea-
suring or monitoring pH conditions of a physiological fluid.

[0298] FIG. 53a shows an increase in conductance of a
silicon nanowire (SiNW) modified with a reaction entity
BSA biotin, as it is exposed first to a blank buffer solution,
and then to a solution containing an analyte, 250 nM
streptavidin. FIG. 535 shows an increase in conductance of
a SINW modified with BSA biotin, as it is exposed first to
a blank buffer solution, and then to a solution containing 25
um streptavidin. FIG. 53¢ shows no change in conductance
of a bare SINW as it is exposed first to a blank buffer
solution, and then to a solution containing streptavidin. FIG.
534 shows the conductance of a SINW modified with BSA
biotin, as it is exposed to a buffer solution, and then to a
solution containing d-biotin streptavidin. FIG. 53e shows
the change in conductance of a biotin modified nanosensor
exposed to a blank buffer solution, then to a solution
containing streptavidin, and then again to a blank buffer
solution. Replacing streptavidin with the blank buffer does
not change the conductance, indicating that the streptavidin
has irreversibly bound to the BSA Biotin modified nanosen-
sor. FIG. 53f shows no change in conductance of a bare
SiNW as it is alternately exposed to a buffer solution and a
solution containing streptavidin. These results demonstrate
this nanoscale wire sensor is suitable for specific detection
of bio-markers at very high sensitivity.

[0299] FIG. 54a shows a decrease in conductance of a
BSA-biotin modified SiINW as it is exposed first to a blank
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buffer solution, then to a solution containing antibiotin. The
conductance then increases upon replacing the solution
containing antibiotin with a blank buffer solution, and then
again decreases upon exposing the nanosensor to a solution
containing antibiotin. FIG. 544 indicates a reversible bind-
ing between biotin and antibiotin. FIG. 546 shows the
conductance of a bare SINW during contact with a buffer
solution and then a solution containing antibiotin. FIG. 54¢
shows the change in conductance of a BSA-biotin modified
SiNW during exposure to a buffer, other IgG type antibodies,
and then antibiotin, an IgGl type antibody to biotin. FIG. 54¢
indicates that the BSA biotin modified SiNW detects the
presence of antibiotin, without being hindered by the pres-
ence of other IgG type antibodies. These results demonstrate
the potential of the nanoscale wire sensor for dynamic
bio-marker monitoring under a real physiological condition.

[0300] Amine modified SINW may also detect the pres-
ence of metal ions. FIG. 55a shows the change in conduc-
tance of an amine modified SINW when alternately exposed
to a blank buffer solution and a solution containing 1 mM Cu
(II). FIG. 55b shows the increases in conductance as the
amine modified SINW is exposed to concentrations of Cu
(II) from 0.1 mM to 1 mM. FIG. 55¢ shows the increase in
conductance verses Cu (II) concentration. FIG. 554 shows
no change in conductance of an unmodified SINW when
exposed first to a blank buffer solution and then to 1 mM Cu
(II). FIG. 55¢ shows no change in the conductance of an
amine modified SINW when exposed first to a blank buffer
solution and then to 1 mM Cu (II)-EDTA, wherein the EDTA
interferes with the ability of Cu (II) to bind to the modified
SiNW. These results demonstrate the potential of the nanos-
cale wire sensor for use in inorganic chemical analysis.

[0301] FIG. 56a shows the conductance of a silicon nanos-
cale wire modified with calmodulin, a calcium binding
protein. In FIG. 564, region 1 shows the conductance of the
calmodulin modified silicon when exposed to a blank buffer
solution. Region 2 shows the drop in conductance of the
same nanoscale wire when exposed to a solution containing
calcium ions noted in FIG. 46 with a downward arrow.
Region 3 shows the increase in conductance of the same
nanoscale wire is again contacted with a blank buffer solu-
tion, indicated with an upward arrow. The subsequent return
of' conductance to its original level indicates that the calcium
ion is reversible bound to the calmodulin modified nanoscale
wire. FIG. 565 shows no change in conductance of an
unmodified nanoscale wire when exposed first to a blank
buffer solution, and then to a solution containing calcium
ions.

[0302] As indicated above, in one embodiment, the inven-
tion provides a nanoscale electrically based sensor for
determining the presence or absence of analytes suspected of
being present in a sample. The nanoscale sensor may pro-
vide greater sensitivity in detection than that provided by
macroscale sensors. Moreover, the sample size used in
nanoscale sensors is less than or equal to about 10 micro-
liters, preferably less than or equal to about 1 microliter, and
more preferably less than or equal to about 0.1 microliter.
The sample size may be as small as about 10 nl or less. The
nanoscale sensor may also allow for unique accessibility to
biological species and may be used both in vivo and in vitro
applications. When used in vivo, the nanoscale sensor and
the corresponding method may result in a minimally inva-
sive procedure.
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[0303] FIG. 57a shows a calculation of sensitivity for
detecting up to 5 charges compared to the doping concen-
tration and nanoscale wire diameter. As indicated, the sen-
sitivity of the nanoscale wire may be controlled by changing
the doping concentration or by controlling the diameter of
the nanoscale wire. For example, increasing the doping
concentration of a nanoscale wire may increase the ability of
the nanoscale wire to detect more charges. Also, a 20 nm
wire may require less doping than a 5 nm nanoscale wire for
detecting the same number of charges. FIG. 57b shows a
calculation of a threshold doping density for detecting a
single charge compared to the diameter of a nanoscale wire.
A 20 mn nanoscale wire may require less doping than a 5 nm
nanoscale wire to detect a single charge.

[0304] FIG. 58a shows a schematic view of an InP nanos-
cale wire. The nanoscale wire may be homogeneous, or may
comprise discrete regions of dopants. FIG. 5856 shows the
change in luminescence of the nanoscale wire of FIG. 58a
over time as pH is varied. As indicated, the intensity of the
light emission of a nanoscale wire may change relative to the
level of binding. As the pH increases, the light intensity may
drop, and as the pH decreases, the light intensity may
increase. One embodiment of the invention contemplates
individually addressed light signal detection by sweeping
through each electrode in a microarray. Another embodi-
ment of the invention contemplates a two signal detector,
such as an optical sensor combined with an electrical
detector.

[0305] FIG. 59a depicts one embodiment of a nanoscale
wire sensor. As show in FIG. 59a, the nanoscale wire sensor
of the invention comprises a single molecule of doped
silicon 550. The doped silicon is shaped as a tube, and the
doping may be n-doped or p-doped. Either way, the doped
silicon nanoscale wire may form a high resistance semicon-
ductor material across which a voltage may be applied. The
exterior surface and the interior surface may have an oxide
or other coating. The surface may act as the gate 552 of an
FET device and the electrical contacts at either end may
allow the nanoscale wire ends to act as a drain 556 and a
source 558. In the depicted embodiment, the device is
symmetric, and either end of the device may be considered
the drain or the source. For purpose of illustration, the
nanoscopic wire of FIG. 594 defines the left-hand side as the
source and the right hand side as the drain. FIG. 59a also
show that the nanoscale wire device is disposed upon and
electrically connected to two conductor elements 554.

[0306] FIGS. 539a and 594 illustrate an example of a
chemical/or ligand-gated field effects transistor (FET). FETs
are well know in the art of electronics. Briefly, a FET is a
3-terminal device in which a conductor between 2 elec-
trodes, one connected to the drain and one connected to the
source, depends on the availability of charge carriers in a
channel between the source and drain. FETs are described in
more detail in, for example, The Art of Electronics, Second
Edition by Paul Horowitz and Winfield Hill, Cambridge
University Press, 1989, pp. 113-174, the entire contents of
which is hereby incorporated by reference in its entirety for
all purposes. This availability of charge carriers may be
controlled by a voltage applied to a third “control electrode,”
also known as the gate electrode. The conduction in the
channel is controlled by a voltage applied to the gate
electrode which may produce an electric field across the
channel. The device of FIGS. 59a and 595 may be consid-
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ered a chemical or ligand-FET because the chemical or
ligand provides the voltage at the gate which produced the
electric field which changes the conductivity of the channel.
This change in conductivity in the channel affects the flow
of current through the channel. For this reason, a FET is
often referred to as a transconductant device in which a
voltage on the gate controls the current through the channel
through the source and the drain. The gate of a FET is
insulated from the conduction channel, for example, using a
semiconductor junction such in a junction FET (JFET) or
using an oxide insulator such as in a metal oxide semicon-
ductor FET (MOSFET). Thus, in FIGS. 59a and 595, the
Si0, exterior surface of the nanoscale wire sensor may serve
as the gate insulation for the gate.

[0307] Inapplication, the nanoscale wire device illustrated
in FIG. 59a may provide an FET device that may be
contacted with a sample or disposed within the path of a
sample flow. Elements of interest within the sample can
contact the surface of the nanoscale wire device and, under
certain conditions, bind or otherwise adhere to the surface.

[0308] To this end the exterior surface of the device may
have reaction entities, e.g., binding partners that are specific
for a moiety of interest. The binding partners may attract the
moieties or bind to the moieties so that moieties of interest
within the sample will adhere and bind to the exterior
surface. An example of this is shown in FIG. 59¢ where there
is depicted a moiety of interest 560 (not drawn to scale)
being bound to the surface of the nanoscale wire device.

[0309] Also shown, with reference to FIG. 539c¢, that as the
moieties build up, a depletion region 562 is created within
the nanoscale wire device that limits the current passing
through the wire. The depletion region can be depleted of
holes or electrons, depending upon the type of channel. This
is shown schematically in FIG. 594. The moiety has a charge
that may lead to a voltage difference across the gate/drain
junction.

[0310] A nanoscale sensor of the present invention may
collect real time data in some embodiments. The real time
data may be used, for example, to monitor the reaction rate
of a specific chemical or biological reaction. Physiological
conditions or drug concentrations present in vivo may also
produce a real time signal that may be used to control a drug
delivery system. For example, the present invention
includes, in one aspect, an integrated system, comprising a
nanoscale wire detector, a reader and a computer controlled
response system. In this example, the nanoscale wire detec-
tor detects a change in the equilibrium of an analyte in the
sample, feeding a signal to the computer controlled response
system causing it to withhold or release a chemical or drug.
This may be particularly useful as an implantable drug or
chemical delivery system because of its small size and low
energy requirements. Those of ordinary skill in the art will
be aware of the parameters and requirements for construct-
ing implantable devices, readers, and computer-controlled
response systems suitable for use in connection with the
present invention. That is, the knowledge of those of ordi-
nary skill in the art, coupled with the disclosure herein of
nanoscale wires as sensors, enables implantable devices,
real-time measurement devices, integrated systems, and the
like. Such systems may be made capable of monitoring one,
or a plurality of physiological characteristics individually or
simultaneously. Such physiological characteristics may
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include, for example, oxygen concentration, carbon dioxide
concentration, glucose level, concentration of a particular
drug, concentration of a particular drug by-product, or the
like. Integrated physiological devices may be constructed to
carry out a function depending upon a condition sensed by
a sensor of the invention. For example, a nanoscale wire
sensor of the invention may be constructed and arranged to
detect glucose and, based upon the determined glucose level,
may cause the release of insulin into a subject through an
appropriate controller mechanism.

[0311] In another embodiment, the article may comprise a
cassette comprising a sample exposure region and a nanos-
cale wire. The detection of an analyte in a sample in the
sample exposure region may occur while the cassette is
disconnected to a detector apparatus, allowing samples to be
gathered at one site, and detected at another. The cassette
may be operatively connectable to a detector apparatus able
to determine a property associated with the nanoscale wire.
As used herein, a device is “operatively connectable” when
it has the ability to attach and interact with another appara-
tus.

[0312] In another embodiment, one or more nanoscale
wires may be positioned in a microfluidic channel. One or
more nanoscale wires may cross the same microchannel at
different positions to detect different analytes, or to measure
the flowrate of the same analyte. In another embodiment,
one or more nanoscale wires may be positioned in a microf-
luidic channel, which may form one of a plurality of analytic
elements in a microneedle probe or a dip-and-read probe.
The microneedle probe may be implantable in some
instances, and be capable of detecting several analytes
simultaneously in real time. In another embodiment, one or
more nanoscale wires may be positioned in a microfluidic
channel, and may form one of the analytic elements in a
microarray for a cassette or a lab on a chip device. Those
skilled in the art will know that such a cassette or lab on a
chip device will be in particular suitable for high throughout
chemical analysis and combinational drug discovery. The
associated method of using the nanoscale sensor may not
require labeling, as in certain other sensing techniques. The
ability to include multiple nanoscale wires in one nanoscale
sensor, may allow for the simultaneous detection of different
analytes suspected of being present in a single sample. For
example, a nanoscale pH sensor may include a plurality of
nanoscale wires that each detect different pH levels, or a
nanoscale oligo sensor with multiple nanoscale wires may
be used to detect multiple sequences, or combination of
sequences.

[0313] The function and -advantages of these and other
embodiments of the present invention will be more fully
understood from the following examples. These examples
are intended to be illustrative in nature and are not consid-
ered to be limiting the scope of the invention.

EXAMPLES

Example 1

[0314] Single crystal n-type and p-type silicon nanowires
(SiNWs) were prepared and characterized by electrical
transport measurements. As used herein, a “single crystal”
item is an item that has covalent bonding, ionic bonding, or
a combination thereof throughout the item. Such a single
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crystal item may include defects in the crystal, but is
distinguished from an item that includes one or more crys-
tals, not ionically or covalently bonded, but merely in close
proximity to one another. Laser catalytic growth was used to
introduce controllably either boron or phosphorous dopants
during the vapor phase growth of SiNWs. Estimates of the
carrier mobility made from gate-dependent transport mea-
surements are consistent with difflusive transport. In addi-
tion, these studies show it is possible to heavily dope SINWs
and approach a metallic regime. Temperature-dependent
measurements made on heavily doped SiNWs show no
evidence for coulomb blockade at temperature down to 4.2
K, and thus testify to the structural and electronic uniformity
of the SINWs.

[0315] Currently, there is intense interest in nanoscale
wires (“1D” structures) due to their potential to test funda-
mental concepts about how dimensionality and size affect
physical properties, and to serve as critical building blocks
for emerging nanotechnologies. Of particular importance to
1D nanostructures is the electrical transport through these
wires, since predictable and controllable conductance will
be critical to many nanoscale electronics applications.

[0316] Controlled doping of SiNWs and characterization
is reported of the electrical properties of these doped nanos-
cale wires using transport measurements. Gate-dependent,
two terminal measurements demonstrate that boron-doped
(B-doped) and phosphorous-doped (P-doped) SiNWs
behave as p-type and n-type materials, respectively, and
estimates of the carrier mobilities suggest diff-usive trans-
port in these nanoscale wires.

[0317] SiNWs were synthesized using the laser-assisted
catalytic growth (LCG). Briefly, a Nd-YAG laser (532 nm;
8 ns pulse width, 300 mJ/pulse, 10 Hz) may be used to ablate
a gold target, which produces gold nanocluster catalyst
particles within a reactor. The SINWs may be grown in a
flow of SiH,, as the reactant. Such SINWs may be doped with
boron by incorporating B,H in the reactant flow, and may
be doped with phosphorous using a Au-P target (99.5:0.5 wt
%, Alfa Aesar) and additional red phosphorous (99%, Alfa
Aesar) at the reactant gas inlet. Transmission electron
microscopy (TEM) measurements demonstrate that doped
SiNWs grown using this technique have a single crystal
silicon core that is covered by a dense SiO, or SO, sheath as
previously described.

[0318] Electrical contact to individual SINWs were made
using standard electron beam lithography methods using a
JEOL 6400 writer. The nanoscale wires were supported on
oxidized Si substrate (1-10 Qcm resistivity, 600 nm SiO,,
Silicon Sense, Inc.) with the underlying conducting Si used
as a back gate. The contacts to the SINWs were made using
thermally evaporated Al (50 nm) and Au (150 nm). Electri-
cal transport measurements were made using a homebuilt
system with less than or equal to 1 pA noise under computer
control. The temperature-dependent measurements were
made in a Quantum Design magnetic property measurement
system.

[0319] TEM studies show that the boron and phospho-
rous-doped SiNWs are single crystals. It is demonstrated
unambiguously the presence of p-type (boron) or n-type
(phosphorous) dopants and the relative doping levels using
electrical transport spectroscopy. In these measurements, a
gate electrode is used to vary the electrostatic potential of the
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SiNW while measuring current versus voltage of the nanos-
cale wire. The change in conductance of SiNWs as function
of gate voltage can be used to distinguish whether a given
nanoscale wire is p-type or n-type since the conductance will
vary oppositely for increasing positive (negative) gate volt-
ages.

[0320] Typical gate-dependent current versus bias voltage
(I-V) curves recorded on intrinsic and B-doped SiNWs are
shown in FIGS. 8A-8C. The two B-doped wires shown in
FIGS. 8B and 8C were synthesized using SiH,:B,H; ratios
01 1000:1 and 2:1, respectively. In general, the two terminal
1-V curves are linear and thus suggest that the metal elec-
trodes make ohmic contacts to the SiNWs. The small
nonlinearity observed in the intrinsic nanoscale wire indi-
cates that this contact is slightly nonohmic. Analysis of I-V
data, recorded at zero gate voltage (V,=0), which accounts
for contributions from the contact resistance and oxide
coating on the SiNW, yield a resistivity of 3.9x10* Qcm.
Significantly, when V, is made increasingly negative (posi-
tive), the conductance increases (decreases). This gate
dependence shows that the SINW is a is a p-type semicon-
ductor. Similar I-V versus V, curves were recorded for the
lightly B-doped SiNW, and show that it is also p-type.
Moreover, the V,=0 resistivity of this B-doped SiNW (1
scm) is more than two orders of magnitude smaller than the
intrinsic SiINW, and demonstrates clearly this ability to
chemically control conductivity. This latter point is further
supported by I-V measurements on the heavily B-doped
SiNWs show in FIG. 8C. This wire has a very low resistivity
of 6.9x107> Qcm and shows no dependence on V,; that is,
I-V data recorded with V, of 0 V and 20 V are overlapping.
These results are consistent with a high carrier concentration
that is near the metallic limit.

[0321] V_-dependent transport in lightly and heavily
P-doped SiNWs were measured. The I-V recorded on the
lightly doped nanoscale wire (FIG. 9A) is somewhat non-
linear, which indicates nonideal contact between the elec-
trodes and nanoscale wire, and the V, dependence is oppo-
site of that observed for the B-doped SiNWs. Significantly,
this observed gate dependence is consistent with n-type
material as expected for P-doping. The estimated resistivity
of this wire at V=0 is 2.6x10? Qcm. This relatively high
resistivity is suggestive of a low doping level and/or low
mobility. In addition, heavily P-doped SiNWs have also
been made and studied. The I-V data recorded on a typical
heavily P-doped wire are linear, have a resistivity of 2.3x
1072 cm, and shows no dependence on V,. The low resis-
tivity (four orders of magnitude smaller than the lightly
P-doped sample) and V, independence demonstrate that
high carrier concentrations can also be created via P-doping
of the SINWs.

[0322] The above results demonstrate that boron and phos-
phorous can be used to change the conductivity of SINWs
over many orders of magnitude and that the conductivity of
the doped SiNWs respond oppositely to positive (negative)
V,, for boron and phosphorous dopants. Indeed, the V-
dependence provides strong proof for p-type (holes) doping
with boron and n-type (electrons) doping with phosphorous
in the SiNWs. The observed gate dependencies can be
understood by referring to the schematics shown in FIGS.
10A and 10B, which show the effect of the electrostatic
potential on the SINW bands. In these diagrams, a p-type
nanoscale wire (FIG. 10A) and n-type nanoscale wire (FIG.
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10B) are contacted at both ends to metal electrodes. As for
a conventional metal-semico-nductor interface, the SINW
bands bend (up for p-type; down for n-type) to bring the
nanoscale wire Fermi level in line with that of the metal
contacts. When V>0, the bands are lowered, which depletes
the holes in B-doped SiNWs and suppress conductivity, but
leads to an accumulation of electrons in P-doped SiNWs and
enhance the conductivity. Conversely, V<0 will raise the
bands and increase the conductivity of B-doped (p-type)
SiNWs and decrease the conductivity of the P-doped
(n-type) nanoscale wires.

[0323] Inaddition, it is possible to estimate the mobility of
carriers from the transconductance, dI/dV ,=uC/ L?)V, where
u is the carrier mobility, C is the capacitance, and L is the
length of the SINW. The SiNW capacitance is given by C is
approximately equal to 2nEE,L/In(2 Wr), where 6 is the
dielectric constant, h is the thickness of the silicon oxide
layer, and r is the SINW radius. Plots of dI/dV, versus V
were found to be linear for the intrinsic (FIG. 8A) and lightly
B-doped (FIG. 8B) SiNWs, as expected for this model. The
slopes of dI/dV,, for the intrinsic (2.13x107') and B-doped
(9.54%x107%) SINW yield mobilities of 5.9x107> cm®/V/s and
3.17 em?/V/s, respectively. The mobility for the B-doped
nanoscale wire is comparable to that expected in bulk Si at
a doping concentration of 10*° cm™>.

