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The U.S. Government has certain rights in the invention.

BACKGROUND OF THE INVENTION
Single walled carbon nanotubes (SWNT) have attracted a great deal of attention for

applications in nanoscale electronics. They have tremendous importance as interconnects, since
conventional conductors (e.g., copper wires) fail to meet the required resistivity for smaller
diameters (Cho et al.). Recent discoveries have demonstrated that SWNT have a large current

capacity, as high as 10 9 A cm 2 (Yao et al.), or a mobility as high as 100,000 cm2/Vs (Durkop et
al.).

A key challenge in utilizing SWNT and other nanoelements in nanoscale electronics is to
develop their application in large scale devices.

Available approaches in SWNT-related

manufacturing are mainly divided into two types: growing SWNT into a device, and assembling
prefabricated SWNT into a device. All methods of growing SWNT require high temperature
synthesis (Bethune et al., Kong et al.), and in most methods nanotubes need a post process for

cleaning, cutting and sorting to reach a narrow size distribution as well as for purification to

eliminate the impurities (Sinha et al.).
In contrast, post-synthesis assembly methods permit arranging nanotubes in a desired

position without the need of high temperatures. Assembly methods also allow the choice of

SWNT (e.g., commercially available SWNT) having properties suitable for the desired
application. Different assembly methods that have been investigated so far include magnetic

field (Long et al.) and electric field assisted assembly (Dimaki et al., Li et al., Seo et al., Chan et
al., and Makaram et al.). However, previously available methods lack the scalability needed for

high-rate manufacturing. For devices such as memories, assembly of the nanoelements needs to
be performed over at least millimeter- square areas.

SUMMARY OF THE INVENTION
One aspect of the invention is a method of fabricating an assembly of nanoelements in

three dimensions. The method includes the steps of: a) providing an electrically insulating

template in which to assemble the nanoelements; b) contacting the template with a liquid
suspension of the nanoelements; and c) applying a voltage between a substrate attached to the
template and the suspension. The template has a first surface, a second surface, and a plurality of
nanoscale tunnels that connect between openings at the surfaces. The applied voltage causes
nanoelements from the suspension to migrate into the tunnels by electrophoresis or
dielectrophoresis. The method can be carried out at ambient temperatures and can be used to
form nanoelement assemblies covering large areas of over 1 mm . In certain embodiments of the
method the nanoelements are single walled carbon nanotubes.
Another aspect of the invention is a three-dimensional nanoelement assembly.

The

assembly includes an electrically conductive substrate attached to an electrically insulating
template containing a plurality of nanoscale tunnels traversing between openings at first and
second surfaces, and a plurality of nanoelements disposed within the tunnels.

In certain

embodiments of the assembly the nanoelements are single walled carbon nanotubes. In some
embodiments the assembly forms an electrical interconnect for nanoscale electronic applications.
In certain embodiments, the assembly functions as a Schottky diode or a p-n junction diode. In

other embodiments, the assembly functions as a biosensor.
Yet another aspect of the invention is a microelectronic device that contains the
nanoelement assembly.

The device can be used, for example, as a memory, a switch, a

microprocessor, an emitter, a solar cell, a display, or a biosensor. Still another aspect of the
invention is a method of fabricating such an electronic device. The method includes the steps of
providing an electronic device containing the nanoelement assembly and applying a contact layer
to the template, whereby an electrically conductive pathway is established between the substrate

and the contact layer through the nanoelement assembly.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows a schematic representation of a process of SWNT assembly according to
the invention. A positive electrode is attached to a silicon substrate, which is attached to the
underside of an alumina template, while a Pt-Ir wire in the SWNT suspension is used as the
counter electrode.
Figure 2 shows a schematic representation of one embodiment of a nanotube assembly
according to the invention, with an equivalent electrical component diagram shown at the right.
Figures 3A and 3B show scanning electron micrographs of assembled SWNT in an anodic

alumina array: Fig. 3A is a top view, and Fig. 3B is a cross-sectional view. The top layer is a
contact layer of sputtered Au. The scale bars are 120 nm.
Figure 4A shows I-V measurements of two different Si substrate-alumina template
assemblies. The square data points represent a connection between SWNT assembled in the
alumina template and a silicon substrate below the template. The round data points represent a
control without assembled SWNT, and showing no current. Fig. 4B shows the current density as
a function of voltage for a bulk Si-alumina assembly containing no nanotubes (triangles) and a
Si-alumina assembly containing SWNT (squares).

