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NANOTUBE ELECTRONICS TEMPLATED
SELF-ASSEMBLY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of, and claims the benefit of
priority of, U.S. patent application Ser. No. 13/897,480, filed
May 20, 2013; which is a divisional of, and claims the benefit
of priority of, U.S. patent application Ser. No. 12/874,319,
filed Sep. 2, 2010; all of which are related to, and claim the
benefit of priority of, provisional U.S. patent application Ser.
No. 61/258,375, filed Nov. 5, 2009, entitled “Nanotube Elec-
tronics Templated Self-Assembly”; all of the aforementioned
applications are incorporated herein by reference.

BACKGROUND INFORMATION

1. Field

The present disclosure relates generally to methods and
systems for production of electronic devices, and devices
produced therefrom. More specifically, the present disclosure
relates to methods and systems for production of circuits
containing nanotubes.

2. Background

Modern processor chip designs often include one or more
caches on the same integrated circuit chip as the processor,
and in some cases include multiple processors on a single
integrated circuit chip. Despite the enormous improvement in
speed obtained from integrated circuitry, the demand for even
faster computer systems has continued. With this demand
comes a need for even further size reduction in the logic
circuitry within an integrated circuit chip.

A typical integrated circuit chip is constructed in multiple
layers. Many active and passive elements are formed on a
substrate (usually silicon). A dielectric layer is placed over
the elements, and multiple conductive layers, each separated
by another dielectric layer, are formed over the elements. The
conductive layers carry power and ground potentials, as well
as numerous signal interconnects running among active ele-
ments. Each conductive layer comprises multiple discrete
conductors, often running substantially in parallel. Conduc-
tive interconnects between conductive layers, or between a
conductive layer and an active or passive element, are formed
as holes in the dielectric layers, called vias, into which a
conductive metal, such as aluminum or copper, is introduced.

The number of active elements in a typical processor dic-
tates a very large number of interconnections, and since these
must be packaged within a small area, the size of individual
interconnections is limited. Conductors, whether in the con-
ductive layer or the via between conductive layers, have a
small, finite resistance, which grows as the cross-sectional
area of the conductor shrinks. Increasing the number of logic
elements on a chip requires a larger number of conductors,
which in turn reduces the amount of space available for each
individual conductor. If all other design parameters remain
the same, this has the effect of increasing the resistances of the
individual conductors.

Recently, carbon nanotubes have been used to form con-
ductive pathways in integrated circuits. Carbon nanotubes are
cylindrically structured carbon allotropes composed entirely
of sp>-hybridized bonding between carbon atoms. A single
walled carbon nanotube is conceptually a one-atom-thick
layer of graphene wrapped into a seamless cylinder.

Manufacturing of carbon nanotube-based electronics
requires the positioning of each individual nanotube, which is
prohibitive in terms of time and cost. While carbon nanotube-
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based electronics can be fabricated, individual nanotubes
must be directly placed to create the carbon nanotube-based
electronics. The direct placement of nanotubes requires an
atomic force microscopy tip or similar microscope tip to
position each of the nanotubes to form each electrical con-
nection. The required time and cost of manually positioning
each of the nanotubes to form each electrical connection is
prohibitive of production scale manufacturing of carbon
nanotube-based electronics.

Therefore, it would be advantageous to have a method and
apparatus that takes into account at least one of the issues
discussed above, as well as possibly other issues.

SUMMARY

An embodiment of the present disclosure provides meth-
ods and systems for production of nanotube-enabled circuits
that do not rely on manual positioning of the nanotubes.
Carbon nanotubes self-assemble on a metal-templated sur-
face to form electrical connections including semiconducting
connections that define a circuit.

A {fabricated substrate has at least one plurality of posts.
The plurality is fabricated such that the centers of two posts
are located at a predetermined distance from one another.

Due to the available bond sites on the carbon atoms along
the end of a nanotube, or due to the increased energy of the
carbon bonds when stretched under curvature in two dimen-
sions, functional groups preferentially adhere to distal ends of
the carbon nanotube. The relative concentration of functional
groups at the distal ends of functionalized carbon nanotubes
creates a concentration of electrical charges.

The substrate is exposed to a fluid matrix containing func-
tionalized carbon nanotubes. The ends of the functionalized
carbon nanotubes preferentially adhere to the plurality of
posts rather than the remainder of the substrate. A connection
between posts of the at least one plurality of posts is induced
by adhering a second end of the functionalized carbon nano-
tube to a second one of the at least one plurality of posts.