[0324] Temperature-dependent studies of heavily B-doped
SiNWs were carried out. Temperature dependent I-V curves
show that the conductance decreases with decreasing tem-
perature, as expected for a doped semiconductor (FIGS. 11A
and 11B). More importantly, no evidence for a coulomb
blockade is down to the lowest accessible temperature (FI1G.
11B). The small nonlinearity near V=0 is attributed to a
contact effect since high resolution I-V versus V, measure-
ments show no signature for coulomb blockade. Coulomb
charging effect in this homogenous wire between the elec-
trodes (a 150 nm thick, 2.3 um long wire) would require a
temperature below about 26 mK estimated from kT=e*/2C.
This indicates strongly that variations in SINW diameter and
defects are sufficiently small that they do not effectively
“break up” the SiINW into small islands, which would
exhibit coulomb blockade at these temperatures. These
results contrast studies of lithographically pattered SINWs,
which show coulomb blockade, and testify to the high
quality of these free standing nanoscale wires. Single crystal
n-type and p-type silicon nanoscale wires (SiINWs) were
prepared and characterized by electrical transport measure-
ments. Laser catalytic growth was used to introduce con-
trollably either boron or phosphorous dopants during the
vapor phase growth of SINWs. Two-terminal, gate-depen-
dent measurements made on individual boron-doped and
phosphorous-doped SiNWs show that these materials
behave as p-type and n-type materials, respectively. Esti-
mates of the carrier mobility made from gate-dependent
transport measurements are consistent with diffusive trans-
port, and show an indication for reduced mobility in smaller
diameter wires. In addition, these studies show it is possible
to incorporate high dopant concentrations in the SINWs and
approach the metallic regime. Temperature-dependent mea-
surements made on heavily doped SiNWs show no evidence
for single electron charging at temperatures down to 4.2 K,
and thus suggest that the SINWs possess a high degree of
structural and doping uniformity.
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[0325] Specifically, crossed SINW p-n junctions were
formed by directed assembly of p-type (n-type) SiNWs over
n-type (p-type) SiNWs. Transport measurements exhibit
rectification in reverse bias and a sharp current onset in
forward bias. Simultaneous measurements made on the
p-type and n-type SiNWs making up the junction demon-
strate that the contacts to these nanoscale wires are ohmic
(nonrectifying), and thus that the rectifying behavior is due
to the p-n junction between the two SiNWs.

[0326] FIG. 8A shows current (I) vs bias voltage (V)
curves recorded on a 70 nm diameter intrinsic SINW at
different gate voltages (V,). Curves 1, 2, 3, 4, 5, 6, and 7
correspond to V,=-30, -20, -10, 0V, 10, 20, and 30 V,
respectively. The inset is a typical scanning electron micro-
graph of the SINW with metal contacts (scale bar=10 um).
FIG. 8B shows I-V data recorded on a 150 nm diameter
B-doped SiNW; curves 1-8 correspond to V,=-20, -10, -5,
0, 5,10, 15 and 20 V, respectively. FIG. 8C shows -V curves
recorded on a 150 nm diameter heavily B-doped SiNW;
V=20V (solid line) and 0 V (heavy dashed line).

[0327] FIG. 9A shows I-V data recorded on a 60 nm
diameter P-doped SiNW. Curves 1, 2, 3, 4, 5, and 6
correspond to V=20, 5, 1, 0, 20, and -30 V, respectively.
FIG. 9B shows I-V curves recorded on a 90 nm diameter
heavily P-doped SiNW; V,=0 V (solid line) and -20 V
(heavy dash line).

[0328] FIG. 10A shows energy band diagrams for p-type
SiNW devices. FIG. 10B shows energy band diagrams for
n-type SiNW devices. The diagrams show schematically the
effect of V,, on the electrostatic potential for both types of
nanoscale wires.

[0329] FIGS. 11A and 11B show temperature dependent
1-V curves recorded on a heavily B-doped SiNW. In FIG.
11A, curves 1, 2, 3, 4, 5, and 6 correspond to temperatures
01’295, 250, 200, 150, 100, and 50 K, respectively. FIG. 11B
shows I-V data recorded on the nanoscale wire at 4.2 K.

Example 2

[0330] Nearly monodisperse samples of single crystalline
GaP nanowires were synthesized with diameters of 10, 20,
and 30 nm and lengths greater than 10 um by exploiting
well-defined gold colloids as catalysts in this laser catalytic
growth (LCG) process. In this method, the Ga and P
reactants generated by laser ablation of solid GaP are
subsequently directed into a nanowire structure by gold
nanocluster catalysts. Transmission electron microscopy
(TEM) studies of nanowires prepared in this way demon-
strate that the distributions of nanowire diameters are
defined by those of the nanocluster catalysts. High-resolu-
tion TEM shows that the wires are single crystal zinc blend
with a [111] growth direction, and energy dispersive X-ray
analysis confirms that the nanowire composition is stoichio-
metric GaP. The use of monodisperse nanocluster catalysts
combined with the LCG method enablesthe growth of a
wide range of semiconductor nanoscale wires with well-
defined and controlled diameters, and thus provides oppor-
tunities from fuindamental properties of one-dimensional
(1D) systems to the assembly of functional nanodevices.

[0331] This example also demonstrates the development
of a general synthetic approach to free-standing single-
crystal semiconductor nanoscale wires via the LCG method.



US 2007/0281156 Al

In LCG, laser ablation of a solid target is used to simulta-
neously generate nanoscale metal catalyst clusters and reac-
tive semiconductor atoms that produce nanoscale wires via
a vapor-liquid-solid growth mechanism. This method was
used to produce a wide range of groups III-IV-IV, and II-VI
nanoscale wires. The size of the catalyst nanocluster deter-
mines the size of the wire during growth, and thus one can
create wires with a narrow size distribution by exploiting
monodisperse catalyst nanoclusters (FIG. 12). Nanometer
diameter gold colloids were utilized in this technique.

[0332] GaP nanoscale wires were grown by LCG using
8.4, 18.5, and 28.2 nm diameter gold colloids. In these
experiments the catalyst nanoclusters are supported on a
Si0, substrate and laser ablation is used to generate the Ga
and P reactants from a solid target of GaP. Field emission
scanning electron microscopy (FESEM) demonstrates that
nanoscale wires with lengths exceeding 10 um (FIG. 13q)
were obtained using all three sizes of catalyst. Examination
of the nanoscale wire ends also shows the presence of the
nanocluster catalyst (FIG. 13A, inset). Control experiments
carried out without the Au colloids did not produce nanos-
cale wires. The FESEM images show that the nanoscale wire
diameter distributions are narrower than obtained in experi-
ments without the colloid catalysts.

[0333] The growth apparatus used in these experiments is
described as follows. Substrates were made by placing a
silicon wafer with 600 nm of thermal oxide (Silicon Sense)
into a solution of 95:5 EtOH:H,O with 0.4% N-[3-(tri-
methoxysilyl)propyl]-ethylenediamine for 5 minutes, fol-
lowed by curing at 100-110° C. for 10 minutes. Solutions of
Au colloids were diluted to concentrations of 10°-10'
particles/ml. to minimize aggregation and were deposited on
the substrates. Substrates were placed in a quartz tube at the
downstream end of the furnace with a solid target of GaP
placed 3-4 cm outside of the furnace at the upstream end.
The chamber was evacuated to less than 100 mTorr, and then
maintained at 250 Torr with an airflow of 100 sccm. The
furnace was heated to 700° C. and the target was ablated for
10 minutes with an ArF excimer laser (wavelength=193 nm,
100 ml/pulse, 10 Hz). After cooling, the substrates were
examined by FESEM (LEO 982). For TEM (JEOL 200CX
and 2010) and EDAX analysis, nanoscale wires were depos-
ited onto copper grids after removal from the substrates by
sonication in ethanol.

[0334] TEM was used to obtain a quantitative measure of
the nanoscale wire diameter distributions produced using the
gold colloids, and to better characterize their structure and
composition. High resolution TEM shows that the wires are
single crystal (FIG. 13B), growing in the[111] direction, and
EDAX confirms the composition to be stoichiometric GaP
(Ga:P 1.00:0.94), within the limits of this technique. Sig-
nificantly, extensive TEM analysis of nanoscale wire diam-
eters demonstrates the extremely good correlation with the
colloid catalyst diameters and dispersion (FIGS. 14A and
14B); that is, for wires grown from 28.2+2.6, 18.5+0.9, and
8.420.9 nm colloids were observed with mean diameters of
30.2+2.3, 20.0£1.0, and 11.4x1.9 nm, respectively. The
mean nanoscale wire diameter is generally 1-2 nm larger
than that of the colloids. This increase is due to alloying of
the Ga and P reactants with the colloids before nucleation of
the nanoscale wire occurs. For the 30 nm and 20 nm wires
(FIGS. 14A and 14B, respectively) it is clear that the width
of the nanoscale wire distributions mirrors those of the
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colloid, suggesting that the monodispersity of the wires is
limited only by the dispersity of the colloids. For the 10 nm
diameter wires (FI1G. 14C), a small broadening (1 nm) of the
wire distribution can be attributed to aggregation of the
colloids. The mean diameter and distribution width
increased as more concentrated solutions of the colloid were
dispersed onto the substrate. The fact that the distribution
has peaks separated by about 2.5 nm suggests that some of
the wires grow from aggregates of two colloids. In all cases,
the distribution of wire diameters is more than an order of
magnitude narrower than those grown without the use of
colloid catalyst (FIG. 14D): 43+24 nm.

[0335] This work demonstrates an ability to exert system-
atic control over the diameter of semiconductor nanoscale
wires for a variety of colloids. In summary, demonstration of
the controlled synthesis of semiconductor wires with mono-
disperse diameter distributions has been accomplished.

[0336] Specifically, FIG. 12 is a schematic depicting the
use of monodisperse gold colloids as catalysts for the growth
of well-defined GaP semiconductor nanoscale wires.

[0337] FIG. 13A shows a FESEM image of nanoscale
wires synthesized from 28.2 nm colloids (scale bar is 5 um).
The inset is a TEM image of the end of one of these wires
(scale bar is 50 nm). The high contrast feature corresponds
to the colloid catalyst at the end of the wire. FIG. 13B shows
a TEM image of another wire in this sample (scale bar is 10
nm). The [111] lattice planes are resolved, showing that wire
growth occurs along this axis, in agreement with earlier
work. Measurement of the inter-plane spacing gives a lattice
constant of 0.54 nm (£0.05 nm) for the wire, in agreement
with the bulk value for GaP, 0.5451 nm.

[0338] FIGS. 14A-14C show histograms of measured
diameters for wires grown from 28.2 nm (FIG. 14A), 18.5
nm (FIG. 14B), and 8.4 nm (FIG. 14C) colloids. The solid
line shows the distribution of wire. FIG. 14D shows a
histogram of diameters for wires grown using the previous
method without colloids, in which the laser is used to both
generate the Au nanoclusters and the GaP reactants. The
distribution is very broad (standard deviation=23.9 nm) and
the mean diameter (42.7 nm) greater than those synthesized
using the predefined colloid catalyst. In all cases, the
reported nanoscale wire diameters correspond to the crys-
talline cores. The amorphous oxide layers on the surface of
all nanoscale wires are relatively uniform from wire to wire
within the same experiment, but vary from 2-6 nm in
thickness between syntheses.

Example 3

[0339] The synthesis of a broad range of multicomponent
semiconductor nanoscale was accomplished using laser-
assisted catalytic growth. Nanoscale wires of binary group
III-V materials (GaAs, GaP, InAs and InP), ternary III-V
materials (GaAs/P, InAs/P), binary 1I-VI compounds (ZnS,
ZnSe, CdS, and CdSe) and binary SiGe alloys were prepared
in bulk quantities as high purity (>90%) single crystals. The
nanoscale wires have diameters varying from three to tens of
nanometers, and lengths extending to tens of micrometers.
The synthesis of this wide range of technologically impor-
tant semiconductor nanoscale wires can be extended to
many other materials.

[0340] The present technique involves the growth of
elemental Si and Ge nanoscale wires using the LCG method,



US 2007/0281156 Al

which uses laser ablation to generate nanometer diameter
catalytic clusters that define the size and direct the growth of
the crystalline nanoscale wires by a vapor-liquid-solid
(VLS) mechanism. A key feature of the VLS growth process
and the LCG method is that equilibrium phase diagrams can
be used to select catalysts and growth conditions, and
thereby enable rational synthesis of new nanoscale wire
materials. Significantly, the present example shows here that
semiconductor nanoscale wires of the I111-V materials GaAs,
GaP, GaAsP, InAs, InP and InAsP, the 1I-VI materials ZnS,
ZnSe, CdS and CdSe, and IV-IV alloys of SiGe can be
synthesized in high yield and purity using this approach.
Compound semiconductors, such as GaAs and CdSe, are
especially intriguing targets since their direct band gaps give
rise to attractive optical and electrooptical properties. The
nanoscale wires were prepared as single crystals with diam-
eters as small as 3 nm, which places them in a regime of
strong radial quantum confinement, and lengths exceeding
10 pm. These studies demonstrate that LCG represents a
very general and controllable approach for nanoscale wire
synthesis.

[0341] The selection and control of growth conditions for
binary and more complex nanoscale wires using the LCG
method can be enhanced by considering pseudobinary phase
diagrams for the catalyst and compound semiconductor of
interest. For example, the pseudobinary phase diagram of
Au—GaAs shows that Au—Ga/As liquid and GaAs solid
are the principle phases above 630° C. in the GaAs rich
region (FIG. 15). This implies that Au can serve as a catalyst
to grow GaAs nanoscale wires by the LCG method, if the
target composition and growth temperature are set to this
region of the phase diagram. Indeed, LCG wusing
(GaAs),  Aug o5 targets produce samples consisting prima-
rily of nanoscale wires. A typical field-emission scanning
electron microscopy (FE-SEM) image of material prepared
at 890° C. (FIG. 16A) shows that the product is wire-like
with lengths extending to 10 um or more. Analyses of these
high-resolution SEM images shows that at least 90% of the
product produced by the LCG method is nanoscale wire with
only a small amount of particle material. X-ray diffraction
data from bulk samples can be indexed to the zinc-blende
(ZB) structure with a lattice constant consistent with bulk
GaAs, and also show that the material is pure GaAs to the
1% level. Lastly, it is noted that high yields of GaAs
nanoscale wires were also obtained using Ag and Cu cata-
lysts. These data are consistent with the fact that these metals
(M=Ag, Cu) exhibit M-Ga/As liquid and GaAs solid phase
in the GaAs rich regions of the psuedobinary phase dia-
grams, and furthermore, demonstrate the predictability of
the LCG approach to nanoscale wire growth.

[0342] The structure and composition of the GaAs nanos-
cale wires were characterized in detail using transmission
electron microscopy (TEM), convergent beam electron dif-
fraction (ED) and energy dispersive X-ray fluorescence
(EDX). TEM studies show that the nanoscale wires have
diameters ranging from about 3 nm to about 30 nm. A typical
diffraction contrast image of a single 20 nm diameter wire
(FIG. 17A) indicates that the wire is single crystal (uniform
contrast) and uniform in diameter. The Ga:As composition
of this wire determined by EDX, 51.4:48.6, is the same,
within limits of instrument sensitivity, as the composition
obtained from analysis of a GaAs crystal standard. More-
over, the ED pattern recorded perpendicular to the long axis
of this nanoscale wire (inset, FIG. 17A) can be indexed for
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the <112>zone axis of the ZB GaAs structure, and thus
shows that growth occurs along the [111] direction. Exten-
sive measurements of individual GaAs nanoscale wires
show that growth occurs along the <111>directions in all
cases. This direction and the single crystal structure are
further confirmed by lattice resolved TEM images (e.g.,
FIG. 17B) that show clearly the (111) lattice planes (spacing
0.32 nm+/-0.01 nm; bulk GaAs, 0.326 nm) perpendicular to
the wire axis. Lastly, the TEM studies reveal that most
nanoscale wires terminate at one end with a nanoparticle
(inset, FIG. 16A). EDX analysis indicates that the nanopar-
ticles are composed mainly of Au. The presence of Au
nanoparticles at the ends of the nanoscale wires is consistent
with the pseudobinary phase diagram, and represents strong
evidence for a VLS growth mechanism proposed for LCG.

[0343] The successful synthesis of binary GaAs nanoscale
wires by LCG is not an isolated case but general to a broad
range of binary and more complex nanoscale wire materials
(Table-1). To extend this synthetic approach to the broadest
range of nanoscale wires, catalysts for LCG can be chosen
in the absence of detailed phase diagrams by identifying
metals in which the nanoscale wire component elements are
soluble in the liquid phase but that do not form solid
compounds more stable than the desired nanoscale wire
phase; that is, the ideal metal catalyst should be physically
active but chemically stable. From this perspective the noble
metal Au is a good starting-point for many materials. It is
significant that this LCG method is readily extended to many
different materials (e.g., Table-1) simply by producing solid
targets of the material of interest and catalyst.

[0344] Work on GaAs was extended to include GaP and
ternary alloys GaAs, P,. FE-SEM images of the product
obtained by LCG from (GaP), osAu, o5 targets exhibit high
purity nanoscale wires with lengths exceeding 10 um (FIG.
16B). Extensive TEM characterization shows that these
nanoscale wires: (i) are single crystal GaP, (ii) grow along
the <111>directions, and (iii) terminate in Au nanoparticles
(inset, FIG. 16B) as expected for the LCG mechanism. The
limits of the LCG has further tested the approach through
studies of ternary GaAsP alloy nanoscale wires. The syn-
thesis of ternary III-V alloys is of particular interest for band
gap engineering that is critical for electronic and optical
devices. LCG of GaAsP nanoscale wires using a GaAs, (P, 4
target with a Au catalyst yielded nearly pure nanoscale wires
(FIG. 16C). TEM images, ED and EDX show that these
nanoscale wires are single crystals, grow along the
<111>directions, have a Ga:As:P ratio, 1.0:0.58:0.41, that is
essentially the same as the starting target composition, and
terminate in nanoclusters that are composed primarily of Au
(inset, FIG. 16C). High-resolution TEM images recorded on
nanoscale wires with diameters of about 10 and 6 nm (FIGS.
17C and 17D) show well-ordered (111) lattice planes and no
evidence for compositional modulation.

[0345] LCG was also used successfully to prepare III-V
binary and ternary materials containing In—As—P (Table-
1). This synthetic approach can also be easily extended to the
preparation of many other classes of nanoscale wires,
including the II-VI materials ZnS, ZnSe, CdS and CdSe
(Table-1), IV-IV SiGe alloys. The cases of the 1I-VI nanos-
cale wires CdS and CdSe are especially important, because
a stable structural phase of these materials, wurtzite (W), is
distinct from the ZB structure of the III-V materials
described above and the ZB structure of ZnS and ZnSe.
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Significantly, it is found that nanoscale wires of CdS and
CdSe can be synthesized in high yield using the LCG
approach with a Au catalyst (FIG. 18A ). TEM and ED data
obtained on individual CdSe nanoscale wires (for example,
FIGS. 18B and 18C) demonstrate that these materials are
single crystals with a W-type structure and <110> growth
direction that is clearly distinguished from the <111> direc-
tion of ZB structures.

[0346] LCG also was used to prepare nanoscale wires of
IV-1V binary Si-Ge alloys (Table-1). Using a Au catalyst, it
was possible to synthesize single crystal nanoscale wires
over the entire Si, ,Ge, composition range. Unlike the case
of GaAsP discussed above, the Si—Ge alloys do not exhibit
the same compositions as the starting targets. Rather, the
composition varies continuously within the growth reactor
with Si rich materials produced in the hotter central region
and Ge rich materials produced at the cooler end. Specifi-
cally, LCG growth from a (Sij ;0Geg 30)0 95sAUg o5 target at
1150° C. produced nanoscale wires with a Si:Ge ratio of
95:5, 81:19, 74:26, 34:66 and 13:87 from the furnace center
to end, respectively. This composition variation arises from
the fact that the optimal growth temperatures of the two
individual nanoscale wire materials are quite different. Such
differences can be used to prepare a range of alloy compo-
sitions in a single growth experiment.
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31

given in Table-i. The nanoscale wire products were collected
at the down-stream cold end of the furnace. The nanoscale
wire samples were characterized using X-ray diffraction
(SCINTAG XDS 2000), FE-SEM (LEO 982), and TEM
(Philips 420 and JEOL 2010). Electron diffraction and
composition analysis (EDX) measurements were also made
on the TEMs. Samples for TEM analysis were prepared as
follows: samples were briefly sonicated in ethanol, which
suspended the nanoscale wire material, and then a drop of
suspension was placed on a TEM grid and allowed to dry.