DETAILED DESCRIPTION OF THE INVENTION
The inventors have developed a method for assembling SWNT and other nanoelements
into nanoporous templates utilizing electric field assisted assembly carried out at ambient
temperatures. The method is scalable to at least several cm and forms electrical connections
capable of carrying high current density suitable for nanoscale electronics.
The invention provides a method for fabricating an assembly of nanoelements in three
dimensions.

The method will now be described with reference to the schematic drawing

presented in Fig. 1. First, an electrically insulating template 10 is provided or prepared.

The

template is porous at the nanometer scale, and its porous nature is utilized to provide a preferred
pathway in which the nanoelements will assemble in an appropriate electrical field. The template
has a first surface 12, a second surface 14, and a plurality of nanoscale tunnels 15 that connect
between openings at the first and second surfaces. The first surface of the template is in contact
with an adjacent substrate 20, which contains a conducting or semiconducting material that
provides electrical contact with the nanoelements.

Optionally, the substrated is coated on a

different surface with a layer of conducting material 40 serving as an electrical contact. The

template is contacted at its second surface with a liquid suspension 30 containing nanoelements
35 or a mixture of nanoelements for assembly; the nanoelements are suspended in a solvent.

Suitable solvents can be organic or inorganic solvents having a surface tension that is not greater
than that of ethanol. Ethanol is a preferred solvent.
In order to drive nanoelement assembly, a voltage is applied between the substrate

attached to the template (or electrical contact 40) and the suspension of nanoelements via
suspension electrode 50 using voltage source 60. The substrate serves as one electrode, and a Pt
or Pt-Ir wire or a metallic sheet or other structure placed into the suspension serves as the counter
electrode. For example, the substrate can serve as the anode and the wire as the cathode, or

alternatively the substrate can serve as the cathode and the wire as the anode. The voltage
applied can be either DC, AC, or a combined DC + AC signal.

For assembling SWNT a

combination of DC and AC is preferred. An applied DC or AC voltage can be in the range from
0 to 100 kV, 0 to 1 kV, or 0 to 50 V, and the AC frequency can have any value from 0 to 500
MHz or 0 to 100 MHz. The applied voltage causes nanoelements from the suspension to align
and migrate into the tunnels by electrophoresis or dielectrophoresis. The geometry of suspension
electrode 50 should be such that a non-uniform electrical field is supplied over the surface of the
template. For example, the electrode can be a wire or a pointed structure. Since assembly will

occur over a limited range in the vicinity of the solution electrode, where the field is of sufficient
strength, it may be required to move the solution electrode laterally across the template, i.e.,

parallel and in close proximity to the second surface, during application of the voltage to ensure
uniform assembly over the entire surface of the template, or over a desired portion of the
template.
The total force acting on a charged particle in solution is the sum of electrophoretic and

dielectrophoretic forces F =

EP

+

DEP

. The electrophoretic force is FEP = T ε mζE where, F is

geometry factor, E m relative permittivity of medium and ζ is the zeta-potential of particle. The
dielectrophoretic

FDEP =A ε p

force

acting

on

a

dielectric

particle

can

be

calculated

as

IE I where, Λ depends on the geometry, ε p relative permittivity of

particle and k f is Claussius-Mossotti factor depending both on geometry and frequency.
If a SWNT is considered as an ellipsoid, the electrophoretic force would not differ much
from the spherical calculation except from the geometry factor, F.

However, the

dielectrophoretic force might change a lot depending on Claussius-Mossotti factor (Yang et al.),

k f (Yang et al.). k f for an ellipsoid particle with a cylindrical symmetry could be written as

k f = Re{( ε ρ - ε m* )/3[( ε ρ - ε m* )A + ε m* ]\

(Zheng et al.), where ε p* and εm* are the complex

permittivity of particle and medium respectively and A is the depolarizing factor given by

e is defined as e ≡ - l -

A = (l - e2 )/2e 3[ln((l + e)/(l- e)) -2e].