The lengths and chiralities of the functionalized carbon
nanotubes are preselected. The length of the functionalized
carbon nanotubes matches the predetermined distance
between the centers of posts of the plurality of posts. The
chirality of the functionalized carbon nanotubes is selected to
impart the desired electrical properties to the created circuit.

Carbon nanotubes are cylindrically structured carbon allo-
tropes composed entirely of sp>-hybridized bonding between
carbon atoms. The chirality of the carbon nanotubes is
denoted by a pair of indices (n, m). The values of n and m
determine the chirality, or “twist” of the nanotube. The chiral-
ity, in turn, affects the conductance of the nanotube, its den-
sity, its lattice structure, and other properties. For a given (n,
m) nanotube, if n=m, that is, the carbon nanotube has an
“armchair” chirality, the carbon nanotube is conducting. If
n-m is a multiple of three, then the nanotube is semiconduct-
ing with zero band gap such that the nanotube is considered
semi-metallic. Otherwise, the nanotube is a moderate semi-
conductor. The band gap of a semiconducting carbon nano-
tube is determined uniquely by the chiral indices (n, m).

An embodiment of the present disclosure provides a
method for assembling carbon nanotube electronics. A sub-
strate is fabricated, wherein the substrate has at least one
plurality of posts, the at least one plurality of posts being
fabricated at a predetermined distance from one another. The
substrate is then exposed to a fluid matrix containing func-
tionalized carbon nanotubes. A first end of the functionalized
carbon nanotube adheres to a first one of the at least one
plurality of posts. A second end of the functionalized carbon
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nanotube adheres to a second one of the at least one plurality
of'posts, wherein a connection is formed between posts of the
at least one plurality of posts.

An embodiment of the present disclosure provides a sys-
tem for assembling carbon nanotube electronics. The system
comprises a substrate, wherein the substrate has at least one
plurality of posts, the at least one plurality of posts being
fabricated at a predetermined distance from one another. The
system also comprises a fluid matrix containing functional-
ized carbon nanotubes, wherein the substrate is exposed to the
fluid matrix. Agitation of the fluid matrix adheres a first end of
at least one of the functionalized carbon nanotubes to a first
one of the at least one plurality of posts, and induces a con-
nection between posts of the at least one plurality of posts by
adhering a second end of the at least one of the functionalized
carbon nanotube, to a second one of the at least one plurality
of posts.

The features, functions, and advantages can be achieved
independently in various embodiments of the present disclo-
sure, or may be combined in yet other embodiments in which
further details can be seen with reference to the following
description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the advanta-
geous embodiments are set forth in the appended claims. The
advantageous embodiments, however, as well as a preferred
mode of use, further objectives and advantages thereof, will
best be understood by reference to the following detailed
description of an advantageous embodiment of the present
disclosure when read in conjunction with the accompanying
drawings, wherein:

FIG. 1 is a carbon nanotube electronics assembly environ-
ment depicted in accordance with an advantageous embodi-
ment;

FIG. 2 is a graphene sheet depicting several vectors along
which a single walled carbon nanotube can be created in
accordance with an advantageous embodiment;

FIG. 3 is a carbon nanotube that has been exposed to a fluid
containing functional groups in accordance with an advanta-
geous embodiment;

FIG. 4 is a fabrication technique of a printed circuit board
in accordance with an advantageous embodiment;

FIG. 5 is a fabrication technique of a printed circuit board
in accordance with an advantageous embodiment;

FIG. 6 is a fabrication technique of a printed circuit board
in accordance with an advantageous embodiment;

FIG. 7 is a functionalized carbon nanotube bath for creat-
ing pathways in accordance with an advantageous embodi-
ment;

FIG. 8 is a completed circuit having a carbon nanotube
pathway in accordance with an advantageous embodiment;

FIG. 9 is a flowchart of a method for assembling carbon
nanotube electronics in accordance with an advantageous
embodiment; and

FIG. 10 is a flowchart of the processing steps for the self-
assembly of a carbon nanotube electronic circuit in accor-
dance with an advantageous embodiment.

DETAILED DESCRIPTION

The different advantageous embodiments provide a
method and system for production of nanotube-enabled cir-
cuits that do not rely on manual positioning of the nanotubes.
Carbon nanotubes self-assemble on a metallic templated sur-
face to form electrical connections. These electrical connec-
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tions include, for example, without limitation, semiconduct-
ing connections that define a circuit.

A substrate has at least one plurality of posts. The plurality
of posts is fabricated such that the center of two posts are
located at a predetermined distance from one another.

Other pluralities of posts might be fabricated at other pre-
determined distances.