[0349] Table 1 is a summary of single crystal nanoscale
wires synthesized. The growth temperatures correspond to
ranges explored in these studies. The minimum (Min.) and
average (Ave.) nanoscale wire diameters (Diam.) were
determined from TEM and FE-SEM images. Structures
were determined using electron diffraction and lattice
resolved TEM imaging: ZB, zinc blende; W, wurtzite; and
D, diamond structure types. Compositions were determined
from EDX measurements made on individual nanoscale
wires. All of the nanoscale wires were synthesized using Au
as the catalyst, except GaAs, for which Ag and Cu were also
used. The GaAs nanoscale wires obtained with Ag and Cu
catalysts have the same size, structure and composition as
those obtained with the Au catalyst.

TABLE 1

Growth Ave.

Temp. Min. Diam.  Diam. Growth Ratio
Material °C) (nm) (nm) Structure  Direction of Components
GaAs 800-1030 3 19 ZB <111> 1.00:0.97
GaP 870-900 3-5 26 ZB <111> 1.00:0.98
GaAsggPos  800-900 4 18 ZB <111> 1.00:0.58:0.41
InP 790-830 3-5 25 ZB <111> 1.00:0.98
InAs 700-800 3-5 11 ZB <111> 1.00:1.19
InAsysPys  780-900 3-5 20 ZB <111> 1.00:0.51:0.51
ZnS 990-1050 4-6 30 ZB <111> 1.00:1.08
ZnSe 900-950 3-5 19 ZB <111> 1.00:1.01
CdS 790-870 3-5 20 W <100>, 1.00:1.04

<002>

CdSe 680-1000 3-5 16 W <110> 1.00:0.99
Si;_Ge, 820-1150 3-5 18 D <111> Si,_Ge,

[0347] Inconclusion, a wide-range of single crystal binary
and ternary compound semiconductor nanoscale wires have
been synthesized using this LCG technique, demonstrating
the usefulness of this approach for rational nanoscale wire
synthesis. These nanoscale wires can be used to probe the
confinement, dynamics and transport of excitons in 1D, and
can serve as optically-active building blocks for nanostruc-
tured materials. Moreover, the LCG approach can be used to
synthesize more complex nanoscale wire structures, includ-
ing single wire homo- and heterojunctions and supeflattices,
and thus enables the synthesis of nanoscale light-emitting
diodes and laser devices.

[0348] The apparatus and general procedures for LCG
growth of nanoscale wires are specifically described: The
targets used in syntheses consisted of (material), osAu, os-
Typical conditions used for synthesis were: (i) 100-500 torr
Ar:H, (95:5), (ii) 50-150 sscm gas flow, and (iii) ablation
with a pulsed Nd:YAG laser (wavelength=1064 nm; 10 Hz
pulse rate; 2.5 W average power). Specific temperatures
used for the growth of different nanoscale wire materials are

[0350] FIG. 15 shows a pseudobinary phase diagram for
Au and GaAs. The liquid Au—Ga—As component is des-
ignated by L.

[0351] FIGS. 16A-16C show FE-SEM images of GaAs
(FIG. 16A), GaP (FIG. 16B) and GaAs, 4P, ., (FIG. 16C)
nanoscale wires prepared by LCG. The scale bars in FIGS.
16A-16C are 2 pm. The insets in FIGS. 16 A-16C are TEM
images of GaAs, GaP and GaAs, (P, , nanoscale wires,
respectively. The scale bars in are all 50 nm. The high
contrast (dark) features correspond to the solidified nano-
cluster catalysts.

[0352] FIG. 17A shows a diffraction contrast TEM image
of a about 20 nm diameter GaAs nanoscale wire. The inset
shows a convergent beam electron diffraction pattern (ED)
recorded along the <112> zone axis. The [111] direction of
the ED pattern is parallel to the wire axis, and thus shows
that growth occurs along the [111] direction. The scale bar
corresponds to 20 nm. FIG. 17B shows a high-resolution
TEM image of a ca. 20 nm diameter GaAs nanoscale wire.
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The lattice spacing perpendicular to the nanoscale wire axis,
0.32+0.01 nm, is in good agreement with the 0.326 nm
spacing of (111) planes in bulk GaAs. The scale bar corre-
sponds to 10 nm. FIGS. 17C and 17D show high-resolution
TEM images of 10 and 6 nm diameter, respectively,
GaAs, P, , nanoscale wires. The (111) lattice planes (per-
pendicular to the wire axes) are clearly resolved in all three
nanoscale wires. The scale bars in FIGS. 17C and 17D are
5 nm.

[0353] FIG. 18A shows a FE-SEM image of CdSe nanos-
cale wires prepared by LCG. The scale bar corresponds to 2
um. The inset in FIG. 18A is a TEM image of an individual
CdSe nanoscale wire exhibiting nanocluster (dark feature) at
the wire end. EDX shows that the nanocluster is composed
primarily of Au. The scale bar is 50 nm. FIG. 18B shows a
diffraction contrast TEM image of a 18 nm diameter CdSe
nanoscale wire. The uniform contrast indicates that the
nanoscale wire is single crystal. The inset in FIG. 18B is an
ED pattern, which has been indexed to the wurtzite struc-
ture, recorded along the <001> zone axis. The [110] direc-
tion of the ED pattern is parallel to the wire axis, and thus
shows that growth occurs along the [110] direction. The
scale bar is 50 nm. FIG. 18C shows a high-resolution TEM
image of a about 13 nm diameter CdSe nanoscale wire
exhibiting well-resolved (100) lattice planes. The experi-
mental lattice spacing, 0.36x0.01 nm is consistent with the
0.372 nm separation in bulk crystals. The 30° orientation
(100) lattice planes with respect to the nanoscale wire axis
is consistent with the [110] growth direction determined by
ED. The scale bar corresponds to 5 nm.

Example 4

[0354] Single crystalline GaN nanoscale wires were syn-
thesized in bulk quantities using laser-assisted catalytic
growth (LCG). Laser ablation of a (GaN, Fe) composite
target generates liquid nanoclusters that serve as catalytic
sites confining and directing the growth of crystalline nanos-
cale wires. Field emission scanning electron microscopy
shows that the product primarily consists of wire-like struc-
tures, with diameters on the order of 10 nm, and lengths
greatly exceeding 1 pm. Powder X-ray diffraction analyses
of bulk nanoscale wire samples can be indexed to the GaN
wurtzite structure, and indicate >95% phase purity. Trans-
mission electron microscopy, convergent beam electron dif-
fraction, and energy dispersive X-ray fluorescence analyses
of individual nanoscale wires show that they are GaN single
crystals with a [100] growth direction.

[0355] Nanostructured GaN materials were formed as
follows. Catalyst was selected based on the growth process.
Specifically, the catalyst was selected to form a miscible
liquid phase with GaN but not form a more stable solid
phase under the nanoscale wire growth conditions. Fe,
which dissolves both Ga and N, and does not form a more
stable compound than GaN was determined to be a good
catalyst for GaN nanoscale wire growth by LCG. The
overall evolution of nanoscale wire growth following the
generation of the catalytic nanocluster by laser ablation is
illustrated in FIG. 19.

[0356] Significantly, it was found that LCG using a GaN/
Fe target produces a high yield of nanometer diameter
Wire-like structures. A typical FE-SEM image of the product
produced by LCG (FIG. 20A) shows that the product
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consists primarily of 1D structures with diameters on the
orders of 10 nm and lengths greatly exceeding 1 um; that is,
high aspect ratio nanoscale wires. The FE-SEM data also
show that the products consist of ca. 90% nanoscale wires,
with the remaining being nanoparticles. Also assessed is the
overall crystal structure and phase purity of the bulk nanos-
cale wire samples using PXRD (FIG. 20B). All the relatively
sharp diffraction peaks in the PXRD pattern can be indexed
to a wurtzite structure with lattice constants of a=3.187 and
¢=5.178 A. These values are in good agreement with litera-
ture values for bulk GaN: a=3.189, ¢=5.182 A. In addition,
comparison of the background signal and observed peaks
indicates that the GaN wurtzite phase represents >95% of the
crystalline material produced in the syntheses.

[0357] The LCG experimental apparatus was as follows: A
GaN/Fe (atomic ratio (GaN):Fe=0.95:0.05) composite target
was positioned with a quartz tube at the center of a furnace.
The experimental system was evacuated to 30 mtorr, and
then refilled with anhydrous ammonia gas. While the pres-
sure and flow rate were maintained at about 250 torr and 80
sccm, respectively, the furnace temperature was increased to
900° C. at 30° C./min. A pulsed Nd-YAG laser (1064 nm, 8
ns pulse width, 10 Hz repetition, 2.5 W average power) was
then used to ablate the target with a typical ablation duration
of 5 min. After ablation, the furnace was turned off and
allowed to cool to room temperature. The system was then
vented and light yellowish powders were collected from the
end of inner quartz tube wall. The product was used directly
for FE-SEM and PXRD studies. The product was suspended
in ethanol and then transferred onto TEM grids for TEM,
CBED and EDX measurements.

[0358] The morphology, structure and composition of the
GaN nanoscale wires were characterized in further detail
using TEM, CBED and EDX. TEM studies show that the
nanoscale wires are straight with uniform diameters, and
typically terminate in a nanoparticle at one end. FIG. 20A
shows a representative diffraction contrast image of one
nanoscale wire. The uniform contrast along the wire axis
indicates that the nanoscale wire is a single crystal. The
nanoparticle (dark, high contrast feature) observed at the
nanoscale wire end is faceted as expected following crys-
tallization of the liquid nan ocluster (FIG. 19). Also, EDX is
used to address the composition of the nanoscale wires and
terminal nanoparticles. Data recorded on the nanoscale wire
show only Ga and N in a ratio ca. the same as a GaN
standard, while the nanoparticles contain Ga, N, and Fe. The
presence of Fe (with Ga and N) only in the terminal
nanoparticle confirms the catalytic nature of Fe in the
synthesis.

[0359] To probe further the importance of the catalyst,
GaN nanoscale wire growth using a Au catalyst was inves-
tigated. Gold has been used recently as a catalyst for growth
of a number of nanoscale wires of I1II-V and 1I-VI material,
and as such might be expected to also flinction effectively in
the growth of GaN nanoscale wires. However, Au exhibits
poor solubility of N and thus may not transport N efficiently
to the liquid/solid growth interface. Consistent with this
analysis, GaN nanoscale wire, using the Au catalyst have not
been obtained. This highlights the important role of the
catalyst and how it can be rationally chosen.

[0360] The structure of GaN nanoscale wires was charac-
terized in greater detail using CBED and high resolution
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TEM (HRTEM). A typical CBED pattern (inset, FIG. 21A)
of a nanoscale wire exhibits a sharp diffraction pattern
consistent with the single crystal structure inferred from the
diffraction contrast images. Indexing this pattern further
demonstrates that the [100] direction is aligned along the
wire axis. In addition, FIG. 21B shows a lattice resolved
HRTEM image of a GaN nanoscale wire with a about 10 nm
diameter. The image, which was recorded along the <001>
zone axis, shows clearly the single crystal structure of the
nanoscale wire and the lattice planes along the [100], [010]
and [-110] directions. This image demonstrates that the
[100] direction runs parallel to the wire axis, and thus
confirms the [100] growth direction in GaN nanoscale wires.

[0361] In conclusion, the LCG method for the rational
synthesis of GaN nanoscale wires was exploited. Highly
pure GaN nanoscale wires were obtained as single crystals
with a unique [100] growth direction. This approach can be
readily extended to the synthesis of InN, (Galn)N alloys and
related nitride nanoscale wires.

[0362] Specifically, FIG. 19 is a schematic diagram show-
ing GaN nanoscale wire growth by laser-assisted catalytic
growth.

[0363] FIG. 20A shows a FE-SEM (LEO 982) image of
bulk GaN nanoscale wires synthesized by LCG. The scale
bar corresponds to 1 pm. FIG. 20B shows a PXRD (Scintag,
XDS2000) pattern recorded on bulk GaN nanoscale wires.
The numbers above the peaks correspond to the (hkl) values
of the wurtzite structure.

[0364] FIG. 21A shows a diffraction contrast TEM (Phil-
ips, EM420) image of a GaN nanoscale wire that terminates
in a faceted nanoparticle of higher (darker) contrast. The
inset in FIG. 21A shows a CBED pattern recorded along
<001> zone axis over the region indicated by the white
circle. The white scale bar corresponds to 50 nm. FIG. 21B
shows a HRTEM (JEOL 2010) image of another GaN
nanoscale wire with a diameter of about 10 nm. The image
was taken along <001> zone axis. The [100], [010] and
[-110] directions are indicated with the [ 100] parallel to the
wire axis. The white scale bar corresponds to 5 nm.

Example 5

[0365] This example demonstrates the rational assembly
of functional nanoscale devices from compound semicon-
ductor NW building blocks in which the electrical properties
were been controlled by doping. Gate-dependent transport
measurements demonstrated that indium phosphide (InP)
NWs can be synthesized with controlled n-type and p-type
doping, and can fuinction as nanoscale FETs. In addition, the
availability of well-defined n- and p-type materials has
enabled the creation of p-n junctions by forming crossed
NW arrays. Transport measurements reveal that the nanos-
cale p-n junctions exhibit well-defined current rectification.
Significantly, forward biased InP p-n junctions exhibit
strong, quantum confined light emission making these struc-
tures extremely effective and extremely small light emitting
diodes Electric field directed assembly is shown to be one
strategy capable of creating highly integrated and functional
devices from these new nanoscale building blocks.

[0366] Single crystal InP NWs were prepared by a laser-
assisted catalytic growth (LCG). The n-type and p-type InP
NWs were prepared using tellurium (Te) and zinc (Zn) as

Dec. 6, 2007

dopants, respectively, and found to be of similar high quality
as NWs produced without the addition of dopants. Field
emission scanning electron microscopy (FE-SEM) images
of synthesized Zn-doped InP NWs (FIG. 22A) demonstrate
that the wires extend up to tens of micrometers in length
with diameters on the order of 10 nanometers. High-reso-
Iution transmission electron microscopy (TEM) images
(inset, FIG. 22A) further show that the doped NWs are
single crystals with <111> growth directions. Generally, a
1-2 nm amorphous over-layer on the NWs is visible in TEM
images. This thin layer is attributed to oxides formed when
the NWs are exposed to air after synthesis. The overall
composition of individual NWs determined by energy dis-
persive X-ray (EDX) analysis was found to be 1:1 In:P, thus
confirming the stoichiometric composition of the NWs.
EDX and other elemental analytic methods are, however,
insufficiently sensitive to determine the doping level in
individual NWs.

[0367] To confirm the presence and type of dopants in the
NWs, gate-dependent, two terminal transport measurements
on individual NWs were performed. In these measurements,
the NW conductance will: respond in an opposite way to
change in gate voltage (V) for n-and p-type NWs. Specifi-
cally, V>0 will lead to an accumulation of electrons and an
increase in conductance for n-type NWs, while the same
applied gate will deplete holes and reduce conductance for
p-type NWs. FIGS. 22B and 22C show the typical gate-
dependent I-V curves obtained from individual Te- and
Zn-doped NWs, respectively. The I-V curves are nearly
linear for both types of NWs at V=0, indicating the metal
electrodes make ohmic contact to the NWs. The transport
data (FIG. 22B) recorded on Te-doped NWs show an
increase in conductance for V>0, while the conductance
decreases for V_<0. These data clearly show that Te-doped
InP NWs are n-type. Gate-dependent transport data recorded
on Zn-doped NWs show opposite changes in conductance
with variation in V,, compared to the n-type, Te-doped InP
NWs. Specifically, for V>0, conductance decreases and for
V<0 conductance increase’s (FIG. 22C). These results
demonstrate that the Zn-doped InP NWs are p-type.

[0368] Measurements taken from twenty individual NWs,
with diameters ranging from 20 nm to 100 nm, show gate
effects in each case that are consistent with the dopant used
during InP NW synthesis. In addition, the gate voltage can
be used to completely deplete electrons and holes in n- and
p-type NWs such that the conductance becomes immeasur-
ably small. For example, the conductance of the NW in FIG.
22B can be switched from a conducting (on) to an insulating
(off) state when V, is less than or equal to =20 V, and thus
it functions as a FET. The conductance modulation can be as
large as 4-5 orders of magnitude for some of the NWs. The
relatively large switching voltage is related to the thick (600
nm) oxide barrier used in these measurements. This gate-
dependent behavior is similar to that of metal-oxide-semi-
conductor (MOS) FETs and recent studies of semiconduct-
ing NT FETs. Taken together, these results clearly illustrate
that single crystal InP NWs can be synthesized with con-
trolled carrier type. Because these NWs are produced in bulk
quantities, they represent a readily available material for
assembling devices and device arrays.

[0369] Transport behavior was studied of n-n, p-p and p-n
junctions formed by crossing two n-type, two p-type,-and
one n-type and one p-type NW, respectively. FIG. 23A



US 2007/0281156 Al

shows a representative crossed NW device formed with a 29
nm and 40 nm diameter NW. The four arms are designated
as A, B, C, D for the simplicity of discussion below.
Significantly, the types ofjunctions studied are controllable
for every experiment since the types of NWs used to produce
the crossed junction prior to assembly can be selected.

[0370] FIGS. 23B and 23C show the current-voltage (I-V)
data recorded on n-n and p-p junctions, respectively. For
both types of junctions, the transport data recorded on the
individual NWs (AC, BD) show linear or nearly linear -V
behavior (curves 80, FIG. 23B and curve 82, FIG. 23C).
These results show that the metal electrodes used in the
experiments make ohmic or nearly ohmic contact to the
NWs, and will not make nonlinear contributions to the I-V
measurements across junctions. In general, transport mea-
surements made across the n-n and p-p junctions show linear
or nearly linear behavior, and to infer two important points
about junctions made in this way. First, interface oxide
between individual NWs does not produce a significant
tunneling barrier, since such a barrier will lead to highly
non-linear 1-V behavior. Second, the I-V curves recorded
through each pair (AB, AD, CB, CD) of adjacent arms
shows a similar current level, which is smaller than that of
the individual NWs themselves. These results demonstrate
that the junction dominates the transport behavior. The data
indicate that individual NWs make good electrical contact
with each other, despite the small contact area (10712-107°
cm?) and simple method ofjunction fabrication.

[0371] The good contact between individual NWs pro-
vides the basis for functional devices. As an example, p-n
junctions were made from crossed p- and n-type NWs.
These junctions can be made reproducibly by sequential
deposition of dilute solutions of n- and p-type NWs with
intermediate drying. FIG. 23D shows typical I-V behavior of
a crossed NW p-n junction. The linear I-V of the individual
n- and p-type NWs components (curves 84 and 86) indicates
ohmic contact between the NWs and metal electrodes.
Transport behavior across the p-n junction (curves 88)
shows clear current rectification (i.e., little current flows in
reverse bias, while there is a sharp current onset in forward
bias). Significantly, the behavior is similar to bulk semicon-
ductor p-n junctions, which form the basis for many critical
electronic and optoelectronic devices. In a standard p-n
junction, rectification arises from the potential barrier
formed at the interface between p- and n-type materials.
When the junction is forward biased (p-side positively
biased), the barrier is reduced and a relatively large current
can flow through the junction; on the other hand, only small
current can flow in reverse bias since the barrier is further
increased.

[0372] There are several reasons that the observed recti-
fication is due to the p-n junction formed at the crossing
point between p- and n-type InP NWs. First, the linear or
nearly linear I-V behavior of individual p- and n-type NWs
used to make the junction shows that ohmic contact have
been made between the NWs and metal electrodes. This
excludes the possibility that rectification arises from metal-
semiconductor Schottky diodes. Second, the I-V behavior of
the junction determined through every pair (AB, AD, CD,
CD) of adjacent electrodes (curves 88 in FIG. 23D) exhibits
a similar rectification effect and current level, which is also
much smaller than the current level through the individual
NWs. These results demonstrate that the junction dominates
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the I-V behavior. Third, four terminal measurements in
which current is passed through two adjacent electrodes
(e.g., A-B) while the junction voltage drop is measured
across two independent electrodes (e.g., C-D) exhibit similar
1-V and rectification with only a slightly smaller voltage
drop (0.1-0.2V) compared to two terminal measurements at
the same current level. Lastly, measurements made on ten
independent p-n junctions showed similar rectification in the
1-V data (i.e., significant current can only flow through p-n
junctions when the p-type NW is positively biased).

[0373] The above data show unambiguously the rational
fabrication of nanoscale p-n junctions. In direct band gap
semiconductors like InP, the p-n junction forms the basis for
the critical optoelectronics devices, including light emitting
diodes (LED) and lasers. To assess whether these nanoscale
devices might behavior similarly, the photoluminescence
(PL) and electroluminescence (EL) from crossed NW p-n
junctions have been studied. Significantly, EL. can be readily
observed from these nanoscale junctions in forward bias.
FIG. 24 A shows an EL image taken from a typical NW p-n
junction at forward bias, and the inset shows the PL image
of'a crossed NW junction. The PL image clearly shows two
elongated wire-like structures, and the ELL image shows that
the light comes from a point-like source. Comparison of the
EL and PL images shows that the position of the EL
maximum corresponds to the crossing point in the PL. image,
thus demonstrating the light indeed comes out from the NW
p-n junction.