/ a )2 , where a and b are the

major and minor axis of ellipsoid respectively.
For successful assembly, it is necessary to avoid allowing the charged nanotubes to stick
on the positive electrode surface of the alumina template. For this reason an AC electric field can
be used together with a DC field. The AC field does not contribute electrophoretic force and
hence does not cause the nanotubes to move directly towards alumina surface. However, it helps
them to orient and to move into the holes by resulting dielectrophoretic force.
Values of 2.5 εo and 10 5 S m
and -l θ4εo and 10 8 S m
conductivity respectively

1

1

can be used for semiconducting nanotubes (s-SWNT)

for metallic ones (m-SWNT), as the values of permittivity and

ε and σ for ethanol is taken as 25 εo and 6 µSm 1 . By using these

values the Claussius-Mossotti factor was estimated as k fs

SWNT

= -0.3 and k

SWNT

= -134 for

electric field parallel to the major axis of nanotubes under DC field or low frequencies (including
10MHz which is used in this experiment). These calculations show that actually metallic and
semiconducting tubes migrate in the same direction, but the force on metallic nanotubes is 400
times larger than that acting on the semiconducting ones.
Fig. 2 depicts a circuit interconnect prepared from the above described nanoassembly.

Following assembly of nanoelements 35 into the template 10 and removal of the residual
nanoelement suspension (not shown), a layer 70 of a conductor, such as gold or another metal,
can be deposited onto the second surface 14 of the template to provide electrical contact with the
assembled nanoelements.

Examples of suitable deposition techniques are sputtering and

chemical vapor deposition. Electrical contact with the other end of the nanoelement assembly is
provided through contact of the nanoelements with the substrate 20 at the first surface 12 of the
template. Electrical circuit contact 40 is attached to the substrate; position of the attachment can
vary depending on the needs of the application. Voltage source 62, which may be provided by a
device that the circuit interconnect is installed in, connects electrical contacts 40 and 70 on the
interconnect; the position of these contacts can be determined by the use of the interconnect and
the device into which it is installed.
As used herein, the term "nanoscale" or "nanometer scale" refers to a structure having one

or more dimensions in the range from about 1 nm to 1000 nm, and is used to distinguish from
microscale structures having dimensions of greater than 1 µm .

Substrate
Suitable substrates will typically be composed of a conducting or semiconducting
material, or be coated with a conducting or semiconducting material.

The substrate can be

formed of a single homogeneous material or it can be formed from a layered assembly or other
assembly of different materials. The substrate may or may not contain one or more base layers or
other layers, such as an electrical contact layer or a layer to provide support or structure as
required for use in a device. Such a layer can extend over the entire substrate surface or a portion
of the substrate surface.
Any material suitable for use in nanodevices, electronics, photonics, or biosensor
applications can be used in the substrate. For example, the substrate can contain silicon, silicon
dioxide, a polymer, or other materials. For implementations involving electronics components,
the substrate is preferably formed from a semiconductor material, such as doped silicon. A base
layer or electrical contact can be formed by depositing a conducting metal such as gold, silver,

copper, or chromium using known methods, such as evaporation or sputtering. The thickness of
the base layer or contact layer, and any additional layers or regions, can be tailored to suit the
desired application. Conducting layers will typically be in the nanometer range, e.g., from about 1
nm to about 1000 nm, or from about 1 nm to about 500 nm, or about 50 nm to about 150 nm, and
preferably in the range from about 10 nm to about 100 nm, such as about 75 nm, but may be
greater depending on the application.

Nanoporous Template
According to the present method of assembling nanoelements such as SWNT, a
nanoporous template is utilized to direct the assembly process in three dimensions and to provide
points of contact with the substrate at a first surface of the template and with a another
component, e.g., a circuit component, at a second surface of the template. The template contains
a plurality of continuous pores or tunnels having a diameter in the nanometer range and extending
from an opening at the first surface to an opening at the second surface.