The substrate is exposed to a fluid matrix containing func-
tionalized carbon nanotubes. The ends of the functionalized
carbon nanotubes preferentially adhere to the plurality of
posts rather than the remainder of the substrate. A connection
between posts of the at least one plurality of posts is induced
by adhering a second end of the functionalized carbon nano-
tube to a second one of the at least one plurality of posts.

The lengths and chiralities of the functionalized carbon
nanotubes are preselected. The length of the functionalized
carbon nanotubes matches the predetermined distance
between the centers of the posts of the plurality of posts. The
chirality of the functionalized carbon nanotubes is selected to
impart the desired electrical properties to the created circuit.

With reference now to FIG. 1, carbon nanotube assembly
environment is depicted in accordance with an advantageous
embodiment. Carbon nanotube assembly environment 100 is
an exemplary environment in which carbon nanotube elec-
tronics 102 may be fabricated. In these examples, Fabrication
system 104 is used to fabricate carbon nanotube electronics
102.

In the illustrative example fabrication system 104 com-
prises fluid matrix 106 and functionalized carbon nanotubes
108. Fluid matrix 106 is a matrix capable of suspending
functionalized carbon nanotubes 108 in solution, without dis-
solving functionalized carbon nanotubes 108. Fluid matrix
106 acts as a carrier system for delivering and suspending
functionalized carbon nanotubes 108 during assembly of car-
bon nanotube electronics 102. In one advantageous embodi-
ment, fluid matrix 106 is an aqueous solution.

Functionalized carbon nanotubes 108 are carbon nano-
tubes having functional groups attached thereto. Carbon
nanotubes are cylindrically structured carbon allotropes com-
posed entirely of sp>-hybridized bonding between carbon
atoms. Functionalized carbon nanotubes 108 are formed by
exposing carbon nanotubes to a source of functional groups
under favorable reaction conditions.

Due to the available bond sites on the carbon atoms along
the end of a nanotube, or due to the increased energy of the
carbon bonds when stretched under curvature in two dimen-
sions, functional groups preferentially adhere to distal ends of
the carbon nanotube. The relative concentration of functional
groups at the distal ends of functionalized carbon nanotubes
108 creates a concentration of electrical charges.

Carbon nanotube electronics 102 is a chip, circuit board, or
other electronic device that includes circuits, pathways, or
electrical connections formed from carbon nanotubes. Car-
bon nanotube electronics 102 includes posts 110 and 112.
Posts 110 and 112 are points on carbon nanotube electronics
102 that are to be connected by a carbon nanotube. Posts 110
and 112 are fabricated such that the centers of the two posts
are located at a predetermined distance from one another.

The lengths and chiralities of functionalized carbon nano-
tubes 108 are preselected. The length of functionalized car-
bon nanotubes 108 matches the predetermined distance
between the centers of posts of posts 110 and 112. The chiral-
ity of the functionalized carbon nanotubes is selected to
impart desired electrical properties to carbon nanotube elec-
tronics 102.

Carbon nanotube electronics 102 is exposed to fluid matrix
106. Upon exposure, an end of the functionalized carbon
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nanotubes 108 preferentially adheres to the plurality of posts
rather than the remainder of the substrate. A connection
between posts of the at least one plurality of posts is induced
by adhering a second end of the functionalized carbon nano-
tube to a second one of the at least one plurality of posts.

The illustration of carbon nanotube assembly environment
100 in FIG. 1 is not meant to imply physical or architectural
limitations to the manner in which different advantageous
embodiments may be implemented. Other components in
addition to, and/or in place of, the ones illustrated may be
used. Some components may be unnecessary in some advan-
tageous embodiments. Also, the blocks are presented to illus-
trate some functional components. One or more of these
blocks may be combined and/or divided into different blocks
when implemented in different advantageous embodiments.

Referring now to FIG. 2, a graphene sheet is shown depict-
ing several vectors along which a single walled carbon nano-
tube can be created, according to an advantageous embodi-
ment. Graphene sheet 200 is conceptually an unrolled single
walled carbon nanotube showing the various chiralities that
can be formed.

Carbon nanotubes are cylindrically structured carbon allo-
tropes composed entirely of sp>-hybridized bonding between
carbon atoms. A single walled carbon nanotube is conceptu-
ally a one-atom-thick layer of graphene wrapped into a seam-
less cylinder. The chirality of the wrapped graphene sheet is
wrapped in the chiral vector, denoted by a pair of indices (n,
m). The integers n and m denote the number of unit vectors
along two directions in the honeycomb crystal lattice of
graphene. The values of n and m determine the chirality, or
“twist” of the nanotube. The chirality, in turn, affects the
conductance of the nanotube, its density, its lattice structure,
and other properties.