[0374] The I-V characteristic of the junction (inset, FIG.
24B) shows clear rectification with a sharp current onset at
about 1.5 volts. The EL intensity versus voltage curve of the
junction shows significant light can be detected with the
system at a voltage as low as 1.7 volts. The EL intensity
increases rapidly with the bias voltage, and resembles the
1-V behavior. The EL spectrum (FIG. 24C) shows a maxi-
mum intensity around 820 nm, which is significantly blue
shifted relative to the bulk band gap of InP (925 nm). The
blue-shift is due in part to quantum confinement of the
excitons, although other factors may also contribute. The
importance of quantum confinement can be seen clearly in
EL results recorded from p-n junctions assembled from
smaller (and larger) diameter NWs (FIG. 24D), which show
larger (smaller) blue-shifts. The ability to tune color with
size in these nanolLEDs can be especially useful.

[0375] GaN is a direct wide bandgap semiconductor mate-
rial, which emits light in the short wavelength (UV and blue)
region at room temperature. Blue LEDs are important as
emitters where strong, energy efficient and reliable light
source are needed. Also it is important to enable production
of full color LED displays and LED white lamp, since blue
is one of the three primary colors (red, green and blue). Here
BLUE/UV nanol.EDs (light emitting region on the order of
10 nm’s) are described, which is constructed with P-type Si
and N-type (unintentionally doped) GaN nanowires.

[0376] FIG. 25A shows an EL image taken from two
P-type Si and N-type GaN crossed nanojunctions. The p-Si
is doped with boron. FIG. 25B illustrates current vs. voltage
for various gate voltages. The nanojunction shows good
rectification at different gate voltages. The El spectrum
shown in FIG. 25C shows light emission is about 380 nm
and 470 nm. A n-InP and p-Si nanojunction has good
rectification.



US 2007/0281156 Al

[0377] To make highly integrated NW-based devices
requires techniques to align and assemble these building
blocks into well-defined arrays. To demonstrate this, electric
fields (E-field) were used to align and position individual
NWs into parallel and crossed arrays-two basic geometries
for integration. The E-field directed assembly was carried
out by placing a solution of NWs between electrodes (FIG.
26A), and then applying a bias of 50-100 V. The usefulness
of this approach is readily seen in the case of alignment of
a chlorobenzene suspended NWs between parallel elec-
trodes (FIG. 26B). FE-SEM images show that nearly all of
the NWs are aligned perpendicular to the parallel electrodes
and along E-field direction. Electrode arrays were also used
to position individual NWs at specific positions. For
example, E-field assembly of NWs between an array of
electrodes (FIG. 26C) demonstrates that individual NWs can
be positioned to bridge pairs of diametrically-opposed elec-
trodes and form a parallel array. In addition, by changing the
field direction, the alignment can be done in a layer-by-layer
fashion to produce crossed NW junctions (FIG. 26D). These
data clearly show that E-field assembly is useful to control-
lably deposit individual NWs.

[0378] Specifically, InP NWs were synthesized using
LCG. The LCG target typically consisted of 94% (atomic
ratio) InP, 5% Au as the catalyst, and 1% of Te or Zn as the
doping element. The furnace temperature (middle) was set at
800° C. during growth, and the target was placed at the
upstream end rather than middle of the furnace. A pulsed (8
ns, 10 Hz) Nd-YAG laser (1064 nm) was used to vaporize
the target. Typically, growth was carried out for 10 minutes
with NWs collected at the downstream, cool end of the
furnace.

[0379] Transport measurement on individual NWs were
carried out as follows. Briefly, NWs were first dispersed in
ethanol, and then deposited onto oxidized silicon substrates
(600 nm oxide, 1-10 Qcm resistivity), with the conductive
silicon used as a back gate. Electrical contact to the NWs
was defined using electron beam lithography (JEOL 6400).
Ni/In/Au contact electrodes were thermally evaporated.
Electrical transport measurements were made using home
built system with <T1/pA noise under computer control.

[0380] The n-n and p-p junctions were obtained by ran-
dom deposition. NWs were onto oxidized silicon substrates
using relatively high concentrations, the positions of crossed
NWs were determined, and then electrodes on all four arms
of the cross by electron beam lithography were defined.
Ni/In/Au electrodes were used to make contact to the NWs.

[0381] The p-n junctions were obtained by layer-by-layer
deposition. First, a dilute solution of one type (e.g., n-type)
of NW was deposited on the substrate, and the position of
individual NWs was recorded. In a second step, a dilute
solution of the other type (e.g., p-type) of NW was depos-
ited, and the positions of crossed n- and p-type NWs were
recorded. Metal electrodes were then defined and transport
behavior was measured.

[0382] EL was studied with a home-built micro-lumines-
cence instrument. PL or scattered light (514 nm, Ar-ion
laser) was used to locate the position of the junction. When
the junction was located, the excitation laser was shut off,
and then the junction was forward biased. EL. images were
taken with a liquid nitrogen cooled CCD camera, and EL.
spectra were obtained by dispersing ELL with a 150 line/mm
grating in a 300 mm spectrometer.
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[0383] FIGS. 22A-22C illustrate doping and electrical
transport of InP NWs. FIG. 22A shows a typical FE-SEM
image of Zn-doped InP NWs. Scale bar is 10 um. The (111)
lattice planes are visible perpendicular to the wire axis. Scale
bar is 10 nm. FIGS. 22B and 22C show gate-dependent -V
behavior for Te- and Zn-doped NWs, respectively. The
insets in FIGS. 22B and 22C show the NW measured with
two terminal Ni/In/Au contact electrodes. The scale bars
correspond to 1 um. The diameter of the NW in FIG. 22B is
47 nm, while that in FIG. 22C is 45 nm. Specific gate-
voltages used in the measurements are indicated on the right
hand sides of FIGS. 22B-22C for the corresponding I-V
curves. Data were recorded at room temperature.

[0384] FIGS. 23A-23D illustrate crossed NW junctions
and electrical properties. FIG. 23A shows a FE-SEM image
of a typical crossed NW device with Ni/In/Au contact
electrodes. The scale bar corresponds to 2 um. The diameters
of'the NWs are 29 nm (A-C) and 40 nm (B-D); the diameters
of'the NWs used to make devices were in the range of 20-75
nm. FIGS. 23B-23D show 1-V behavior of n-n, p-p and p-n
junctions, respectively. The curves 80 and 82 correspond to
the I-V behavior of individual n- and p-NWs in the junc-
tions, respectively. The curves 88 represent the I-V behavior
across the junctions. The current recorded for the p- and n-
type NWs in FIG. 23D is divided by a factor of 10 for better
viewing. The solid lines represent transport behavior across
one pair of adjacent arms, and the dashed lines represent that
of the other three pairs of adjacent arms. Data were recorded
at room temperature.

[0385] FIGS. 24A-24D illustrate optoelectrical character-
ization of NW p-n junctions. FIG. 24A is an EL image of the
light emitted from a forward biased NW p-n junction at 2.5
V. The inset in FIG. 24 A shows the PL. image of the junction.
Both scale bars correspond to 5 um. FIG. 24B shows the EL.
intensity versus voltage. The inset in FIG. 24B shows the
I-V characteristics and the inset in the inset shows the
FE-SEM image of the junction itself. The scale bar corre-
sponds to 5 um. The n-type and p-type NWs forming this
junction have diameters of 65 and 68 nm, respectively. FIG.
24C shows an EL spectrum of the junction shown in FIG.
24A. The spectrum peaks at 820 nm. FIG. 24D shows an EL.
spectrum recorded from a second forward biased crossed
NW p-n junction. The EL. maximum occurs at 680 nm. The
inset in FIG. 24D shows the EL image and demonstrates that
the EL originates from the junction region. The scale bar is
5 um. The n-type and p-type NWs forming this junction have
diameters of 39 and 49 nm, respectively.

[0386] FIGS. 26A-26D illustrate parallel and orthogonal
assembly of NWs with E-fields. FIG. 26A is a schematic
view of E-field alignment. The electrodes (orange) are
biased at 50-100 V after a drop of NW solution is deposited
on the substrate (blue) FIG. 26B shows a parallel array of
NWs aligned between two parallel electrodes. The NWs
were suspended in chlorobenzene and aligned using an
applied bias of 100 V. FIG. 26C shows a spatially positioned
parallel array of NWs obtained following E-field assembly
using a bias of 80 V. The top inset in FIG. 26C shows 15
pairs of parallel electrodes with individual NWs bridging
each diametrically opposed electrode pair. FIG. 26D shows
a crossed NW junction obtained using layer-by-layer align-
ment with the E-field applied in orthogonal directions in the
two assembly steps. The applied bias in both steps was 80 V.
The scale bars in FIGS. 26B-26D correspond to 10 pm.
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Example 6

[0387] Four types of important functional nanodevices
were created by rational bottom-up assembly from p and
n-type silicon nanowires (SiNWs) with well controlled
dopant type and level. In all these devices, electrical trans-
port measurements on individual p and n-type SiNWs
showed ohmic or nearly ohrnic contact between SiNWs and
leads. Significantly, four-probe measurements across pn
junctions consisting of crossed p-type and n-type SiNWs
showed current rectification behavior as expected for pn
diode behavior. Also, n*pn crossed junctions were
assembled to create bipolar transistors, in which common
base/emitter current gains as large as 0.94/16 were obtained.
Complementary inverters made of crossed lightly doped pn
junctions showed clear output voltage inverse to input
voltage with a gain of 0.13. Tunnel diodes in form of heavily
doped SINW pn crosses showed negative differential resis-
tance (NDR) behavior in forward bias with a peak-to-valley
ratio (PVR) of 5 to 1.

[0388] Four types of important functional structures
including pn diodes, bipolar transistors, complementary
inverters and tunnel diodes were created by controllably
combining SiNWs of varying p and n-type doping levels.
Nanoscale pn junctions were created in form of crossed
SiNW junctions. Electrical transport measurements on these
pn junctions showed the current rectification. The ability to
exploit the construction of n*pn crossed SINW junctions to
bipolar transistors and were demonstrated to have common
base/emitter current gains as large as 0.94/16. The inverters
made of lightly doped pn crosses showed clearly the output
voltage inverse to the input voltage with voltage gain of
0.13. The results of tunnel diodes made of heavily doped pn
crossed showed NDR behavior in forward bias with a PVR
of' 5 to 1. The p-type and n-type SiINWs were synthesized by
using diborane and phosphorus, respectively as doping
source during laser-assisted catalytic growth of SiNWs.
Metal leads contact with SiNWs on doped silicon substrate
with 600 nm thermal oxide were defined by electron beam
lithography. The pn, pp and nn junctions were formed by
crossing one p-type and one n-type, two p-type and two
n-type SiNWs, respectively. The types ofjunctions were
controlled by choosing the types of SINWs used to create a
given junction. A typical field emission scanning electron
microscopy (FE-SEM) image of cross junctions is shown in
FIG. 27A, where the four contact leads are labeled as 1, 2,
3 and 4 for the convenience of discussion. FIG. 27B shows
current versus voltage (I-V) data on a pn crossed junction
with diameters of p and n-type SiNWs as small as 20.3 nm
and 22.5 nm, respectively. Four-terminal measurements
across junction were performed by flowing current between
two adjacent leads (e.g., leads 1-2 or leads 1-4, the positive
current direction is from p to n-type SiNW) and measuring
the voltage drop between the other two leads (e.g., leads 3-4
or leads 3-2). The I-V curve across junction (FIG. 27B curve
130) shows little current in reverse bias (negative bias in this
setup) and very sharp current onset in forward bias (positive
bias). In contrast, single p (between leads 1-3) and n-type
(between leads 2-4) SiNWs show linear I-V behavior (FIG.
27B curves 110 and 120, respectively), which suggests
ohmic contact between SiNWs and leads. This rectifying
behavior must be caused by junction itself and can be
explained by the energy band diagrams of a pn junction
diode. The built-in potential barrier forms at the junction
interface when p and n-type SiINW contact with each other.
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Electrons can not tunnel through the wide space charge
region forming at the junction interface but can be trans-
ported by thermal excitation. Forward bias decreases the
built-in potential barrier and thus large amount of current
can flow (FIG. 27E), while reverse bias increases the barrier
and thus current level is low (FIG. 27F).

[0389] The p and n-type SiNWs were dispersed in to
aceton separately. The p-n junctions were obtained by
sequential deposition. The solution of one type of SINWs
(e.g., n-type) was first deposited onto the substrate and the
positions of SINWs were recorded with respect to alignment
marks. Secondly, the solution of the other type of SINWs
(e.g., p-type) was deposited and the positions of crossed pn
junctions were recorded. The pp or nn junctions were
obtained by depositing only one type of SINWs: p-type or
n-type. The junction positions were then recorded.

[0390] The intrinsic oxide layer of SINWs is thin enough
that electrons can easily tunnel through the oxide layer and
the reasonable strong coupling between p and n-type wire at
the junction still exists and thus the built-in potential barrier
can form. This is confirmed by the transport measurements
on pp and nn junctions. The single wires (between leads 1-3,
2-4) in pp (FIG. 27C, curves 110) and nn junctions (FIG.
27D, curves 120) show linear or almost linear I-V behavior
suggesting good contact. Two terminal measurements
(between leadsl-2, 1-4, 2-3, or 3-4) on pp (FIG. 27C, curves
130) and nn (FIG. 27D, curves 130) junctions show linear
and almost linear I-V. Comparing two-terminal measure-
ment resistance across junctions to single SINW resistance,
the magnitude ofjlunction resistance is similar to the wire
resistance, suggesting that the oxide does not cause signifi-
cant electron tunneling barrier. The measurements on 20
independent pn junctions showed consistent correct rectify-
ing behavior.

[0391] A bipolar transistor is a n*pn (FIG. 28A, left) or
p+np junction device, which requires high doping level in
emitter, low doping in base and collector. Good control in
doping of SiNWs provided the capability to make this
complex device. The n*pn bipolar transistors were con-
structed by mechanically manipulating two n-type SINWs
(one heavily doped, the other lightly doped) onto one lightly
doped p-type wire and were operated in common base
configuration (FIG. 28A, right). FIG. 28B is a typical SEM
image of bipolar transistors. The SiNWs and junctions in
transistors were first characterized individually. The I-V
curves of three individual SINWs are linear and the two
individual junctions have correct rectifying behavior. The
n+-type SiNW was used as an emitter while the n-type as
collector to do bipolar transistor measurements. The emitter-
base (E-B) is usually forward biased to inject electrons into
base region. When the collector-base (C-B) voltage is
greater than zero, the transistor is operated in the active
mode, in which the C-B junction is reverse biased and only
a very small leakage current will flow across the junction.
However, the electrons injected from emitter can diffuse
through the base to reach the C-B junction space charge
region and will be collected by collector. The actual collec-
tor current depends only on the injected electrons from
emitter and thus depends only on the E-B voltage. This is
clearly seen in FIG. 28C, regime II, where the collector
current goes high with the forward E-B voltage while
change slowly with C-B voltage which results from Early
effect and the existence of slowly increasing leakage current
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with reverse bias. The transistor action is demonstrated by
large current flow in a reverse biased collector junction and
can result from carriers injected from a nearby emitter
junction. When the (C-B) voltage is bellow zero, the bipolar
transistor works in saturation mode (FIG. 28C regime I), in
which both E-B and C-B junctions are forward biased. The
collector current from emitter injection will be compensated
by the forward biased C-B current. So the collector current
goes down with forward C-B voltage. The higher the for-
ward bias on E-B, the higher the forward bias on C-B needed
to compensate the current to zero (FIG. 28C curve 1 to 4).

[0392] The n*pn bipolar transistors were fabricated by
deposition and machanical manipulation. First, p-type
SiNWs were deposited from solution onto the substrate. In
the second step, the n* and n-type SiNWs were attached to
sharp STM tips and released onto the p-type SiNWs under
optical microscope.

[0393] The common base current gain of the bipolar
transistor in active mode is as large as 0.94 (FIG. 28D) and
the common emitter current gain is 16. Three important
points are suggested from this large current gain. The
efficiency of electron injection from emitter to base is quite
high, resulting from the higher doping concentration in
emitter than in base. Although the base region is wide (15
um), the active interaction between emitter and collect still
exists. Most of injected electrons from emitter can go
through the base to reach the collector, which suggests that
the mobility of electrons in base is quite high. The space
charge region between base and collector has high efficiency
to collect electrons and sweep them into collector, suggest-
ing that the oxide barrier at the interface does not contribute
significantly, which further confirms the analysis on single
pn junctions. The bipolar transistor can be improved, for
example, by reducing the base width, to approach the
performace of the commercial one in which the typical
common base current gain is larger than 0.99.

[0394] A complementary inverter in form of a lightly p
and a lightly n-doped SINW cross was used to exploit the
applications of these bottom-up building blocks in logic
circuit, and to further demonstrate the capability that con-
tolled doping of SiNWs. The schematics of a crossed SINW
inverter structure is shown in FIG. 29A (bottom) while that
of an inverter in semiconductor physics is shown in FIG.
29A (top). The lightly doped p and n-type SiNWs in the
inverter show very large gate effect and can be completely
depleted as is shown for p-type SINW in FIG. 29B inset. As
seen in FIG. 29B, the output voltage is negative (zero) with
the positive(negative) input voltage, which is the typical
inverter behavior. The depletion of n-type (p-type) wires by
negative (positive) input makes the output equal to ground
(bias). The voltage gain is calculated as 0.13, the slope of
voltage inversion. The gain is lower than that in commercial
inverters which is larger than 1, but can be improved by
using thinner gate oxide layer instead of the 600 nm oxide,
which reduces the gate response of SINWs, and using more
lightly doped SiNWs, which needs more effort to make
ohmic contact with and to be further investigated.

[0395] While two crossed lightly doped p-type and n-type
SiNWs make inverters, two crossed degenerately doped
p -type and n*-type SiNWs can form tunnel diodes. In
contrast to the pn junction, the tunnel diode do not show
rectifying behavior, but rather show NDR behavior in for-
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ward bias, with a PVR of 5 to 1 shown in FIG. 29C. The
difference can be explained by Esaki diode mechanism. The
built-in potential forms when p* and n*-type contact each
other, but the space charge region width is thin enough to
allow electron tunneling. Electrons can tunnel through this
thin space charge region under reverse bias (FIG. 29D left)
and low forward bias (FIG. 29D middle) causing the current
to flow. Beyond a certain point, a further increase in the
forward bias results in the condunction band of the n-side
moving into the band gap of the p-side (FIG. 29D right)
which suppresses electron tunneling and thereby reduces
current. Further increases of forward bias reduce the built-in
potential barrier which allows thermal excitation mechanism
to dominate conduction and the current goes high.

[0396] Specifically, FIGS. 27A-27F illustrate crossed
SiNW junctions. FIG. 27A shows a typical FE-SEM image
of crossed NW junctions with AlAu as contact leads. The
scale bar is 2 pum. The diameters of NWs are in the range of
20to 50 nm. FIGS. 27B-7D show 1-V behavior of pn, pp and
nn junctions, respectively. The curves 110 and 120 corre-
spond to the I-V behavior of individual p and n-type SINWs
injunctions, respectively. The curves 130 represent the four-
terminal I-V through pn junction in FIG. 27B and two
terminal 1-V through pp and nn junction in FIGS. 27C and
27D, respectively. In FIG. 27B, the solid line is I-V by
following current between lead 1 and 2 and simultaneouly
measuring the voltage between lead 3 and 4 while the dashed
line correponds to that by following current between 1 and
4 and measuring voltage between 3 and 2. In FIGS. 27C and
27D, the solid lines are I-V across one pair of adjacent leads
(1-2) and the dashed lines are those across the other three
pairs (1-4, 2-3, 3-4). FIGS. 27E and 27F show the energy
band diagrams of a pn junction under forward bias and
reverse bias, respectively.

[0397] FIGS. 28A-28D illustrate n*pn crossed SiNW
bipolar transistors. FIG. 28A shows the common base con-
figuration schematics of an n*pn bipolar transistor in semi-
conductor physics (left) and in crossed SiNW structure
(right). The n*, p and n-type SINWs function as emitter, base
and collector, respectively. Base is grounded. Emitter is
negatively biased at specific values. Collector voltage is
scanned from postive to negative. FIG. 28B shows a typical
FE-SEM image of SiNW bipolar transistor. The scale bar is
5 pm. FIG. 28C shows a collector current vs collector-base
voltage behavior recorded on an n*pn transistor with emitter
and base SiNWs 15 um apart. Curve 1 to 4 correspond to the
behavior at emitter-base voltages of -1, -2, -3, -4 V.
Regime I and II are separated by dashed line, correponding
to saturation mode and active mode, respectively. FIG. 28D
shows common base current gain vs. collector-base voltage.