In this manner,

nanoelements such as SWNT form a continuous pathway or connection, e.g., a circuit
interconnect, between the substrate and another component. The template is stably adhered to the
substrate and may cover all or just a portion of the substrate, depending on the application. The
substrate surface on which the template is disposed can have any geometry, but is preferably

planar. The template can have any desired geometry in a third dimension perpendicular to the

surface or surface plane of the substrate, but preferably the template adopts the geometry and
surface structure, including any surface texturing, of the substrate.
planar.

Preferably the template is

The pores or tunnels of the template thus provide a connection in a third dimension

leading away from the substrate surface, which is adjacent to the template first surface toward the
connecting component, which is adjacent to the template second surface. The first and second
surfaces of the template can be essentially parallel, or the first and second surfaces each can have
different forms, e.g., one planar and the other textured.

Preferably both template surfaces are

planar and essentially parallel.
The template is fabricated from a material that is poorly conducting or essentially nonconducting.

This serves to orient the electrical field during assembly so as to direct the

migration of nanoelements into the template pores. A template for use in the invention can be
prepared from, for example, aluminum oxide (alumina), titanium oxide, silicon oxide, non
conducting silicon, or a polymer.

A variety of known nanofabrication techniques are

available for fabricating a nanotemplate for use in the invention.
Matsumoto et al., and Gultepe et al.

See, e.g., Rabin et al.,

For example, the template can be fabricated by

depositing a layer of desired material upon the substrate followed by a process such as
photolithography, e-beam lithography, chemical etching, or an electrochemical process such
as anodization to produce the pore structures. Pore structure and template morphology can be

evaluated, for example, by electron microscopy or atomic force microscopy.

A preferred

fabrication method for the template is to anodize an Al film in the presence of 5 wt% oxalic
acid, followed by soaking in a chromic-phosphoric acid solution, and repeated anodization in
oxalic acid (Gultepe et al.). This process results in a hexagonally ordered array of tunnels
having approximatetly 30 nm diameter, and extending through the entire thickness of the
resulting Al2O layer, e.g., about 500 nm. Pore diameter can be enlarged as desired, e.g., to
about 80 nm, by soaking the template in 5% phosphoric acid. However, any available method
can be used that is capable of establishing a plurality of nanoscale tunnels.

For example, in

addition to chemical etching, the method can involve electron beam lithography (see Danelon
et al., use of electron beam to prepare 50 nm holes in silicon nitride membranes; see also
Chang et al., use of electron beam to prepare 50-200 nm holes in Si and Si oxide layers),
electron beam lithography with reactive ion etching (see Storm et al., 20-200 nm holes in Si
oxide), ion beam lithography, photolithography, or nanoimprint lithography.
The template contains a plurality nanoscale passageways (e.g., pores, channels, or tunnels,
hereinafter generically referred to as "tunnels") providing a connecting space between a first

surface of the template and a second surface of the template. The tunnels have a diameter in the
nanometer ranges, such as less than 1000 nm, less than 100 nm, less than 50 nm, less than 30 nm,
or about 10-100 nm, 10-50 nm, 20-80 nm, or 1-10 nm. The length of the tunnels is generally
determined by the thickness of the template, and can be any desired length, such as 10, 20, 30, 50,
80, 100, 200, 250, 500, 1000 nm or longer. Nanoscale tunnels in the template can be oriented so
as to provide preferred pathways for nanoelement assembly. The tunnel orientation can be, for

example, essentially vertical (e.g., perpendicular to the first and/or second surfaces of the
template), extending continuously from one face of the template to the other. The tunnels can
have any desired orientation with respect to one another. The tunnels can be essentially parallel
to one another or can have different orientations. When considered from the first and/or second

surfaces of the template, the tunnel openings can form a regular pattern or array, or can be

distributed at random or according to any desired arrangement. The surface area of the first and
second surfaces of the template can be in any desired range, but generally will be at least 0.1, 1, 2,
5, 10, 50, 100, 500, or 1000 or more mm 2 .

Larger surface area will provide greater current

carrying capacity for a circuit interconnect prepared according to the invention. Usually, the
current carrying capacity will be proportional to the template surface area (i.e., area of the first
and/or second surfaces) as well as to the number and density of nanoelements bridging between
the substrate and the connecting component, and thus also on the tunnel density (number per
template surface area as well as cross-sectional area of tunnels per template surface area).