Vector 210 is represented by an indices of (n, 0). Vectors
having an “m” value equal to zero (0) are said to have a
“zigzag” pattern that is non-chiral. Vector 212 is represented
by an indices of (n, n), that is, the “n” and “m” values are
equal. Vector 212 having an “n” value equal to the “m” is said
to have an “armchair” pattern that is non-chiral. Vector 214 is
represented by an indices of (n, m), wherein the “n” and “m”
values are not equal.

The different chiral structures of carbon nanotubes
strongly affect the electrical properties of the nanotube. For a
given (n, m) nanotube, if n=m, that is, the carbon nanotube has
an “armchair” chirality, the carbon nanotube is conducting. If
n-m is a multiple of three, then the nanotube is semiconduct-
ing with zero band gap such that the nanotube is considered
semi-metallic. Otherwise, the nanotube is a moderate semi-
conductor. The band gap of a semiconducting carbon nano-
tube is determined uniquely by the chiral indices (n, m).

Referring now to FIG. 3, a carbon nanotube that has been
exposed to a fluid containing functional groups is shown in
accordance with an advantageous embodiment. Carbon
nanotube 310 is a carbon nanotube having a chirality such
described in FIG. 2.

Functional groups 312 preferentially attract to, and con-
centrate at, the distal ends of carbon nanotube 310. Functional
groups 312 are chemical functional groups capable of adher-
ing to the surface and ends of carbon nanotube 310. In one
advantageous embodiment, functional groups 312 are car-
boxylic acid functional groups.

Due to the available bond sites on the carbon atoms along
the end of a nanotube, or due to the increased energy of the
carbon bonds when stretched under curvature in two dimen-
sions, functional groups 312 preferentially adhere to distal
ends 314 and 316 of carbon nanotube 310. The relative con-
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centration of functional groups at distal ends 314 and 316 of
carbon nanotube 310 creates a concentration of electrical
charges.

Carbon nanotube 310 is pictured with “open” ends. Nano-
tubes with open ends will experience functionalization pref-
erentially along their ends, due to the available bond sites at
the carbons along the edge.

While not shown, Carbon nanotube 310 may also be a
“capped” nanotube. A capped nanotube will experience func-
tionalization preferentially along its end caps, due to the
increased energy due to the curvature in two dimensions.

Distal ends 314 and 316 therefore exhibit a relative charge
different from that of the middle of carbon nanotube 310.
Depending on what specific functional group is adhered to
distal ends 314 and 316, this relative charge can be either a
partial delta negative charge or a partial delta positive charge.
Other reasons that the functionalized groups cause preferen-
tial attachment of the nanotubes besides the charge imbalance
include, for example, but are not limited to polarity of func-
tional group, hydrogen bonding, and modification of Van der
Waals forces.

FIGS. 4-6 depict the fabrication of a printed circuit board
according to an advantageous embodiment.

Referring now to FIG. 4, there is shown an electrically
insulating substrate 410. Electrically insulating substrate 410
is a base or supporting material to which additional layers or
materials are applied. Electrically insulating substrate 410 is,
for example, but not limited to, an epoxy substrate.

In these examples, signal-wiring conductors 412 and 414
can be selectively deposited into a connection pattern by a
dry-film dielectric with laser via process on selected surface
portions of electrically insulating substrate 410, signal wiring
conductors 412 and 414 are an electrically conductive mate-
rial. This material may be, for example, but not limited to,
copper, molybdenum, and tungsten. Each of the layers 412
and 414 has a weight of, for example, about 0.5 ounces and a
thickness of, for example, about 18 micrometers.

Signal wiring conductors 412 and 414 can be patterned by
direct selective deposition, selective etching, or other suitable
techniques. Signal wiring conductor 414 on the other side can
be utilized as a power supply layer. However, it should be
clear to those skilled in the art, that signal wiring conductor
414 can also be patterned and segmented into a power mesh
with signal pads distributed within the power mesh, but not
necessarily connected to the power mesh.

As shown in FIG. 5, post 532 and post 534 are formed on
substrate 510 at a location where a connection is to be estab-
lished. Post 532 and post 534 are fabricated at a predeter-
mined distance from one another that matches a known length
of'a carbon nanotube that will be utilized to span the distance
between post 532 and post 534. The coupled carbon nanotube
can form useful circuits when the substrate is designed with
knowledge of nanotube length and desired electrical proper-
ties (chiralities).