[0398] FIGS. 29A-29D illustrate complementary inverters
and tunnel diodes. FIG. 29A shows schematics of a comple-
mentary inverter structure in semicondutor physics (top) and
that formed by a lightly doped pn cross (bottom). In bottom
schematics, one end of n-type NW is biased at -5 V and one
end of p-type NW is grounded. Input voltage is back gate
voltage and the other ends of p and n-type NWs are shorted
as output terminal. FIG. 29B shows output voltage vs input
voltage data in a pn cross inverter. The inset in FIG. 29B is
the I-V curves of p-type NW in the inverter. Curve 1 to §
correspond to I-V at back gate voltage=50, -30, -10, 0 and
10 V, respectively. The n-type NW in this inverter has
similar I-V behavior and can be completely depleted at a
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gate voltage of -30V. FIG. 29C shows.two terminal mear-
surement data of a tunnel diode made from a heavily doped
pn cross. The I-V behavior of individual p and n-type SINW's
have been tested to be linear. The inset in FIG. 29C spreads
out the part of I-V curve showing NDR. FIG. 29D shows the
energy band diagrams of a crossed SINW tunnel diode. At
reverse bias (e.g., at position 1 in FIG. 29C), electrons can
tunnel through the junction (left diagram). At small forward
bias (e.g., at position 2 in FIG. 29C), electron tunneling is
also permitted (middle diagram). At further increased for-
ward bias (e.g., at position 3 in FIG. 29C), electron tunneling
is forbidden (right diagram).

Example 7

[0399] This example illustrates the preparation of an
embodiment of the invention. A stable suspension of nanow-
ires (NWs) in ethanol was prepared by sonicating the NWs
in ethanol in a bath sonicator for around 3 minutes. The
substrate (silicon wafter) was covered by a self-assembled
monolayer (SAM) with —NH, termination. Microfluidic
molds were then made of PDMS. A microchannel formed
when the substrate came in contact with PDMS mold, with
three walls of the conduit corresponding to the molded
features in the mold and the fourth corresponded to the
surface of the substrate, which was chemically modified as
previously described.

[0400] The NW suspension was then flowed through as-
made microchannel with an application of +100 volt bias on
the substrate. After a flowing time around 10 min, the
channel was washed with ethanol, then left to dry naturally.
When the PDMS stamp was removed, NW arrays were
observed aligned in the flow direction on the substrate
surface.

[0401] By alteration the flow direction and applying layer-
by-layer scheme, multiple cross-bars were formed out of the
NW arrays.

[0402] By patterning the surface, the NWs were aligned or
positioned in certain predetermined places.

[0403] The patterning process was as follow. A layer of
PMMA was spin-coated on the substrate surface, then EBL
(Electron Beam Lithography) was used to write a pattern,
(i.e., to selectively exposed Si surface which was later
chemically functionalized). The bottom of the PMMA
trenches were then exposed to the Si surface covered with
—NH, SAM. When the flow of NW suspensions go over
these patterns, (as described above, where just the surface
was patterned), the NWs were directed into PMMA
trenches. The PMMA was then lifted off. The NWs were
found to be stuck to the PMMA surface, allowing clean
arrays of devices to be formed.

Example 8

[0404] Gallium phosphide (GaP), indium phosphide (InP)
and silicon (Si) NWs used in these studies were synthesized
by laser assisted catalytic growth, and subsequently sus-
pended in ethanol solution. In general, arrays of NWs were
assembled by passing suspensions of the NWs through
fluidic channel structures formed between a poly(dimethyl-
siloxane) (PDMS) mold and a flat substrate (FIG. 30A and
30B). Parallel and crossed arrays of NWs can be readily
achieved using single (FIG. 30A) and sequential crossed
(FIG. 30B) flows, respectively, for the assembly process as
described below.
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[0405] A typical example of parallel assembly of NWs
(FIG. 31A) shows that virtually all the NWs are aligned
along one direction (i.e., the flow direction). There are also
some small deviations with respect to the flow direction.
Examination of the assembled NWs on larger length scales
(FIG. 31B) shows that the alignment readily extends over
hundreds of micrometers. Indeed, alignment of the NWs has
been found to extend up to millimeter length scales, and
seem to be limited by the size of the fluidic channels, based
on experiments carried out using channels with widths
ranging from 50 to 500 gm and lengths from 6-20 mm.

[0406] Several types of experiments were conducted to
understand factors controlling the alignment and average
separation of the NWs. First, the degree of alignment can be
controlled by the flow rate. With increasing flow rates, the
width of the NW angular distribution with respect to the flow
direction (e.g., inset FIG. 31 C) significantly narrows. Com-
parison of the distribution widths measured over a range of
conditions shows that the width decreases quickly from the
lowest flow rate, about 4 mm/s, and approaches a nearly
constant value at about 10 mm/s (FIG. 31C). At the highest
flow rates examined in the studies, more than 80% of the
NWs are aligned within +5 degrees of the flow direction
(inset, FIG. 31C). The observed results can be explained
within the framework of shear flow. Specifically, the channel
flow near the substrate surface resembles a shear flow and
aligns the NWs in the flow direction before they are immo-
bilized on the substrate. Higher flow rates produce larger
shear forces, and hence lead to better alignment.

[0407] In addition, the average NW surface coverage can
be controlled by the flow duration (FIG. 31D). Experiments
carried out at constant flow rate show that the NW density
increases systematically with flow duration. In these experi-
ments, a flow duration of 30 min produced a density of about
250 NWs/100 um or an average NW/NW separation of
about 400 nm. Extended deposition time can produce NW
arrays with spacings on the order of 100 nm or less. The
deposition rate and hence average separation versus time
depends strongly on the surface chemical functionality.
Specifically, the GaP, InP and Si NWs deposit more rapidly
on amino-terminated monolayers, which possesses a partial
positive charge, than on either methyl-terminated monolay-
ers or bare SiO, surfaces. It is also important to recognize
that the minimum separation of aligned NWs that can be
achieved without NW-NW contacts will depend on the
lengths of the NWs used in the assembly process. Recent
progress demonstrating control of NW lengths from the 100
nanometer to tens of micrometer scale should increase the
range of accessible spacings without contact.

[0408] The results demonstrate ordering of NW structure
over multiple length scales-organization of nanometer diam-
eter wires with 100 nm to micrometer scale separations over
millimeter scale areas. This hierarchical order can readily
bridge the microscopic and macroscopic worlds, although to
enable assembly with greatest control requires that the
spatial position also be defined. This important goal is
achieved by utilizing complementary chemical interactions
between chemically patterned substrates and NWs (FIG.
32A). SEM images of representative experiments (FIGS.
32B-32D) show parallel NW arrays with lateral periods the
same as those of the surface patterns. These data demon-
strate that the NWs are preferentially assembled at positions
defined by the chemical pattern, and moreover, show that the
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periodic patterns can organize the NWs into a regular
superstructure. It is important to recognize that the patterned
surface alone does not provide good control of the 1D
nanostructure organization. Assembly of N'Ts and NWs on
patterned substrates shows 1D nanostructures aligned with,
bridging and looping around patterned arcas with little
directional control. Fluid flows are used to avoid these
significant problems and enables controlled assembly in one
or more directions. By combining this approach with other
surface patterning methods, such as nanoscale domain for-
mation in diblock copolymers and spontaneous ordering of
molecules, it should be possible to generate well-ordered
NW arrays beyond the limitations of conventional lithogra-

phy.

[0409] This general approach can be used to organize
NWs into more complex crossed structures, which are
critical for building dense nanodevice arrays, using the
layer-by-layer scheme illustrated in FIG. 31B. The fonration
of crossed and more complex structures requires that the
nanostructure-substrate interaction is sufficiently strong and
that sequential flow steps do not affect preceding ones. For
example, alternating the flow in orthogonal directions in a
two-step assembly process yields crossbar structures (FIG.
33A and 33B). FIGS. 33A-B show that multiple crossbars
can be obtained with only hundreds of nanometer separa-
tions between individual cross points in a very straightfor-
ward, low cost, fast and scalable process. Although the
separations between individual NWs are not completely
uniform, a periodic array can be easily envisioned using a
patterned surface as described above. Significantly, these
crossbar structures can yield functional devices.

[0410] This fluidic approach is intrinsically very parallel
and scalable, and moreover, allows for the directed assembly
of geometrically complex structures by simply controlling
the angles between flow directions in sequential assembly
steps. For example, an equilateral triangle (FIG. 33C) was
assembled in a three-layer deposition sequence using 60°
angles between the three flow directions. The method of
flow alignment thus provides a flexible way to meet the
requirements of many device configurations, including those
requiring assembly of multiple ‘layers” of NWs.

[0411] Electric fields can be used to align suspensions of
semiconductor NWs into parallel NW arrays and single NW
crosses, where patterned micro-electrode arrays are used to
create a field pattern. Fringing fields and charging can,
however, lead to significant complications in the assembly
of multiple crosses at the submicron scale.

[0412] An important feature of this layer-by-layer assem-
bly scheme is that each layer is independent of the others,
and thus a variety of homo- and hetero-junction configura-
tions can be obtained at each crossed point by simply
changing the composition of the NW suspension used for
each step. For example, it is possible to directly assemble
and subsequently address individual nanoscale devices
using this approach with n-type and p-type NWs and NTs, in
which the NWs/NTs act as both the wiring and active device
elements. A typical 2x2 crossbar array made of n-type InP
NWs, in which all eight ends of the NWs are connected by
metal electrodes, demonstrates this point (FIG. 33D). Trans-
port measurements (FIG. 33E) show that current can flow
through any two of the eight ends, and enable the electrical
characteristics of individual NWs and the NW-NW junctions
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to be assessed. The current-voltage (I-V) data recorded for
each of the four cross points exhibit linear or nearly linear
behavior (curves 200), and are consistent with expectations
for n-n type junctions. Because single NW/NW p-n junc-
tions formed by random deposition exhibit behavior char-
acteristic of light-emitting diodes (LEDs), it is apparent that
this approach can be used to assemble high-density and
individually addressable nanol.LEDs and electronically more
complex nanodevices.

[0413] Additional studies show that suspensions of single-
walled carbon nanotubes and duplex DNA can be aligned in
parallel arrays using the fluidic approach.

[0414] Specifically, FIGS. 30A and 30B are schematics of
fluidic channel structures for flow assembly. FIG. 30A
shows a channel formed when the PDMS mold was brought
in contact with a flat substrate. NW assembly was carried out
by flowing a NW suspension inside the channel with a
controlled flow rate for a set duration. Parallel arrays of
NWs are observed in the flow direction on the substrate
when the PDMS mold is removed. FIG. 30B illustrates that
multiple crossed NW arrays can be obtained by changing the
flow direction sequentially in a layer-by-layer assembly
process.

[0415] FIGS. 31A-31D illustrate parallel assembly of NW
arrays. FIGS. 31A and 31B are SEM images of parallel
arrays of InP NWs aligned in channel flow. The scale bars
correspond to 2 um and 50 pm in FIGS. 31A and 31B,
respectively. The silicon (SiO,/Si) substrate used in flow
assembly was functionalized with an amino-terminated self
assembled monolayer (SAM) by immersion in a 1 mM
chloroform solution of 3-aminopropyltriethoxysilane
(APTES) for 30 min, followed by heating at 110° C. for 10
min. Most of the substrates used in the following experiment
were functionalized in a similar way unless otherwise speci-
fied. FIG. 31C shows NW angular spread with respect to the
flow direction vs. flow rate. Each data point in FIG. 31E was
obtained by statistical analysis of angular distribution of
about 200 NWs and shows histogram of NW angular dis-
tribution at a flow rate of 9.40 mm/s. FIG. 31D shows the
average density of NW arrays vs. flow time. The average
density was calculated by dividing the average number of
NWs at any cross section of the channel by the width of the
channel. Most of the experiments were carried out with a
flow rate of 6.40 mm/s.

[0416] FIGS. 32A-32D illustrate assembly of periodic
NW arrays. FIG. 32A is a schematic view of the assembly
of NWs onto a chemically patterned substrate. The light gray
areas correspond to amino-terminated surfaces, while the
dark gray area corresponds to either methyl-terminated or
bare surfaces. NWs are preferentially attracted to the amino-
terminated regions of the surface. FIGS. 32B and 32C show
parallel arrays of GaP NWs aligned on poly(methyl-
methacrylate) (PMMA) patterned surface with 5 ym and 2
pum separation. The dark regions in the image correspond to
residual PMMA, while the bright regions correspond to the
amino-terminated SiO,/Si surface. The NWs are preferen-
tially attracted to amino-terminated regions. The PMMA
was patterned with standard electron beam (E-beam) lithog-
raphy, and the resulting SiO, surface was functionalized by
immersing in a solution of 0.5% APTES in ethanol for 10
min, followed by 10 min at 100° C. The scale bars corre-
spond to 5 um and 2 um in FIGS. 32B and 32C, respectively.
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FIG. 32D shows parallel arrays of GaP NWs with 500 nm
separation obtained using a patterned SAM surface. The
Si0,/Si surface was first functionalized with methyl-termi-
nated SAM by immersing in pure hexamethyldisilazane
(HMDS) for 15 min at 50° C., followed by 10 min at 110°
C. This surface was patterned by E-beam lithography to
form an array of parallel features with 500 nm period,
followed by functionalization using APTES. The scale bar
corresponds to 500 nm.

[0417] FIGS. 33A-33E illustrate layer-by-layer assembly
and transport measurements of crossed NW arrays. FIGS.
33A and 33B show typical SEM images of crossed arrays of
InP NWs obtained in a two-step assembly process with
orthogonal flow directions for the sequential steps. Flow
directions are highlighted by arrows in the images. FIG. 33C
shows an equilateral triangle of GaP NWs obtained in
three-step assembly process, with 600 angles between flow
directions, which are indicated by numbered arrows. The
scale bars correspond to 500 nm in the three images. FIG.
33D shows an SEM image of a typical 2x2 cross array made
by sequential assembly of n-type InP NWs using orthogonal
flows. Ni/In/Au contact electrodes, which were deposited by
thermal evaporation, were patterned by E-beam lithography.
The NWs were briefly (3-5 s) etched in 6% HF solution to
remove the amorphous oxide outer layer prior to electrode
deposition. The scale bar corresponds to 2 um. FIG. 33E
shows representative I-V curves from two-terminal mea-
surements on a 2x2 crossed array. The curves 210 represent
the 1-V of four individual NWs (ad, bg, cf, eh), and the
curves 200 represent 1-V across the four n-n crossed junc-
tions (ab, cd, ef, gh).

[0418] Field effect transistors, pn junctions, light emission
diodes, bipolar transistors, complementary inverters, tunnel
diodes have been demonstrated. The existing types of semi-
conductor devices can be made using nanoscale wires. The
following are some examples of applications: Chemical and
biological sensors; memory and computing; photodetector
and polarized light detector; indicating tag using the pho-
toluminescence properties; single electron transistors;
lasers; photovoltaic solar cells; ultra-sharp tip for scanning
probe microscopy and near-filed imaging; ultra-small elec-
trodes for electrochemical and biological applications; inter-
connect wires for nanoelectronics and optoelectronics; tem-
perature sensors; pressure sensors; flow sensors; mass
sensors; single photon emitters and detectors; ballistic trans-
port and coherent transport for quantum computing; spin-
tronics devices; and assembly of nanoscale wires for 2D and
3D photonic bandgap materials.

[0419] The following is a description of alternate tech-
niques for assembling nanoscale wires to form devices.
Fluidics can be used to assemble nanoscale wires.

[0420] Nanoscale wires (or any other elongated structures)
can be aligned by inducing a flow of nanoscale wire solution
on surface, wherein the flow can be a channel flow or flow
by any other ways. Nanoscale wire arrays with controlled
position and periodicity can be produced by patterning a
surface of a substrate and/or conditioning the surface of the
nanoscale wires with different functionalities, where the
position and periodicity control is achieved by designing
specific complementary forces (chemical or biological or
electrostatic or magnetic or optical) between the patterned
surface and wires. For example as A wire goes to A'
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patterned area, B wire goes to B' patterned area, C wire goes
to C' patterned area and every other wire goes to its
respective patterned area. The surface of the substrate and/or
nanoscale wires can be conditioned with different mol-
ecules/materials, or different charges, different magnetos or
different light intensities (eg., interference/diffraction pat-
terns from light beams) or any combination of these. As
assembled nanoscale wire arrays can also be transferred to
another substrate (e.g., by stamping). Nanoscale wires can
be assembled by complementary interaction. Flow can be
used for assembly of nanoscale wires in the above methods,
although it is not limited to flow only. Complementary
chemical, biological, electrostatic, magnetic or optical inter-
actions alone can also be exploited for nanoscale wire
assembly (although with less control). Nanoscale wires can
be assembled using physical patterns. Deposit nanoscale
wire solution onto substrate with physical patterns, such as
surface steps, trenches and others. Nanoscale wires can be
aligned along the corner of the surface steps or along the
trenches. Physical patterns can be formed by the natural
crystal lattice steps or self-assembled diblock copolymer
stripes, imprinted patterns or any other patterns. Nanoscale
wires may be assembled by electrostatic or magnetic force
between nanoscale wires. By introducing charge onto nanos-
cale wire surface, electrostatic forces between nanoscale
wires can align them into certain patterns, such as parallel
arrays. Nanoscale wires can be assembled using a Langmuir-
Blodgett (LB) film. Nanoscale wires are first surface con-
ditioned and dispersed to the surface of a liquid phase to
form a Langmuir-Blodgett (LB) film. Nanoscale wires can
then be aligned into different patterns (such as parallel
arrays) by compressing the surface. Then the nanoscale wire
patterns can be transferred onto desired substrate.

[0421] Nanoscale wires can be assembled by shear stretch-
ing by dispersing nanoscale wires in a flexible matrix (e.g.,
polymers), followed by stretching the matrix in one direc-
tion, nanoscale wires can be aligned in the stretching direc-
tion by the shear force induced. The matrix can then be
removed and the aligned nanoscale wire arrays can be
transferred to desired substrate. The stretching of the matrix
can be induced by mechanical, electrical optical, magnetic
force. The stretching direction can be either in the plane of
the substrate or not.

Example 9

[0422] This example illustrates the synthesis and charac-
terization of a compositionally modulated nanoscale wire
superlattice. In this example, nanoscale wires formed from
GaAs and GaP were studied. GaAs is known to be a direct
band gap semiconductor, and GaP is an indirect gap semi-
conductor.

[0423] Gallium arsenide (GaAs)/gallium phosphide (GaP)
superlattices were grown by laser-assisted catalytic growth
(LCG) using GaAs and GaP targets. A schematic of the
synthesis process is illustrated in FIG. 67. A nanocluster
catalyst 211 was used to nucleate and direct one-dimensional
semiconductor nanoscale wire 212 growth (FIG. 67A), with
the catalyst remaining at the terminus of the nanoscale wire.
Upon completion of the first growth step, a different material
213 was grown from the end of the nanoscale wire (FIG.
67B). Repetition of these steps produced a compositional
superlattice within a single nanoscale wire (FIG. 67C).

[0424] The nanoscale wires were synthesized either using
LCG (GaAs, GaP, and InP) or CVD (Si), using gold nano-
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clusters to direct the growth. Gold nanoclusters were depos-
ited onto oxidized silicon substrates and then placed in a
reactor fumace. For LCG-grown nanoscale wires, solid
targets of GaAs, GaP, and InP were ablated using either a
pulsed ArF excimer or Nd-YAG lasers, and growth was
carried out at 700-850° C. in an argon flow of 100 standard
cubic centimeters per minute (sccm) at 100 Torr. A pause of
about 45 seconds in the ablation was made between each
layer in a given superlattice. Silicon nanoscale wires were
grown by CVD at 450° C. using silane (3 sccm) and either
100 ppm diborane (p-type) or phosphine (n-type) in helium
(18 sccm) as dopants. The furnace was evacuated prior to
switching dopants.

[0425] The resulting nanoscale wires were sonicated
briefly in ethanol and deposited onto copper grids for TEM
analysis. The HRTEM images and EDS spectra from nanos-
cale wire superlattices were collected on a JEOL 2010F
microscope. The elemental mapping of the single junction
was conducted on a VG HB603 STEM.

[0426] Nanoscale wires dispersed in ethanol were depos-
ited onto silicon substrates (600 nm oxide), and electrical
contacts were defined using electron beam lithography.
Ti/Au contacts were used for Si nanoscale wires, and were
annealed at 400° C. following deposition. InP LED contacts
were fabricated by a two-step process in which the first
contact (n-type) was made using Ge/Au or Ni/In/Au and the
second (p-type) was made using Zn/Au. The contacts were
annealed at 300-350° C. following deposition.

[0427] A Digital Instruments Nanoscope I1I with extender
module was used for the EFM and SGM measurements.
FESP tips coated with 5 nm Cr/45 nm Au were used for
imaging. For EFM, the Nanoscope was operated in Lift-
Mode with a lift height of 60 nm and a scan rate of 0.5 Hz.

[0428] Single nanoscale wire photoluminescence images
and spectra were obtained using a home-built, far-field,
epifluorescence microscope. Excitation light (488 nm) was
focused by an objective (NA=0.7) to a ~30-pum diameter spot
on a quartz substrate deposited with nanoscale wires. The
typical excitation power density was ~1.0 kW/cm?>. A A/2
waveplate was used to change the polarization of excitation
light. The sample was mounted either in air at room tem-
perature (i. e., about 25° C.) or on the cold finger of a
cryostat and cooled to 7 K. The resulting photoluminescence
images and spectra was collected by the same objective,
filtered to remove excitation light, focused, and either
imaged or dispersed onto a liquid nitrogen cooled charge
coupled device. The emission polarization was analyzed
with a Glan-Thompson polarizer placed at the front of the
spectrometer.

[0429] Transmission electron microscopy (TEM) images
of the products of this synthesis are shown in FIG. 68. The
TEM can be focused on the junction area since the nanoscale
wire lengths were controlled directly by growth times.
High-resolution TEM (“HRTEM”) images of sample GaAs/
GaP junction regions, as illustrated in FIG. 68A, exhibited a
crystalline nanoscale wire core without obvious defects, and
showed that the nanoscale wire axes lies along the <111>
direction. The sample was grown from a 20 nm gold
nanocluster catalyst. The scale bar is 10 nm. Two-dimen-
sional Fourier transforms (2DFTs) calculated from the high-
resolution images containing the junction region, shown as
an inset in FIG. 68A, showed pairs of reciprocal lattice peaks
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along the different lattice directions, while 2DFTs calculated
from the regions above and below the junction (not shown)
exhibited only single reciprocal lattice peaks. Analysis of
these peak data yielded lattice constants, indexed to the zinc
blende structures of GaP and GaAs, of 0.5474+0.0073 nm
and 0.5668+0.0085 nm, in agreement with the values for
both GaP (0.5451 nm) and GaAs (0.5653 nm), respectively.
2DFT also revealed a splitting of the reciprocal lattice peaks
along the <111>, <-111>, and <-200> lattice directions in
the [0-22] zone axis, corresponding to the lattice constants
for GaAs and GaP.

[0430] Local elemental mapping of the heterojunction by
energy dispersive x-ray spectroscopy (EDS) was used to
address the composition variation across the junction.
Elemental maps produced from scanning TEM images
showed that gallium was uniformly distributed along the
length of the nanoscale wire (FIG. 68c¢), while phosphorous
(FIG. 684) and arsenic (FIG. 68¢) appeared to be localized
in the GaP and GaAs portions of the nanoscale wire hetero-
structure, respectively. Quantitative analysis of the phospho-
rous/arsenic composition variation, illustrated in FIG. 68f,
indicated that the transition in this particular nanoscale wire
was not atomically-abrupt, but transitioned between the GaP
and GaAs phases over a length scale of 15-20 nm. The
diameter of this nanoscale wire was approximately 20 nm.

[0431] Thus, this example illustrates the synthesis and
characterization of a compositionally modulated nanoscale
wire.

Example 10

[0432] This example illustrates the synthesis and charac-
terization of compositionally modulated nanoscale wire
superlattices in which the number of periods and repeat
spacing were varied during growth.

[0433] Preparation and synthesis of gallium arsenide
(GaAs)/gallium phosphide (GaP) were prepared using pro-
cedures to the ones described in Example 1. Repetition of
the LCG steps was used to produce a compositional super-
lattice within a single nanoscale wire.

[0434] TEM images of one nanoscale wire prepared using
those techniques showed a six period structure, correspond-
ing to a (GaP/GaAs), superlattice. These images are shown
in FIG. 69a. The nanoscale wire was about 20 nm in
diameter and had uniform characteristics over its 3 um
length. The background mesh in FIG. 69q is from carbon
film on which the nanodeposited for imaging. The scale bar
represents 300 nm.

[0435] Spatially resolved EDS measurements of the
nanoscale wire (illustrated in FIG. 6956) further demon-
strated that the phosphorous and arsenic regions were dis-
tinct from one another and that there was minimal cross-
contamination or overlap between the two types of regions.
Moreover, these data showed that each GaP and GaAs
nanoscale wire segment had a length of about 500 nm, and
thus was consistent with the equal growth times used for
each segment. These date also showed that growth rates
remained relatively constant during the entire nanoscale
wire synthesis. The symbols in FIG. 695 indicate locations
in the nanoscale wire shown in FIG. 69a where elemental
analysis of the superlattice was performed. The P Ka peak
was found to be about 2.015 keV and the As Ka peak was
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found to be about 10.543 keV. The spectra illustrate distinct,
periodic modulation of the nanoscale wire composition, with
three uniform periods of GaP spectra separated by three
uniform periods of GaAs spectra.

[0436] Photoluminescence imaging of individual nanos-
cale wires from the (GaP/GaAs); superlattice sample
described above showed that these nanoscale wires exhibit
an emission pattern of three spots separated by dark regions,
as illustrated in FIG. 69¢. This pattern was consistent with
emission originating from the three GaAs regions, separated
by dark GaP regions that act as optical “spacers.” Control
experiments on individual samples of pure GaAs and GaP
nanoscale wires showed that strong luminescence was
obtained from GaAs but not GaP.

[0437] The GaAs regions also exhibited a strong polar-
ization dependence, emitting when the excitation is polar-
ized parallel (||) to the nanoscale wire axis and appearing
dark when the polarization is perpendicular 1) to the nanos-
cale wire axis, as illustrated in FIG. 69¢. The emission from
the superlattice structures was also found to be highly
polarized along the wire axis.

[0438] FIG. 69c illustrates a photoluminescent nanoscale
wire under parallel (||) excitation and under perpendicular
(L) excitation (inset). The three bright regions under parallel
excitation correspond to the three GaAs (direct band gap)
regions, while the dark segments are from the GaP (indirect
band gap) regions. No photoluminescence was observed
above background for perpendicular excitation due to the
dielectric contrast between the nanoscale wire and its sur-
roundings. The scale bar is 5 pm in length.

[0439] Systematic variations in the growth time produced
nanoscale wire superlattices with well-defined changes in
periodicity. For example, the photoluminescence images of
an 11-layer superlattice in which the length of the GaP
regions was doubled each layer while maintaining a constant
GaAs period showed that the separation between emitting
GaAs regions doubled along the length of the nanoscale
wire, as illustrated in FIG. 69d. The diameter of the nanos-
cale wire illustrated in FIG. 69d was about 40 nm, and the
superlattice had the following structure: GaP(5 nm)/GaAs(5
nm)/GaP(5 nm)/GaAs(5 nm)/GaP(10 nm)/GaAs(5 nm)/
GaP(20 nm)/GaAs(5 nm)/GaP(40 nm)/GaAs(5 nm)/GaP(5
nm). The inset illustrates this structure. The scale bar is 5 um
in length.

[0440] Additionally, photoluminescence spectra of
21-layer GaP/GaAs superlattices consisting of a short 4
period (GaP/GaAs) repeat, followed by 3 longer GaP spacer
repeats, and ending in a relatively short 4 period (GaAs/
GaP) repeat are illustrated in FIG. 69e, also showing well-
defined separations between the two regions. The structure
of the nanoscale wire shown in FIG. 69¢ is (GaP/
GaAs),,GaP, and the nanoscale wire has a group of four
equally-spaced spots on the left, two in the middle with
larger gaps, and another set of four with equal spacing on the
end. The nanoscale wire is about 25 pm in length.

[0441] Thus, this example illustrates the synthesis and
characterization of compositionally modulated nanoscale
wire superlattices in which the number of periods and repeat
spacing were varied during growth.

Example 11

[0442] This example illustrates an example of a nanoscale
wire characterized as a diode.
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[0443] Individual silicon nanoscale wires having p/n junc-
tions were fabricated by gold nanocluster catalyzed chemi-
cal vapor deposition and dopant modulation. These nanos-
cale wire p/n junctions were characterized at the single
nanoscale wire level by a variety of electrical measurement,
as shown in FIG. 70, since EDS was insufficiently sensitive
to characterize dopant profiles. The scale bars shown in FIG.
70 are 500 nm.

[0444] As illustrated in FIG. 70a, current (I) vs. voltage
(Vo) the silicon nanoscale wire measurements showed
rectifying behavior consistent with the presence of an intra-
nanoscale wire p/n junction. The insets illustrate a schematic
of single nanoscale wire electrical characterization by trans-
port and probe microscopy, and a scanning electron micro-
graph of the silicon nanoscale wire device with the source
(S) and drain (D) electrodes as indicated.

[0445] The local nanoscale wire potential and gate
response were characterized by electrostatic force micros-
copy (EFM) and scanned gate microscopy (SGM), respec-
tively, to determine current rectification due to intra-nanos-
cale wire p/n junctions. An EFM image of a typical p/n
junction (for example, as shown in FIG. 705) in reverse bias
showed that the entire voltage drop occurs at the p/n junction
itself; EFM measurements showed no potential drop at the
contact regions under forward or reverse bias (not shown),
ruling out the contact/nanoscale wire interface as the source
of rectification in the I vs. V4 behavior. In FIG. 705, the
EFM phase image of the nanoscale wire diode was captured
under reverse bias with the tip at +3 V and the drain (right)
at +2 V. The signal was proportional to the square of the
tip-surface potential difference and showed an abrupt drop in
the middle of the wire at the junction.

[0446] InFIG. 70c, SGM images recorded with the nanos-
cale wire device in forward bias and the scanned tip-gate
positive showed enhanced conduction to the right of the
junction, indicating an n-type region, and reduced conduc-
tion to the left of the junction, indicating depletion of a
p-type region. The image shows the recorded source-drain
current, as the tip of the probe (at +10 V) was scanned across
the device. With the drain biased at -2 V (V_=+2 V), bright
regions correspond to an increase in the positive quantity
ISD and dark regions correspond to a decrease in ISD.
Vertical dashed white lines indicate the junction also indi-
cated in FIGS. 705 and 70c.

[0447] FIG. 70d illustrates a schematic of an InP nanos-
cale wire LED, and FIG. 70e illustrates polarized emission
from the LED along the nanoscale wire axis. Dashed white
lines indicate the edges of the electrodes in FIG. 704, and
were determined from a white light image. No electrolumi-
nescence was detected with perpendicular polarization. The
scale bar in FIG. 70¢ indicates 3 pum.

[0448] In conclusion, the abrupt change in majority carrier
type coincided with the location of the intra-nanoscale wire
junction determined by EFM. Thus, this doped nanoscale
wire shows diode behavior.

Example 12

[0449] Inthis example, a quantum confinement model that
was constructed in order to explain the photoluminescence
of certain embodiments of the invention is illustrated.

[0450] An effective mass model (EMM) was constructed
using particle-in-a cylinder wavefunctions for electrons and
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holes. In this model, the energy shift, AE, relative to the bulk
band gap as a function of the nanoscale wire radius, R, was
given by

se= (% +(3))- “
<ﬂz<xg>ﬂz<xh) i

- wxh)wxe)}
Era—

where m* is the reduced effective exciton mass (me
mh/(me+mh)), h is Planck’s constant, a,,, (=2.405) the first
zero of the zero order Bessel function, L is the effective
nanoscale wire length, e the charge of the electron, and € the
dielectric constant of InP.

[0451] The exciton wavefunction in Equation (1) was
taken as a simple product of the single-particle electron and
hole waveftinctions in cylindrical coordinates:

w(r, o Ze,h)=N “Jo(Qo1 7, e,h) sin (ﬂZe,h/L) 2

where Jo(cl; 1.5) 15 the zero order Bessel function, L the
length of the cylinder,and N the normalization constant. The
first term in Equation (1) represented the size-dependent
kinetic energy confinement imposed by the walls of the
nanoscale wire cylinder. The second term was the attractive
Coulomb interaction between electron and hole to first order
in perturbation theory, which was numerically evaluated
using the Green’s function expansion of 1/[x.-x,| in terms of
Bessel functions.

[0452] Using the reduced effective mass, m*, as the pri-
mary fitting parameter, this model fitted the experimental
data indicating that the model captured the essential physics
of the system. The reduced effective mass at room tempera-
ture determined from the fit, 0.052 m, (m,, the free electron
mass), was in agreement with previously published values of
0.065 m, for bulk InP. The smaller effective mass was
attributed to the crystalline orientation of the nanoscale
wires; that is, the nanoscale wire growth axis corresponded
to the heavy hole direction in InP. The smaller observed
effective mass was thus consistent with confinement per-
pendicular to the growth direction, where the hole mass was
reduced. The value of reduced mass determined from the 7
K data, 0.082 m,, was consistent with the observation that
the effective carrier masses in InP increased with decreasing
temperature.

[0453] Therefore, this example illustrates a quantum con-
finement model that was constructed in order to explain the
photoluminescence of certain embodiments of the invention.

Example 13

[0454] This example illustrates the calculation of a theo-
retical polarization ratio in an indium phosphide nanoscale
wire.

[0455] The of the can be naturally accounted for in terms
of the large nanoscale wire/air dielectric contrast inherent in
the free-standing materials

[0456] The large polarization response of the nanoscale
wires was modeled quantitatively by treating the nanoscale
wire as an infinite dielectric cylinder in a vacuum, as the
wavelength of the exciting light was much greater than the
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wire diameter. When the incident field was polarized parallel
to the cylinder, the electric field inside the cylinder was not
reduced, but when polarized perpendicular to the cylinder,
the amplitude was attenuated according to the following:

E=2 EEJ/(EHS), ©)

where E, is the electric field inside the cylinder, E_ the
excitation field, € is the dielectric constant of the cylinder,
and &, is the dielectric constant of a vacuum. Using the
dielectric constant for bulk InP of 12.4, the theoretical
polarization ratio was calculated to be 0.96.

[0457] Thus, this example illustrates the calculation of a
theoretical polarization ratio in an indium phosphide nanos-
cale wire.

Example 14

[0458] This example illustrates the formation and charac-
terization of nanoscale wires, in accordance with one
embodiment of the invention.

[0459] Monodisperse, single crystalline InP nanoscale
wire building blocks were synthesized via a colloid medi-
ated laser-assisted catalytic growth, and deposited from
solution suspensions onto quartz substrates for photolumi-
nescene measurements. Atomic force microscopy measure-
ments, illustrated in FIG. 634, showed that individual nanos-
cale wires deposited in this way were monodisperse and well
separated, and enable intrinsic photoluminescene properties
to be probed without the averaging inherent in ensemble
imeasurements. Scale bar is 5 um.

[0460] In FIG. 635, room temperature images of the total
photoluminescene intensity were recorded on individual
wires exhibit uniform emission intensity over the entire
nanoscale wire lengths within the approximately 1 pm
spatial resolution of these experiments. The scale bar in this
figure represents 5 pm. The photoluminescene image was
taken at room temperature with an exposure time of about 2
s.

[0461] In addition, luminescence spectra recorded at dif-
ferent positions along the nanoscale wire axis showed nearly
identical line shapes and emission energies, as illustrated in
FIG. 63c¢. The photoluminescene spectra were collected at
different positions along the nanoscale wire as is indicated in
FIG. 63b. For clarity, the spectra from different locations
were normalized to a common maximum and shifted
upward. Uniform photoluminescene was also observed in
measurements recorded at low temperatures (e. g., 7 K), and
suggested that the nanoscale wires had sufficiently regular
structures to prevent strong localization over this energy
scale, 7-300 ky. The photoluminescene image was taken at
room temperature with an exposure time of about 10 s.

[0462] The optical and electronic properties of low-di-
mensional semiconductors were size-dependent due to
quantum confinement effects. These effects were probed
directly through photoluminescene studies of individual
isolated InP nanoscale wires with diameters of 50, 20, 15,
and 10 nm. Spectra recorded at room temperature (F1G. 64a)
and 7 K (FIG. 64b) exhibited a systematic shift to higher
energies as the nanoscale wire diameters were reduced. The
typical line widths in FIGS. 64a and 645 were found to be
90-150 and 50-60 meV, respectively. In addition, these
experiments showed that all of the diameter-dependent
spectra recorded at 7 K shifted to higher energy, consistent
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with the shift of the bulk band gap from 1.35 to 1.42 eV as
temperature is reduced from room temperature to 7 K.

[0463] Data recorded from a number of independent wires
for each diameter, using monodisperse samples, also show
virtually the same luminescence maxima and line shape for
each diameter and temperature. Plots summarizing the diam-
eter-dependent photoluminescene maxima determined at
room temperature (FIG. 64c¢) and 7 K (FIG. 64d4) demon-
strate that the uncertainty in values was small compared to
the size-dependent change. Wire diameters were measured
using TEM, while the emission energy of maximum inten-
sity was obtained from single nanoscale wire photolumi-
nescene spectra. Between 20 and 50 wires were measured
per sample. These results thus illustrate the uniformity of the
nanoscale wires.

[0464] The data fits to the diameter-dependent photolumi-
nescene data were relatively insensitive to the value of L,
with reasonable fits obtained for L>10 nm. Values of L less
than the true nanoscale wire length account phenomenologi-
cally for the slight blue shift in the PL present in 50 nm
nanoscale wires, which were expected to be similar to bulk
InP.

[0465] The line widths were also consistently broader in
these single wire photoluminescene measurements. The
broadening suggested that the widths might signify delocal-
ization, although inhomogeneous broadening by surface
states and small diameter fluctuations could also contribute.
Since the spatially resolved spectra are quite uniform and
evidence for localization has not yet been observed in
images, these latter contributions may be less important.
Thus, these data indicate a delocalized 1-dimensional sys-
tem, and not strongly localized quantum dot-like emission.

[0466] FIG. 65a illustrates photoluminescene polarization
anisotropy of single InP nanoscale wires. These spectra were
recorded with the polarization of the laser aligned parallel
(solid line) and perpendicular (dashed line) to the wire axis.
The polarization ratio, p (p), was found to be 0.96. The inset
illustrates changes in intensity as a function of the laser
polarization angle with respect to the wire axis.

[0467] In FIG. 655, emission spectra of the wire in FIG.
65a are shown. These spectra were taken with the excitation
parallel to the wire, while a polarizer was placed in the
detection optics. The polarization ratio of the parallel (solid
line) to perpendicular (dashed line) emission was found to
be 0.92. The spectra in FIGS. 654 and 656 were taken at
room temperature, although spectra recorded at 7 K dis-
played nearly identical behavior.

[0468] FIG. 65c illustrates a dielectric contrast model for
the polarization anisotropy. The nanoscale wire was treated
as an infinite dielectric cylinder in a vacuum while the laser
polarizations were considered as electrostatic fields, oriented
as depicted. Field intensities (|E[*) calculated from Max-
well’s equations showed that the field was strongly attenu-
ated inside the nanoscale wire for the perpendicular polar-
ization, E |, while the field inside the nanoscale wire was
unaffected for the parallel polarization, E,.

[0469] FIG. 66 illustrates various InP nanoscale wire
photodectors. FIG. 66a is a schematic, depicting the use of
ananoscale wire as a photodetector by measuring the change
in photoconductivity as a function of incident light intensity
and polarization. The inset illustrates an FE-SEM image of
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a 20 nm diameter nanoscale wire having contact electrodes.
The scale bar is 2 um. Electrical contacts to the nanoscale
wires were defined using electron beam lithography, and
Ni/In/Au contact electrodes were thermally evaporated.

[0470] FIG. 665 is a graph of the conductance, G. vs. the
excitation power density. The photoconductivity response
when the illumination is polarized parallel (circles) and
perpendicular (squares) to the wire is shown. The inset
illustrates photoconductivity anisotropy, o (sigma), vs. exci-
tation power, calculated from the graph of FIG. 6654. The
measured anisotropy for the shown device was determined
to be 0.96.

[0471] FIG. 66¢ is a graph of the conductance versus the
polarizaton angle. All photoconductivity measurements
were made at room temperature. The current collected at the
drain electrode was measured using standard lock-in tech-
niques, with an excitation voltage of 50 mV at 31 Hz. No
gate voltage was applied. An excitation wavelength of 514.5
nm was used for these measurements.

[0472] Thus, this example illustrated the formation and
characterization of nanoscale wires, in accordance with one
embodiment of the invention.

Example 15

[0473] This example demonstrates the assembly of p-type
silicon (p-Si) and n-type gallium nitride (n-GaN) NWs to
form crossed nanoscale p-n junctions and junction arrays in
which the electronic properties and function are controlled
to provide both diode and FET elements in high yield.
Significantly, nanoscale p-n junction and FET arrays were
configured as OR, AND and NOR logic gates with substan-
tial gain, and these gates were interconnected to demonstrate
computation with a half-adder. This approach leads naturally
through the bottom-up paradigm to integration at the nanos-
cale and represents a step towards the creation of sophisti-
cated nanoelectronics.