While post 532 and post 534 are shown as being formed
early in the fabrication process, it is appreciated that post 532
and post 534 can be similarly fabricated at other points during
fabrication of a printed circuit board. Post 532 and post 534
can be formed, for example, but not limited to, prior to depo-
sition of any signal wiring connectors, after deposition of
signal wiring connectors, and at any other point during the
build up of various layers of the printed circuit boards.

Next, in FIG. 6, layer 618 of electrically insulating mate-
rial, preferably a layer of photosensitive resin, is applied to
cover the signal-wiring conductors 612 in the first wiring
layer, and the photosensitive resin is then exposed and devel-
oped. The photosensitive resin can be a negative type photo-
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sensitive epoxy resin applied to the surface of the substrate by
curtain coating, and then precured. The photosensitive resin is
then developed with a developer. This developer may be, for
example, a mixture of propylene carbonate, cyclohexanone,
and gamma-butyrolactone.

After being developed, the surface of the epoxy resin layer
618 is roughened by etching with a solution of potassium
permanganate, and is then activated with a seeding chemical.
This seeding chemical is a solution including colloidal tinand
palladium in this illustrative example.

It is appreciated that signal wiring conductors 612 can be
patterned by other methods known in the art, such as for
example, by a dry-film dielectric with laser via process by
selective etching to form a second wiring layer or wiring level
which includes signal wiring conductors 612. Additional lay-
ers may be added to one or both sides of the circuit board in
subsequent steps not shown here.

Referring now to FIG. 7, a functionalized carbon nanotube
bath for creating pathways is shown in accordance with an
advantageous embodiment. Bath 700 contains functionalized
carbon nanotubes 710 which can be carbon nanotube 310 of
FIG. 3. Substrate 716 can be a printed circuit board, such as
the electrically insulating substrate 510 of FIG. 5 that is
formed into a printed circuit board as described in relation to
FIG. 7.

Functionalized carbon nanotubes 710 are suspended in
fluid matrix 714. Functionalized carbon nanotubes 710 have
been filtered or otherwise segregated such that each of func-
tionalized carbon nanotubes 710 have similar chiralities and
lengths. In one advantageous embodiment, each of function-
alized carbon nanotubes 710 is narrowly dispersed around a
given length, such as, but not limited to 80+/-1 nanometers,
100+/-1 nanometers, and 120+/-1 nanometers. In one advan-
tageous embodiment, each of functionalized carbon nano-
tubes 710 have similar chiral vectors (or non-chiral vectors),
such that each of functionalized carbon nanotubes 710 within
fluid matrix 714 have similar or identical indices (n, m).

It is appreciated that functional groups 712, attached to
functionalized carbon nanotubes 710, may be present along
the shaft of functionalized carbon nanotubes 710 in addition
to the shown locations at distal ends of the functionalized
carbon nanotubes 710. However, as shown in FIG. 3 above,
functional groups 712 preferentially adhere to distal ends of
functionalized carbon nanotubes 710. The relative concentra-
tion of functional groups at distal ends of functionalized
carbon nanotubes 710 creates a relative charge at each of the
distal ends of functionalized carbon nanotubes 710.

Bath 700 also contains fluid matrix 714. Fluid matrix 714 is
a matrix capable of suspending functionalized carbon nano-
tubes 710 in solution, without dissolving functionalized car-
bon nanotubes 710. In one advantageous embodiment, fluid
matrix 714 is an aqueous solution.

Substrate 716 is submerged in fluid matrix 714. Substrate
716 includes post 718 and post 720. Post 718 and post 720 are
fabricated on substrate 716 such that the linear distance
between the center of post 718 and the center of post 720
matches the known length of functionalized carbon nano-
tubes 710. Thus, in one advantageous embodiment, the linear
distance between the center of post 718 and the center of post
720 can be one of 80+/-1 nanometers, 100+/-1 nanometers,
and 120+/-1 nanometers.

In one advantageous embodiment, post 718 and post 720
are functionalized prior to immersion in fluid matrix 714.

Functional groups 712 of functionalized carbon nanotubes
710 preferentially adhere to post 718 and post 720 rather than
the remainder of substrate 716. Because the functionalized
carbon nanotubes 710 have previously been filtered accord-
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ing to a desired size, functionalized carbon nanotubes 710
will energetically prefer to attach themselves in a manner that
spans the linear distance between post 718 and post 720, thus
creating an electrical pathway along functionalized carbon
nanotubes 710.

Bath 700 also contains, or is functionally coupled to, agi-
tation source 722. Agitation source 722 is a source of distur-
bance to bath 700. Once substrate 716 is submerged within
bath 700, agitation source 722 provides gentle agitation to
fluid matrix 714.

The agitation of fluid matrix 714 provides the motion and
energy required to remove nanotubes that may have adhered
to post 718 or post 720 along the shaft rather than at functional
groups 712 of functionalized carbon nanotubes 710. The agi-
tation of fluid matrix 714 further provides the necessary tur-
bulence to impart motion to distal ends of functionalized
carbon nanotubes 710 that have adhered to one of, but not yet
the other of, post 718 and post 720.

Motion of the ends distal from an attached end of function-
alized carbon nanotubes 710 allows the distal end the oppor-
tunity to adhere to posts that are located at the predetermined
linear distance.

Referring now to FIG. 8, a completed circuit having a
carbon nanotube pathway is shown according to an advanta-
geous embodiment. Circuit 800 is a circuit formed from the
preferential adherence of a functionalized carbon nanotube to
posts within a bath, such as bath 700 of FIG. 7.

Substrate 810 can be a printed circuit board, such as the
electrically insulating substrate 716 of FIG. 7 that is formed
into a printed circuit board as described in relation to FIG. 7.
Substrate 810 includes post 812 and post 814. Functionalized
carbon nanotubes 816 spans the linear distance between post
812 and post 814.

The self-assembly of circuit 800 results in functionalized
carbon nanotubes 816 being anchored to both post 812 and
post 814. Thus, the coupled carbon nanotube can form useful
circuits when the substrate is designed with knowledge of
nanotube length and desired electrical properties as deter-
mined by the chirality of the coupled carbon nanotubes.

After removing the substrate from the bath, the substrate
can be annealed to remove functionalization from function-
alized carbon nanotubes 816, as well as any functionalization
on post 812 and post 814. Annealing may also enhance elec-
trical connections between posts 812 and 814 to adhered
carbon nanotubes.

In one advantageous embodiment, circuit 800 can be
coated with a thin layer of electrically insulating material.
The insulating material also serves to hold functionalized
carbon nanotubes 816 in place between post 812 and post
814. Annealing may remove the functionalization that caused
the preferential adhesion. Therefore, the thin layer of electri-
cally insulating material may be needed to preserve the physi-
cal connections between functionalized carbon nanotubes
816 and post 812, and functionalized carbon nanotubes 816
and post 814.

Referring now to FIG. 9, a flowchart of a method for
assembling carbon nanotube electronics is shown in accor-
dance with an advantageous embodiment.

Process 900 begins by providing a substrate having at least
one plurality of posts (step 910). The at least one plurality of
posts are fabricated such that the center of the posts are
located at a predetermined distance from one another. The
predetermined distance is chosen to match the known length
of'a functionalized carbon nanotube that will be used to span
between the two posts.

Process 900 then exposes the substrate to a fluid matrix
containing functionalized carbon nanotubes (step 920). The
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fluid matrix can be an aqueous bath or other liquid capable of
suspending the functionalized carbon nanotubes. The func-
tionalized carbon nanotubes within the fluid matrix have been
presorted based on both the chirality and the length of the
functionalized carbon nanotubes. The chirality of the func-
tionalized carbon nanotubes is chosen to impart desired elec-
trical properties to the carbon nanotube electronics. The
length of the functionalized carbon nanotubes is chosen to
match the predetermined distance between the two posts of
the substrate.

Process 900 then adheres a first end of the functionalized
carbon nanotube to a first one of the at least one plurality of
posts (step 930). The first end of the nanotube is either distal
end of the carbon nanotube having a relatively higher con-
centration of functional groups than does the shaft of the
carbon nanotube. Due to the relative charge of the distal end,
the functionalized carbon nanotubes will self assemble to the
posts.

Process 900 then adheres a second end of the functional-
ized carbon nanotube to a second one of the at least one
plurality of posts (step 940), with the process terminating
thereafter. Because each of the functionalized carbon nano-
tubes within the fluid matrix have the desired chirality and
length, the functionalized carbon nanotube will form a path-
way between the two posts. The pathway will have the desired
electrical properties based on the chirality of the functional-
ized carbon nanotube.

Referring now to FIG. 10, a flowchart of the processing
steps for the self-assembly of a carbon nanotube electronic
circuit is shown according to an advantageous embodiment.
Process 1000 is a physical process that occurs within a bath,
such as bath 700 of FIG. 7.