[0474] The single crystal p-Si and n-GaN NWs used were
synthesized by nanocluster-catalyzed methods and had
diameters of 10-25 and 10-30 nm, respectively. NWs as
small as 2 nm can be prepared. These NWs were chosen
since the oxide coating on their surfaces can be indepen-
dently varied to enable good control ofjunction electronic
properties. To demonstrate this point, which is critical for
assembly of more complex integrated devices, the electronic
properties of a large number of crossed p-Si/n-GaN junc-
tions are provided (FIG. 60). Current-voltage (I-V) mea-
surements show that the p-Si/n-GaN crossed NW devices
exhibit current rectification characteristic of p-n diodes with
a typical turn-on voltage of about 1.0 V (FIG. 60q). These
results are highly reproducible. Clear current rectification
was observed in over 95% of the more than 70 crossed p-n
NW devices studied, and moreover, 85% of the devices
exhibited low turn-on voltages between 0.6-1.3 V (top-left
inset, FIG. 60a). The reproducible assembly of crossed NW
structures with predictable electrical properties contrasts
sharply with results from NT based devices. Significantly,
electrical transport measurements made on a typical 4x1
crossed p-Si/n-GaN junction array (FIG. 605) show that the
four nanoscale cross points form independently addressable
p-n junctions with clear current rectification and similar
turn-on voltages. These data demonstrate clearly the high
yield and reproducibility of the crossed NW p-n devices, and
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represent an important and necessary step for the rational
assembly of more complex devices such as logic gates.

[0475] In addition to these low turn-on voltage diodes,
high turn-on voltage p-n junctions can be used as nanoscale
FETs (FIG. 60c¢). Specifically, a p-channel FET with both a
nanoscale conducting channel and a nanoscale gate is
formed from a n-GaN/p-Si crossed NW structure and
referred to as crossed NW FETs (¢cNW-FETs). The high
turn-on voltage junctions required to assemble cNW-FETs
were reproducibly formed by increasing the oxide layer
thickness at the junctions by either thermal oxidation of the
SiNWs or by passing a high current through the junction in
the air. Transport data recorded on over 50 p-n junctions
prepared in this way (FIG. 60a) show that turn-on voltages
in excess of 5 volts can be achieved in nearly quantitative
yield, while still maintaining good conduction through indi-
vidual NWs. The corresponding I-V data recorded on a
typical ctNW-FET, where the n-GaN NW is used as a
nano-gate, exhibits a large decrease in conductance with
increasing gate voltage (FIG. 60c¢). Specifically, the conduc-
tance can be changed by more than 10°-times with only a 1-2
V variation in the nano-gate, while the conductance changes
by only a factor 10 when a global back-gate is used (top-left
inset, FIG. 60c¢). The high sensitivity of the cNW-FETs is
attributed to the intrinsically thin gate dielectric between the
crossed NWs. The reproducibility, large gate response and
potential for nanoscale integration make the cNW-FETs
attractive for assembling more complex electronic devices
where FETs are critical elements. Moreover, these charac-
teristics contrast recent work on NTs that have employed
either global back gates, which are incompatible with inde-
pendent device function, or lithographically defined local
gates, which use and are constrained by conventional lithog-
raphy to obtain nanoscale structures.

[0476] Specifically, FIG. 60 illustrates these crossed
nanoscale wire nanodevice elements. FIG. 60a illustrates a
turn-on voltage distribution for crossed NW junctions. The
green shaded area indicates the range for low turn-on
voltage junctions formed from as-assembled NW junctions,
and the red shaded area indicates high turn-on voltage
devices after local oxidation of the junction. The top-left
inset shows histogram of turn-on voltage for over 70 as
assembled junctions showing a narrow distribution around 1
volt. The high turn-on voltage devices have a broad distri-
bution but generally fall into the range of 5-10 V. The
top-right inset shows an example I-V response for low
(green) and high (red) turn-on voltage elements. Note that
the red curve is multiplied by 1000 for better view. The inset
in top-right inset shows a typical SEM image of a crossed
NW device. Scale bar is 1 micrometer. FIG. 606 illustrates
1-V behavior for a 4(p)x1(n) multiple junction array. The
four curves represent the I-V for each of the four junctions
and highlight reproducibility of assembled device elements.
The inset shows an example of a multiple crossed NW
device. The scale bar represents 2 micrometers. FIG. 60c
illustrates gate dependent 1-V characteristics of a crossed
NW-FET. The NW gate voltage for each I-V curve is
indicated (0, 1, 2, 3 V). The red and blue curves in the
top-left inset show I vs. V. for n-NW (red) and gl10Bal
back (blue) gates when the bias is set at 1 V. The transcon-
ductance for this device was 80 and 280 nS (V_=1V) using
the gl10Bal back gate and NW gate, respectively. The
bottom-right inset shows the measurement configuration.
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[0477] The high-yield assembly of crossed NW p-n junc-
tions and cNW-FETs enables the bottom-up approach to be
used for formation of more complex and functional elec-
tronic devices, such as logic gates. To demonstrate the
flexibility of these NW device elements, both diode- and
FET-based logic was investigated. First, a two-input OR gate
was realized using a 2(p) by 1(n) crossed p-n junction array
with the two p-Si NWs as inputs and the n-GaN NW as the
output (FIG. 61a). In this device, the output is low (logic 0)
when both input voltages are low (0 V), and the output is
high (logic 1) when either or both of the input voltages are
high (5 V) (FIG. 61B), where a high input corresponds to
forward bias of the corresponding p-n junction. The output-
input (V_-V,) voltage response (inset, FIG. 615) shows that
V,, increases linearly with V; when one input is set low (0V)
except for the region near 0 V. This low response region is
due to the finite turn-on voltage of the p-n junctions, and
produces a logic output typically 0.4-0.2 V less than the
input voltage. Small reductions in V_ do not affect the
operation of the logic gates because the low turn-on voltage
contributions are reproducible and can be readily accounted
for in defining the 0 and 1 states. The V_-V, data also show
a nearly constant high output when the second input is set
high (e.g., 5 V). The experimental truth table for the 1x2
crossed NW device (FIG. 61¢) summarizes the input-output
response and confirms that this NW device behaves as a
logic OR gate. The assembly of more p-n junctions can
produce a multiple input OR gate; that is, a 1xn junction
array for an n-input OR gate.

[0478] Also fabricated was an AND gate from a 1(p-Si)x
3(n-GaN) multiple junction array (FIG. 61d). In this struc-
ture, the p-Si NW is biased at 5 V. Two of the GaN NWs are
used as inputs and the third is used a gate with a constant
voltage to create a resistor by depleting a portion of the p-Si
NW. The logic O is observed from this device when either
one or both of the inputs are low (FIG. 61e), since V;=0
corresponds to a forward biased, low resistance p-n junction
that pulls down the output (logic “0”). The logic 1 is
observed only when both inputs are high, because this
condition corresponds to reverse biased p-n diodes with
resistances much larger than the constant resistor; that is,
little voltage drop across the constant resistor and a high
voltage is achieved at the output. The V -V, data (inset, FIG.
61e) shows constant low V_ when the other input is low, and
nearly linear behavior when the other input is set at high.
The truth table for the NW device (FIG. 61f) summarizes the
input-output response and confirms that this device func-
tions as a logic AND gate.

[0479] In addition, a logic NOR gate was assembled using
a 1(p-Si)x3(n-GaN) cNW-FET array (FIG. 61g). The NOR
gate was configured with 2.5 V applied to one cNW-FET to
create a constant resistance about 100 MOhms, and the
p-SiNW channel was biased at 5 V. The two remaining
n-GaN NW inputs act as gates for two cNW-FETs in series.
In this way, the output depends on the resistance ratio of the
two cNW-FETs and the constant resistor. The logic O is
observed when either one or both of the inputs is high (FIG.
61/). In this case, the transistors are off and have resistances
much higher than the constant resistor, and thus most of the
voltage drops across the transistors. A logic 1 state can only
be achieve when both of the transistors are on; that is, both
inputs low. The V_-V, relation (inset, FIG. 61/) shows
constant low V_ when the other input is high, and a nonlinear
response with large change in V_ when the other input is set
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low. Analysis of this data and that from similar structures
demonstrates that these 2-input NOR gates routinely exhibit
gains in excess of five, which is substantially larger than the
gain reported for complementary inverters based on Si-NWs
and carbon NTs. High gain is a critical characteristic of gates
since it enables interconnection of arrays of logic gates
without-signal restoration at each stage. The truth table for
this NW device (FIG. 611) summarizes the V_-V, response
and demonstrates that the device behaves as a logic NOR
gate. Lastly, multiple input logic NOR gates can function as
NOT gates (simple inverters) by eliminating one of the
inputs.

[0480] Specifically, FIG. 61 illustrates these nanoscopic
nano-logic gates. FIG. 61a illustrates schematics of logic
OR gate constructed from a 2x1 crossed NW p-n junction.
The insets show an example SEM image (scale bar: 1
micrometer) of the assembled “OR” gate and symbolic
electronic circuit. FIG. 615 illustrates the output voltage vs.
the four possible logic address level inputs: (0,0); (0,1);
(1,0); (1,1), where logic O input is 0 V and logic 1 input is
5 V. same for the below). The inset shows output-input
(V,-V,) relation. The solid and dashed red (blue) lines show
V,-V;, and V_-V,, when the other input is 0 (1). FIG. 61c
illustrates the experimental truth table for the OR gate. FIG.
614 illustrates a schematic of logic AND gate constructed
from a 1x3 crossed NW junction array. The insets show a
typical SEM image (bar is 1 micrometer) of the assembled
AND gate and symbolic electronic circuit. FIG. 61e illus-
trates the output voltage vs. the f6ur possible logic address
level inputs. The inset shows the V_-V,, where the solid and
dashed red (blue) lines correspond to V_-V;, and V-V,
when the other input is 0 (1). FIG. 61f illustrates the
experimental truth table for the AND gate. FIG. 61g illus-
trates a schematic of logic NOR gate constructed from a 1x3
crossed NW junction array. The insets show an example
SEM image (bar is 1 micrometer) and symbolic electronic
circuit. FIG. 61, illustrates the output voltage vs. the four
possible logic address level inputs. The inset shows V_-V,
relation, where the solid and dashed red (blue) lines corre-
spond to V_-V,, and V_-V,, when the other input is 0 (1).
The slope of the data shows that device voltage gain is larger
than 5. FIG. 61; illustrates the measured truth table for the
NOR gate.

[0481] The controllable assembly of logic OR, AND and
NOR (NOT) gates enables the organization of virtually any
logic circuit, and represents a substantial advance.

[0482] Interconnected multiple AND and NOR gates
implement basic computation in the form of an XOR gate
(FIG. 62a), which corresponds to the binary logic function
SUM, and a half adder (FIG. 6254), which corresponds to the
addition of two binary bits. The XOR gate is configured by
using the output from AND and NOR gates as the input to
a second NOR gate, while the logic half adder uses an
additional logic AND gate as the CARRY. The truth table for
the proposed logic XOR is summarized in FIG. 62¢. Sig-
nificantly, the experimental V_-V; transport data for the
XOR device (FIGS. 62d and 62¢) show: (1) that the output
is logic state 0 or low when the inputs are both low or high,
and logic state 1 or high when one input is low and the other
is high, and moreover (2) that the response is highly non-
linear. The linear response region corresponds to a voltage
gain of in excess of five and is typical of the devices
measured to date. This large gain is achieved in an XOR
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configured from a low gain diode AND gate, and is due to
the high gain of the ¢ctNT-FET NOR gate. Further improve-
ments in device performance could be obtained by using
cNT-FET elements for all of the logic elements. Signifi-
cantly, the data summarized in the experimental truth table
(FIG. 62f) demonstrate that the response is that of the binary
logic SUM operation, and thus implements a basic compu-
tation with the NW logic devices.

[0483] Specifically, FIG. 62 illustrates these computa-
tional devices. FIG. 62q illustrates a schematic of logic XOR
gate constructed using the output from an AND and a NOR
as the input to a second NOR gate. FIG. 625 illustrates a
schematic for logic half adder. FIG. 62c¢ illustrates a truth
table for logic XOR gate. FIG. 62d illustrates XOR output
voltage vs. input voltages. The solid and dashed red (blue)
lines show V-V, and V_-V,, when the other input is 0 (1).
The slope of the V_-V,; data shows that the gain exceeds 10.
The XOR gate was achieved by connecting the output
electrodes of an AND and NOR gate to two inputs of another
NOR gate. FIG. 62¢ illustrates the output voltage vs. the four
possible logic address level inputs for the XOR gate. FIG.
62/ illustrates an experimental truth table for the logic half
adder. The logic half adder was obtained by using the XOR
gate as the SUM, and an AND gate as the CARRY.

[0484] Overall, the controllable and reproducible bench-
top assembly of nanoscale crossed p-n diode and cNW-FET
elements and arrays, which have enabled the demonstration
of all critical logic gates and basic computation, represents
a significant step towards integrated nanoelectronics built
from primarily bottom-up vs. top-down approaches. Further
steps can involve assembling NWs directly onto predefined
metal electrode arrays and creating more highly integrated
circuit elements by feeding the output from NW to NW.
Implementing these approaches can eliminate the conven-
tional lithography used to wire-up devices in this study.
Moreover, in a crossbar array using 5 nm diameter NWs, it
can be possible to achieve device densities approaching
10*%/cm?, which is off the present semiconductor roadmap
for top-down manufacturing.

Example 16

[0485] This example illustrates one approach to the syn-
thesis of core-shell nanoscale wire structures based upon
control of axial and radial growth in chemical vapor depo-
sition (FIG. 74). FIG. 74a illustrates a flexible method for
the synthesis of main-group seminconductor nanoscale
wires using nanocluster catalysts to preferentially direct
axial growth via a vapor-liquid-solid growth process, as
discussed above. In FIG. 74a, gaseous reactants catalytically
decompose on the surface of a gold nanocluster, which may
lead to nucleation and directed nanowire growth.

[0486] One-dimensional axial growth may be achieved
when reactant activation and addition occurs at the catalyst
site and not on the surface (FIG. 745). In FIG. 745, one-
dimensional growth may be maintained as reactant decom-
position on the gold catalyst occurs.

[0487] Thus, conformal shell growth may be driven by
altering the synthetic conditions to favor homogeneous
vapor phase deposition on the surface (FIG. 74¢). In FIG.
74c¢ synthetic conditions may be altered to induce homoge-
neous reactant decomposition on the surface, leading to a
shell structure. Subsequent introduction of different reac-
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tants or dopants may produce multiple shell structures
having arbitrary composition, although epitaxial growth of
these shells requires consideration of lattice structures. This
approach to core-shell nanoscale wire heterostructures is
further discussed below in reference to examples of silicon
(Si) and germanium (Ge). In FIG. 744, multiple shells may
be grown by repeated modulation of reactants.

[0488] Homoepitaxial Si—Si core shell nanoscale wires
were grown by chemical vapor deposition (CVD) using
silane as the silicon reactant (FIG. 75). In this example,
intrinsic silicon (i-Si) nanoscale wires cores were prepared
by gold nanocluster directed axial growth, which yielded
single crystal structures having diameters controlled by the
nanocluster catalyst diameter, then boron-doped (p-type)
silicon (p-Si) shells were grown by homogeneous CVD,
where the shell thickness was found to be directly propor-
tional to the growth time. Radial shell growth was activated
by the addition of diborane, which may serve to, for
example, lower the decomposition temperature of silane, act
as a p-type dopant, or increase the reaction temperature.

[0489] FIGS. 75a,b illustrate diffraction contrast and high-
resolution TEM images, respectively, of an unannealed
intrinsic silicon core and p-type silicon shell nanowire
grown at 450° C. Crystal facets in the HRTEM image
designated by arrows indicate initially epitaxial shell growth
at low temperature. The scale bars represent 50 nm and 5
nm, respectively. Transmission electron microscopy (TEM)
images of the i-Si/p-Si product obtained from constant
temperature growth at 450° C. showed a uniform core-shell
structure consisting of a crystalline Si core and amorphous
Si shell (FIG. 754a), where the core diameter, 19 nanometers,
was consistent with the 20 nanometers nanocluster used in
the initial axial growth step. High-resolution TEM images
showed reproducible crystalline faceting at the core-shell
interface (FIG. 75b). This faceting may indicate that the
nanoscale wire surfaces may be sufficiently clean following
axial growth to nucleate epitaxial growth within the shell.

Example 17

[0490] To illustrate control of the Si on Si homoepitaxy in
the core-shell nanowire structure, several experiments were
performed, as described in this example. First, i-Si/p-Si
core-shell nanoscale wires obtained from constant tempera-
ture growth at 450° C. were annealed in situ at 600° C.

[0491] FIGS. 75¢,d illustrate TEM images (analogous to
FIGS. 75a and b) of an i-Si/p-Si core shell nanowire
annealed at 600° C. for 30 minutes after core-shell growth
at 450° C. The inset shows two-dimensional Fourier trans-
forms of the image depicting the [ 111] zone axis of the single
crystal nanowire. The V3[422] reflections, although forbid-
den in bulk silicon, arise due to the finite thickness of the
nanoscale wire. The TEM images recorded on these samples
exhibited no apparent diffraction contrast between the core
and shell (FIG. 75c¢). Lattice resolved images and electron
diffraction data showed that the shell crystallized substan-
tially uniformly to yield a single crystal structure (FIG. 75d).
Second, the importance of the initial nucleation and crys-
talline faceting for achieving epitaxy in the shell was probed
using a brief in situ oxidation of the silicon core prior to
silicon shell growth. This oxidation step produced a thin
amorphous silicon oxide layer at the surface of the crystal-
line Si core.
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[0492] FIGS. 75¢fillustrate TEM images of an i-Si/SiO,/
p-Si nanowire. The oxide layer is too thin (<1 nm) to discern
in this particular high-resolution image, but the sharp inter-
face (dashed line) between the crystalline core and amor-
phous overcoat differs from the faceting seen in FIG. 755,
which may illustrate the disruption of epitaxy. The inset
shows a TEM image of p-Si coating the nanowire and the Au
nanocluster tip. The scale bar is 50 nim. The TEM images of
1-S1/S10,/p-Si core-shell-shell structures showed a smooth
and abrupt interface between the crystalline core and amor-
phous shell (FIGS. 75¢ and 75f). The low roughness of the
interface may be comparable to that observed in nanoscale
wires after only axial growth, and contrasts sharply with the
faceted interface of the low-temperature homoepitaxy (FIG.
75b). These results illustrate that the thin oxide layer may
disrupt homoepitaxy and inhibit crystallization of the shell,
for example, under conditions that may lead to complete
crystallization in samples without the oxide layer.

[0493] FIG. 75g illustrates two-terminal current (I) versus
voltage (V) measurements of the nanoscale wires described
above. Curves are labeled according to the representative
TEM image from the same sample of wires. Curve f has
been multiplied by a factor of 10*. The insets illustrate
current versus backgate voltage to determine field-effect
mobilities. The electrical transport properties of the core-
shell structures to define the impact of the observed struc-
tural differences were also characterized. Two terminal
measurements made on the three distinct types of i-Si/p-Si
core-shell structures showed linear current (I) versus voltage
(V) characteristics, although the transport properties exhib-
ited certain interesting differences (FIG. 75g). First, the
i-S1/S10,/p-Si nanoscale wires (FIG. 75f), which have an
amorphous p-Si shell, showed relatively high resistivities,
~10" Ohm cm, and low effective hole mobilities, ~0.001 cm?
V! s7!. These resistivity and mobility values may be
comparable to those of heavily doped amorphous silicon
deposited by plasma-enhanced CVD, and may suggest that
conduction can be dominated by amorphous p-Si shell. In
contrast, the i-Si/p-Si structures, which have partly orlfully
crystalline p-Si shells, exhibited lower resistivities, ca. 0.5-
5%107> Ohm cm. The similarity in these values may be
consistent with observations of crystalline faceting (FIG.
75b), which may suggest that a continuous epitaxial layer of
p-Si, which dominates transport, may have existed prior to
the complete crystallization achieved by annealing. In addi-
tion to the resistivity values, the hole mobility of the
crystalline p-Si shell nanowires was found to be 25 cm? V!
s™', which may be comparable to that of single crystal
silicon at similar high doping levels.

[0494] The carrier mobility may be an important figure of
merit for many semiconductor devices, affecting various
properties such as device speed. Potential limitations to the
mobility in our core-shell nanoscale wires may include, for
example, interfacial scattering at the core-shell boundary, or
ionized impurity scattering in the doped shell. Scattering at
the i-Si/p-Si interface may be minimized by the achievement
of epitaxial shell growth on regular nanowire cores (e.g.,
FIG. 75d). Some improvements may be observed if the holes
created by ionized boron atoms are driven into an intrinsic
core, which spatially separates dopants and carriers, mini-
mizing ionized impurity scattering. This situation may be
achieved in, for example, Si—Ge heterostructures, since the
energy band offsets may produce internal fields that can
drive charge carrier redistribution.
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Example 18

[0495] In this example, radial heteroepitaxy of Si on Ge
was pursued to illustrate an embodiment having core-shell
structures in materials systems of scientific and technologi-
cal importance. Single crystal Ge nanoscale wires were
defined using gold nanocluster directed axial growth, and
boron-doped p-Si shells were grown by homogeneous CVD
as discussed elsewhere. FIG. 76A illustrates bright field
image of an unannealed Ge—Si core-shell nanoscale wire
with an amorphous p-Si shell. The scale bar represents 50
nm. The bright field TEM images revealed a core-shell
structure consistent with Ge-core (dark) and Si-shell (light)
structure, which was further verified using elemental map-
ping (FIGS. 76b and 76c¢), which show a localized Ge core
and Si shell. These figures show scanning TEM elemental
maps of Ge and Si concentrations, respectively, in the
nanoscale wire of FIG. 76a.

[0496] FIG. 76d illustrates high-resolution TEM image of
a representative nanowire from the same synthesis as the
wire in FIGS. 76a-c. The scale bar represents 5 nm. He
high-resolution TEM images of i-Ge/p-Si core-shell nanow-
ires in which the p-Si shell was deposited at low temperature
without annealing showed a crystalline Ge core and pre-
dominantly amorphous Si shell (FIG. 764).

[0497] FIG. 76e illustrates an elemental mapping cross-
section showing the Ge and Si concentrations. The solid
lines show the theoretical cross-section for a 26 nm diameter
core, 15 nm thick shell and <1 nm interface, according to the
model described elsewhere. Analysis of the cross-sectional
elemental mapping data in FIG. 76e showed that the Ge core
is approximately 26 nm, the Si shell is approximately 15 nm,
and the Ge-Si interface width is less than about 1 nm, where
the resolution estimate is limited by the electron beam width.

[0498] 1t was found that the amorphous Si shell may be
completely crystallized following in-situ thermal annealing
at 600° C. FIG. 76fis a high-resolution TEM image of an
annealed Ge-Si core-shell nanoscale wire exhibiting a crys-
talline p-Si shell. The scale bar represents 5 nm. Lattice-
resolved TEM images of Ge-Si core-shell structures follow-
ing this thermal treatment exhibited a substantially uniform
crystalline Si shell (FIG. 76f), which may suggest that thin
regions of epitaxially grown Si are present in the unannealed
wires. In FIG. 76g elemental mapping cross-section of this
nanoscale wire gives a 5 nm shell thickness with a sharp
interface in agreement with the TEM image. This may
indicate that the Ge and Si may not interdiffuse during the
annealing process. The elemental mapping illustrates that
the contrast in high-resolution TEM images is due to an
abrupt (<1 nm) Si—Ge interface. Higher silicon deposition
temperatures may render the annealing step optional by
improving surface mobility of adsorbed silicon. In addition,
electrical transport studies of the i-Ge/p-Si core-shell nanos-
cale wires were also performed. Data recorded on the
annealed samples containing crystalline Si shells illustrate
linear I-V characteristics with resistances, about 10 kiloO-
hms, approximately four times lower than those measured in
i-Si/p-Si crystalline core-shell structures. Thus, conduction
may be occurring, at least in part, through the Ge-core.

[0499] FIG. 77 illustrates Si—Ge and Si—Ge—Si core-
shell nanoscale wires. Bright-field TEM images and com-
position mapping (FIG. 77a) showed Si-Ge core-shell struc-
tures having sharp (<1 mn) interfaces. In FIG. 774, an
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elemental mapping cross-section indicates a 21 nm diameter
Si core, 10 nm Ge shell and a <1 nm interface. The inset
shows a TEM image of the corresponding Si-Ge core-shell
nanoscale wire. The dashed line indicates the mapping
cross-section. FIG. 776 shows a high-resolution TEM image
of a representative crystalline core and shell from the same
synthesis as FIG. 77a. The scale bar represents 5 nm. The
insert illustrates two-dimensional Fourier transform of the
real space image showing the [111] zone axis. The split
lattice reflections perpendicular to the interface may be
indexed to the Ge and Si lattice constants (5.657 Angstroms
and 5.431 Angstroms, respectively). The high-resolution
TEM image demonstrated that the Ge shell may be fully
crystallized under certain low-temperature growth condi-
tions (FIG. 77b), presumably due to the high surface mobil-
ity of Ge atoms. In addition, diffraction data may illustrate
coherently strained epitaxial overgrowth (inset FIG. 77b);
that is, a single diffraction peak may be observed along the
axial direction, which may be indicative of compressively
strained Ge and tensily strained Si. Two peaks, which may
be indexed to the Ge (5.657 A) and Si 5.431 A) lattice
constants, may also be observed in the radial direction and
indicate relaxation normal to the interface. Additionally, the
growth of more complex multi-shell structures has been
studied, including composition mapping of a Si—Ge—Si
core-double-shell structure (FIG. 77b). FIG. 77¢ illustrates
cross-sectional elemental mapping of a double shell struc-
ture with an intrinsic silicon core (diameter, 20 nm), intrinsic
germanium inner shell (thickness, 30 nm), and p-type silicon
outer shell (4 nm).

Example 19

[0500] In this example of device structures, coaxially-
gated nanowire FETs were prepared (FIG. 78). The coaxial
geometry may be advantageous for certain nanoFETs, such
as a capacitance enhancement compared to standard planar
gates used in nanowire and nanotube FETs, or double-gated
structures used in certain planar devices. The nanoscale
building blocks used to fabricate coaxial FETs had a core-
multi-shell structure: p-Si/i-Ge/SiO,/p-Ge, where the active
channel is the i-Ge shell. The source, drain, and gate contacts
in this embodiment were made by selective etching and
metal deposition onto the inner i-Ge shell and outer p-Ge
shell, respectively. The continuity of the SiO, gate dielectric
was confirmed by the low, <5 pA, gate to source/drain
leakage currents. Transport measurements made on these
initial devices show good performance characteristics (FIG.
78¢) with transconductance values, ranging up to about 1500
nA/V for a 1 V source-drain bias. Minimizing SiO, trap
states (which can compensate the applied gate voltage),
reducing the gate dielectric thickness, or substituting a
high-K dielectric may lead to improvements in the transistor
performance in certain cases. These changes may be imple-
mented during the initial synthesis stage, in some embodi-
ments, and thus integration of this device structure may be
readily achieved in semiconducting nanowire or nanotube
devices.

Example 20

[0501] This example illustrates an example method of
preparing a nanoscale wire having a core-shell structure.

[0502] Gold nanoclusters were deposited on oxidized sili-
con wafers and placed in a quartz tube furnace. Silicon
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nanowire cores were grown at 450° C. using silane (5 cm®
STP) at 5 torr producing a one-dimensional (axial) growth
rate of ~1 micron/min. P-type silicon shells were deposited
using silane (1 cm® STP) and 100 ppm diborane in helium
(20 cm® STP) and 20 torr, yielding a radial growth rate of
~10 nm/minute; stoichiometric incorporation of boron
would yield a bulk doping level of about 2x10*° cm™. Ge
nanowires were grown at 380° C. using 10% germane in
argon (30 cm® STP) at 30 torr (axial growth rate ~0.7
micron/min) while Ge shells were deposited at 5 cm® STP
and 4 torr (radial growth rate ~10 nm/min). The ratio of axial
to radical growth depended on the sample position within
the furnace.

[0503] The substrate-bound nanowires were sonicated in
ethanol and deposited on oxidized degenerately-doped sili-
con wafers or copper grids for electrical transport and TEM
measurements, respectively. E-beam lithography was
employed to define contact regions with subsequent depo-
sition of Ti/Au electrodes, as described previously. Effective
mobilities were then calculated.

[0504] The HRTEM images were collected on a JEOL
2010F microscope, and elemental imaging and cross-sec-
tional mapping was conducted on a VG HB603 STEM. The
elemental mapping data were modeled by calculating the
cross-sectional thicknesses for concentric cylinders of dif-
ferent composition with abrupt interfaces, taking the elec-
tron beam profile into account by convoluting with a gaus-
sian profile of 1.6+0.5 nm full-width, consistent with the
known value for the instrument.

Example 21

[0505] In this example, a coaxially-gated nanowire tran-
sistor is characterized. FIG. 78a illustrates a device sche-
matic showing the formed transistor structure. The inset
shows the cross-section of the as grown nanowire, starting
with a p-doped Si core with subsequent layers of i-Ge, SiO,,
and p-Ge. The source (S) and drain (D) electrodes may be
contacted to the inner i-Ge core, while the gate electrode (G)
may be in contact with the outer p-Ge shell and electrically
isolated from the core by the SiO, layer. FIG. 78¢ illustrates
a scanning electron micrograph (SEM) of a coaxial transis-
tor. The source and drain electrodes were deposited after
etching the Ge (30% H,0,, 20 sec) and SiO, layers (buffered
HF, 10 sec) to expose the core layers. The etching of these
outer layers is shown in the inset and is indicated by the
arrow. The gate electrodes may be defined in subsequent
steps without any etching prior to contact deposition. The
scale bar represents 500 nm. FIG. 78¢ illustrates the gate
response of the coaxial transistor at Vi,_1 V, showing a
maximum transconductance of 1255 nA/V.

[0506] While several embodiments of the invention have
been described and illustrated herein, those of ordinary skill
in the art will readily envision a variety of other means and
structures for performing the functions and/or obtaining the
results or advantages described herein, and each of such
variations or modifications is deemed to be within the scope
of the present invention. More generally, those skilled in the
art would readily appreciate that all parameters, dimensions,
materials, and configurations described herein are meant to
be exemplary and that actual parameters, dimensions, mate-
rials, and configurations will depend upon specific applica-
tions for which the teachings of the present invention are

Dec. 6, 2007

used. Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the
foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced other-
wise than as specifically described. The present invention is
directed to each individual feature, system, material and/or
method described herein. In addition, any combination of
two or more such features, systems, materials and/or meth-
ods, if such features, systems, materials and/or methods are
not mutually inconsistent, is included within the scope of the
present invention. In the claims, all transitional phrases or
phrases of inclusion, such as “comprising,”including,“““car-
rying,”*having,”“containing,” and the like are to be under-
stood to be open-ended, i.e. to mean “including but not
limited to.” Only the transitional phrases or phrases of
inclusion “consisting of” and “consisting essentially of” are
to be interpreted as closed or semi-closed phrases, respec-
tively.

What is claimed is:
1-709. (canceled)
710. A nanowire, comprising:

a first segment of a first material; and

a second segment of a second material joined to said first
segment;

wherein at least one of said segments has a substantially
uniform diameter of less than approximately 200 nm;
and

wherein said nanowire is selected from a population of
nanowires having a substantially monodisperse distri-
bution of diameters.

711-714. (canceled)

715. A nanowire, comprising:

a first segment of a substantially crystalline material; and

a second segment of a substantially crystalline material
joined to said first segment;

wherein at least one of said segments has a substantially

uniform diameter of less than approximately 200 nm.

716. A nanowire as recited in claim 715, wherein each of
said first and said second segments comprises a doped
semiconductor material.

717. A nanowire as recited in claim 716, wherein said
doped semiconductor material is selected from the group
consisting essentially of a group III-V semiconductor, an
elemental semiconductor, a group II-VI semiconductor, a
group II-IV semiconductor, and tertiaries and quaternaries
thereof.

718. A nanowire as recited in claim 715, wherein each of
said first and second segments exhibits the electrical char-
acteristics of a homogeneously doped semiconductor.

719-908. (canceled)

909. A nanowire, comprising:

a first segment of a first material; and

a second segment of a second material joined to said first
segment;

wherein at least one of said segments has a substantially
uniform diameter;
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said nanowire displaying characteristics selected from the
group consisting essentially of electronic properties,
optical properties, physical properties, magnetic prop-
erties and chemical properties that are modified relative
to the bulk characteristics of said first and second
materials by quantum confinement effects.

910. A nanowire, comprising:

a first segment of a first material; and

a second segment of a second material joined to said first
segment,

wherein at least one of said segments has a substantially
uniform diameter;

said nanowire having at least one electronic property that
varies as a function of diameter of said nanowire.
911. A nanowire as recited in claim 910, wherein said at

50

Dec. 6, 2007

wherein at least two of said segments comprise compo-
sitionally different materials; and

wherein at least two of said segments are longitudinally
adjacent;

said nanowire superlattice structure having at least one
electronic property that varies as a function of diameter
of at least one of said segments.

915. A nanowire superlattice structure as recited in claim
914, wherein said at least one electronic property of said
nanowire supper lattice comprises band gap energy which
varies as a function of diameter of said nanowire.

916. A nanowire superlattice structure, comprising:

a first segment of a substantially crystalline material;

a second segment at a substantially crystalline material
joined to said first segment; and

least one electronic property of said nanowire comprises
band-gap energy which varies as a function of diameter of
said nanowire.

a third segment of a substantially crystalline material
joined to at least one of said first or second segments;

912. A nanowire superlattice structure, comprising:
a first segment of a material;

a second segment of a material joined to said first seg-
ment; and

a third segment of a material joined to at least one of said
first or second segments;

wherein at least two of said segments are longitudinally
adjacent;

wherein at least two of said segments comprise compo-
sitionally different materials; and

wherein at least one of said segments has a substantially
uniform diameter of less than approximately 200 nm.
913. A nanowire superlattice structure, comprising:

a first segment of a material;

a second segment of a material joined to said first seg-
ment; and

a third segment joined to at least one of said first or second
segments;

wherein at least two of said segments comprise compo-
sitionally different materials; and

wherein at least two of said segments are longitudinally
adjacent;

said nanowire superlattice structure displaying character-
istics selected from the group consisting essentially of
electronic properties, optical properties, physical prop-
erties, magnetic properties and chemical properties that
are modified relative to the bulk characteristics of said
first and second materials by quantum confinement
effects.

914. A nanowire supertattice structure, comprising:
a first segment of a material;

a second segment of a material joined to said first seg-
ment; and

a third segment joined to at least one of said first or second
segments;

wherein at least two of said segments comprise compo-
sitionally different materials;

wherein at least two of said segments are longitudinally
adjacent; and

wherein at least one of said segments has a substantially

uniform diameter of less than approximately 200 nm.

917. A nanowire superlattice structure as recited in claim
912, 913, 914, 915, or 916 wherein each of said segments
comprises a doped semiconductor material.

918. A nanowire superlattice structure as recited in claim
917, wherein said doped semiconductor material is selected
from the group consisting essentially of a group III-V
semiconductor, an elemental semiconductor, a group 11-VI
semiconductor, a group II-IV semiconductor, and tertiaries
and quaternaries thereof.

919. A nanowire superlattice structure as recited in claim
912, 913, 914, 915, or 916, wherein each of said segments
exhibits the electrical characteristics of a homogeneously
doped semiconductor.

920. A superlattice structure as recited in claim 912, 913,
914, 915, 916, 917, 918, or 919, wherein said first and
second segments are longitudinally adjacent, wherein said
third segment comprises a shell around a core, and wherein
said core comprises said first or second segment.

921. A superlattice structure as recited in claim 912, 913,
914, 915, 916, 917, 918, or 919, wherein said first and
second segments are longitudinally adjacent, wherein said
third segment comprises a shell around a core, and wherein
said core comprises said first and second segments.

922. A superlattice structure as recited in claim 912, 913,
914, 915, 916, 917, 918, or 919, wherein said first and
second segments are longitudinally adjacent, wherein said
first or second segment comprises a shell around a core, and
wherein said core comprises said third segment.

923. A superlattice structure as recited in claim 912, 913,
914, 915, 916, 917, 918, or 919, wherein said first and
second segments are longitudinally adjacent wherein said
first and second segments comprise a shell around a core,
and wherein said core comprises said third segment.

924. A superlattice structure as recited in claim 912, 913,
914, 915, 916, 917, 918, or 919, further comprising a fourth
segment joined to at least one of said first or second
segments, said fourth segment joined to said third segment,
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wherein said third and fourth segments comprise a shell
around a core, and wherein said core comprises said first and
second segments.

925. A nanoscale wire, comprising:

a first region having a first composition; and

a second region having a second composition adjacent to
said first region;

wherein one or more of the first or second regions has a
substantially uniform diameter of less than about 200
nm; and

wherein said nanoscale wire is selected from a population
of nanoscale wires having a distribution of diameters of
less than about 20%.

926. A nanoscale wire, comprising:

a first region that is a single crystal; and

a second region that is a single crystal adjacent to said first
region;

wherein one or more of the first or second regions has a
substantially uniform diameter of less than approxi-
mately 200 nm.

927. A nanoscale wire as recited in claim 926, wherein at
least one of said first or said second regions comprises a
doped semiconductor material.

928. A nanoscale wire as recited in claim 927, wherein
said doped semiconductor material is selected from the
group consisting of an elemental semiconductor, a group
III-V semiconductor, a group II-VI semiconductor, and
alloys thereof.

929. A nanoscale wire as recited in claim 926, wherein at
least one of said first or second regions is bulk-doped.

930. A nanoscale wire, comprising:

a first region having a first composition; and

a second region having a second composition adjacent to
said first region;

wherein one or more of the first or second regions has a
substantially uniform diameter; and

wherein said nanoscale wire displays a property that
exhibits a quantum confinement effect that is caused by
a dimension of the nanoscale wire.

931. A nanoscale wire, comprising:

a first region having a first composition; and

a second region having a secondicomposition adjacent to
said first region;

wherein one or more of the first or second regions has a
substantially uniform diameter; and

wherein said nanoscale wire has at least one electronic
property that varies as a function of raidus of said
nanoscale wire.

932. A nanoscale wire as recited in claim 928, wherein
said at least one electronic property of said nanoscale wire
comprises band gap energy which varies as a function of
radius of said nanoscale wire.

933. A nanoscale wire, comprising:

a first region;

a second region adjacent to said first region; and
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a third region adjacent to one or more of said first or
second regions;

wherein two or more of said first, second, or third regions
are longitudinally adjacent;

wherein two or more of said first, second, or third regions
have different compositions; and

wherein one or more of said first, second, or third regions
has a substantially uniform diameter of less than about
200 nm.

934. A nanoscale wire, comprising:
a first region;
a second region adjacent to said first region; and

a third region adjacent to one or more of said first or
second regions;

wherein two or more of said first, second, or third regions
are longitudinally adjacent;

wherein two or more of said first, second, or third regions
have different compositions; and

wherein said nanoscale wire displays a property that
exhibits a quantum confinement effect that is caused by
a dimension of the nanoscale wire.

935. A nanoscale wire, comprising:

a first region;
a second region adjacent to said first region; and

a third region adjacent to one or more of said first or
second regions;

wherein two or more of said first, second, or third regions
are longitudinally adjacent;

wherein two or more of said first, second, or third regions
have different compositions; and

wherein said nanoscale wire has at least one electronic
property that varies as a function of radius of one or
more of first, second, or third regions.

936. A nanoscale wire as recited in claim 935, wherein
said at least one electronic property of said nanoscale wire
comprises band gap energy which varies as a function of
radius of said nanoscale wire.

937. A nanoscale wire, comprising:

a first region;
a second region adjacent to said first region; and

a third region adjacent to one or more of said first or
second regions;

wherein one or more of the first, second, or third regions
is a single crystal;
wherein two or more of said first, second, or third regions

are longitudinally adjacent;

wherein two or more of said first, second, or third regions
have different compositions; and

wherein one or more of said first, second, or third regions
has a substantially uniform diameter of less than about
200 nm.
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938. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, or 937, wherein at least one of said regions
comprises a doped semiconductor material.

939. A nanoscale wire as recited in claim 938, wherein
said doped semiconductor material is selected from the
group consisting of an elemental semiconductor, a group
III-V semiconductor, a group II-VI semiconductor, and
alloys thereof.

940. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, or 937,

wherein at least one of said regions is bulk-doped.
941. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, 937, 938, 939, or 940,

wherein said first and second regions are longitudinally
adjacent, and

wherein said third region surrounds at least one of said
first or second regions.
942. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, 937, 938, 939, or 940,

wherein said first and second regions are longitudinally
adjacent, and

wherein said third region surrounds each of the first and
second regions.
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943. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, 937, 938, 939, or 940,

wherein said first and second regions are longitudinally
adjacent, and

wherein at least one of said first or second regions
surrounds said third region.

944. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, 937, 938, 939, or 940,

wherein said first and second regions are longitudinally
adjacent, and

wherein each of said first and second regions surrounds
said third region.

945. A nanoscale wire as recited in any one of claims 933,
934, 935, 936, 937, 938, 939, or 940,

further comprising a fourth region adjacent to at least one
of said first or second regions,

said fourth region adjacent to said third region,

wherein said third and fourth regions surrounds said first
and second regions.
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