Process 1000 begins by providing a substrate having at
least two posts at a predetermined distance (step 1010). The
substrate can be substrate 716 of FIG. 7, and can be fabricated
according to a method similar to that described with regard to
FIG. 7. The at least two posts at a predetermined distance are
fabricated on the substrate at a predetermined distance chosen
to match the length of carbon nanotubes that will be used to
span the predetermined distance between the centers of the
two posts.

Optionally, the at least two posts at a predetermined dis-
tance can be functionalized (step 1020). Functionalization of
the posts may enhance the affinity of nanotube ends to adhere
to the posts.

Process 1000 continues by exposing the substrate to a bath
containing functionalized carbon nanotubes (step 1030). The
bath can be bath 700 of FIG. 7. The functionalized carbon
nanotubes can be carbon nanotube 310 of FIG. 3. The func-
tionalized carbon nanotubes in the bath have been filtered or
otherwise segregated such that each of the functionalized
carbon nanotubes has similar chiralities and lengths. In one
advantageous embodiment, each of the functionalized carbon
nanotubes is narrowly dispersed around a given length, such
as, but not limited to 80+/-1 nanometers, 100+/-1 nanom-
eters, and 120+/-1 nanometers. In one advantageous embodi-
ment, each of the functionalized carbon nanotubes have simi-
lar chiral vectors (or non-chiral vectors), such that each of the
functionalized carbon nanotubes within the bath have similar
or identical indices (n, m).

The functional groups of the functionalized carbon nano-
tubes preferentially adhere to posts of the submerged sub-
strate, rather than the remainder of substrate. Because the
functionalized carbon nanotubes have previously been fil-
tered according to a desired size, functionalized carbon nano-
tubes will energetically prefer to attach themselves in a man-
ner that spans the linear distance between adjacent posts
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separated by the predetermined distance, thus creating an
electrical pathway along the functionalized carbon nanotube.

Process 1000 continues by agitating the bath (step 1040).
Agitation of the bath provides the motion and energy required
to remove nanotubes that may have adhered to post 718 or
post 720 of FIG. 7 along the nanotube shaft rather than at the
distal ends of the functionalized carbon nanotubes. The agi-
tation of fluid matrix further provides the necessary turbu-
lence to impart motion to distal ends of functionalized carbon
nanotubes that have adhered to one of, but not yet the other of,
adjacent posts separated by the predetermined distance.
Motion of the ends distal from an attached end of function-
alized carbon nanotubes allows the distal end the opportunity
to adhere to posts that are located at the predetermined linear
distance.

The substrate is then removed from the bath (step 1050).
The self-assembly of the circuit results in functionalized car-
bon nanotubes being anchored to adjacent posts separated by
the predetermined distance. Thus, the coupled carbon nano-
tube can form useful circuits when the substrate is designed
with knowledge of nanotube length and desired electrical
properties, as determined by the chirality of the functional-
ized carbon nanotube.

Optionally, after removing the substrate from the bath, the
substrate can be annealed and coated with a thin layer of
electrically insulating material (step 1060). Annealing the
substrate can remove functionalization from functionalized
carbon nanotubes, as well as any functionalization on posts.
Annealing may also enhance electrical connections between
posts to the adhered carbon nanotubes. The insulating mate-
rial also serves to hold the functionalized carbon nanotubes in
place between the posts. Because annealing may remove the
functionalization that caused the preferential adhesion, the
thin layer of electrically insulating material may be needed to
preserve the physical connections between functionalized
carbon nanotubes and the posts.

The advantageous embodiments provide a method and sys-
tem for production of nanotube-enabled circuits that do not
rely on manual positioning of the nanotubes. Carbon nano-
tubes self-assemble on a metal-templated surface to form
electrical connections including semiconducting connections
that define a circuit.

A {fabricated substrate has at least one plurality of posts.
The plurality is fabricated such that the two posts are located
at a predetermined distance from one another.

The substrate is exposed to a fluid matrix containing func-
tionalized carbon nanotubes. The functionalized carbon
nanotubes preferentially adhere to the plurality of posts rather
than the remainder of the substrate. A connection between
posts of the at least one plurality of posts is induced by
adhering a second end of the functionalized carbon nanotube
to a second one of the at least one plurality of posts.

The lengths and chiralities of the functionalized carbon
nanotubes are preselected. The length of the functionalized
carbon nanotubes matches the predetermined distance
between the centers of posts of the plurality of posts. The
chirality of the functionalized carbon nanotubes is selected to
impart the desired electrical properties to the created circuit.

Advantageous embodiments herein provide a system for
production level manufacturing of nanotube-enabled circuits
that do not rely on manual positioning of the nanotubes.
Producing carbon nanotube electronics according to the dis-
closed method can substantially decrease production time
and costs associated with the manufacture of carbon nanotube
electronics, resulting in the feasibility of production scale
manufacturing of carbon nanotube-based electronics.
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The description of the different advantageous embodi-
ments has been presented for purposes of illustration and
description, and is not intended to be exhaustive or limited to
the embodiments in the form disclosed. Many modifications
and variations will be apparent to those of ordinary skill in the
art. Further, different advantageous embodiments may pro-
vide different advantages as compared to other advantageous
embodiments. The embodiment or embodiments selected are
chosen and described in order to best explain the principles of
the embodiments, the practical application, and to enable
others of ordinary skill in the art to understand the disclosure
for various embodiments with various modifications as are
suited to the particular use contemplated.

What is claimed is:

1. A system for assembling carbon nanotube electronics,
the system comprising:

a substrate, wherein the substrate has at least one plurality
of posts, the at least one plurality of posts being fabri-
cated at a predetermined distance from one another;

a fluid matrix containing functionalized carbon nanotubes,
wherein the functionalized carbon nanotubes comprise a
first end, a middle, and a second end, wherein the first
end and the second end have a relative concentration of
functional groups different from that of the middle such
that the functionalized carbon nanotubes exhibit relative
electrical charges at the first end and the second end;

an agitation source, wherein providing agitation of the fluid
matrix to preferentially adhere the first end of a func-
tionalized carbon nanotube to a first one of the at least
one plurality of posts and adheres the second end of the
functionalized carbon nanotube to a second one of the at
least one plurality of posts due to the relative electrical
charges at the first end and the second end, wherein a
connection is formed between the first one and the sec-
ond one of the at least one plurality of posts.

2. The system of claim 1 further comprising:

the fluid matrix containing the functionalized carbon nano-
tubes, wherein the fluid matrix contains the functional-
ized carbon nanotubes having similar lengths and simi-
lar chiralities.

3. The system of claim 2, wherein the similar lengths of the
functionalized carbon nanotubes are selected to correspond to
the predetermined distance between the first one and the
second one of the at least one plurality of posts.

4. The system of claim 2, wherein the similar lengths of the
functionalized carbon nanotubes are selected from the group
consisting of 80+/-1 nanometers, 100+/-1 nanometers, and
120+4/-1 nanometers.

5. The system of claim 1, wherein the similar chiralities of
the functionalized carbon nanotubes are selected based on
desired electrical properties of the functionalized carbon
nanotubes.
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6. The system of claim 5, wherein the desired electrical
properties of the functionalized carbon nanotubes is a con-
ductance of the functionalized carbon nanotubes.

7. The system of claim 5, wherein each of the functional-
ized carbon nanotubes have similar or identical chiral vectors.

8. The system of claim 1, wherein the fluid matrix is an
aqueous matrix.

9. The system of claim 1 further comprising:

the agitation source, wherein the agitation source agitates

the fluid matrix to induce removal of functionalized
carbon nanotubes that may have adhered to the first one
and the second one of the at least one plurality of posts
along a shaft of the functionalized carbon nanotubes.

10. The system of claim 1 further comprising:

the agitation source, wherein the agitation source agitates

the fluid matrix to impart motion to distal ends of func-
tionalized carbon nanotubes that have adhered to one of,
but not yet the other of, the first one and the second one
of the at least one plurality of posts.

11. The system of claim 1, wherein the functionalized
carbon nanotubes comprise carboxylic acid functional
groups.

12. The system of claim 1 further comprising:

aheat source, wherein the heat source anneals the substrate

to remove functional groups from the functionalized
carbon nanotubes.

13. The system of claim 12 further comprising:

the heat source, wherein the heat source anneals the sub-

strate to remove functional groups from the first one and
the second one of the at least one plurality of posts.

14. The system of claim 1 further comprising:

an electrically insulating material, wherein the electrically

insulating material comprises a coating applied to the
substrate.

15. The system of claim 13, wherein the electrically insu-
lating material comprises a layer of photosensitive resin
applied to cover the connection formed between the first one
and the second one of the at least one plurality of posts.

16. The system of claim 1, wherein the substrate is a printed
circuit board.

17. The system of claim 1, wherein the functionalized
carbon nanotubes are selected from the group consisting of
open ended carbon nanotubes and capped carbon nanotubes.

18. The system of claim 1, wherein the first one and the
second one of the at least one plurality of posts are function-
alized prior to immersion in the fluid matrix.

19. The system of claim 1, wherein the connection formed
by the functionalized carbon nanotube spans a linear distance
between the first one and the second one of the at least one
plurality of posts.