Nanoelements
Any nanoelements can be assembled within the tunnels of a suitable template, provided
that the nanoelements are either metallic, semiconducting, charged, or have dielectric properties
that allows them to become charged in an electric field, so that they are capable of aligning and
migrating by electrophoresis or dielectrophoresis. A mixture of different nanoelements having
such properties also can be used.

While nanoelements having various geometries (such as

particulate, spherical, cylindrical, or tubular) will be suitable, their size should be somewhat
smaller than the tunnel diameter of the template so as to permit assembly within the tunnels.
Preferred nanoelements are nanotubes such as carbon nanotubes, single walled carbon nanotubes
(SWNT), multiwalled carbon nanotubes, and nanospheres or nanobeads such as polystyrene or
latex nanobeads.
conductivity.

For circuit interconect applications, SWNT are preferred due to their high

SWNT can be semiconducting or metallic, or a mixture thereof. A nanotube

mixture used in the methods and devices of the invention preferably contains metallic SWNT.

Devices
The above described method can be used to produce a three-dimensional nanoelement
assembly, such as a circuit interconnect.

The assembly includes an electrically conductive

substrate attached to an electrically insulating nanoporous template. The template contains a

plurality of nanoscale tunnels providing a pathway between openings at first and second surfaces
of the template and a plurality of nanoelements assembled within the tunnels.

In certain

embodiments of the assembly the nanoelements are SWNT. The nanoelement assembly creates a
three dimensional conductive pathway leading from the substrate to an electrical contact

vertically removed from the substrate.
nanoscale electronic applications.

The assembly forms an electrical interconnect for

When the interconnect includes a junction between a

semiconducting substrate (e.g., p or n doped silicon) and metallic nanoelements (e.g., metallic
SWNT), it functions as a Schottky diode. Alternatively, a p-n junction diode can be formed from

the junction between p or n doped silicon and semiconducting SWNT. In other embodiments, the

assembly can function as a biosensor. For example, nanotubes or nanoparticles in the assembly
can be derivatized with probes such as polynucleotides (including nucleic acids and

oligonucleotides), polypeptides (including peptides and proteins), antibodies (including
polyclonal, monoclonal, single chain antibodies, single domain antibodies, or other recombinant
antibodies), or pharmaceutical agents. Such assemblies can be used to detect biomolecules of

interest in a sample, for example by causing an alteration of the conductivity or other electrical
properties of the interconnect.

Kits

The invention also includes kits containing one or more components of the invention
together with packaging material and instructions for using the components. In one embodiment,
a kit contains a substrate, a nanoporous template, and a suspension of nanoelements which the
user assembles into a nanoassembly. In another embodiment, a kit contains a substrate with a
bound nanoporous template, and the user supplies his own nanoelement solution. Yet another
embodiment of a kit according to the invention is a nanoelement assembly containing a substrate
and an attached nanoporous template containing assembled nanoelements. The kit also provides

instructions for installing the assembly in a device provided by the user. A further embodiment
of a kit includes a nanoporous template and a nanoelement solution.

The user supplies a

substrate, e.g., contained within the user's device, attaches the template to the substrate and uses

the nanoelement suspension to prepare an assembly in the user's device.

In conclusion, nanoelements such as SWNT can be assembled vertically into nanoscale

tunnels in a template by the combination of electrophoresis and dielectrophoresis. The method
has many advantages, including mild conditions of assembly, use of post production or

commercially available SWNT, high rate and large scale of assembly, and the integration of
SWNT into silicon technology. It is also possible to attach aluminum oxide templates to Si after
anodization if necessary, for example to avoid exposure to acidic environments (Jung et al.).
Using nanoscale features in the templates, large scale assembly of SWNT, on the order of one

million elements over a one centimeter square area, can be achieved.

The strength of the

connection established through the assembled SWNT is similar to the connection through
nanotubes grown in place on Si.

This assembly technique can be applied to make SWNT

interconnects that integrate with Si microelectronics, such as in field emission displays and
memory devices.

EXAMPLES
Example 1.
Preparation of a Nanoporous Alumina Template
Porous alumina nanotemplates were prepared on 0.1 x 0.1 cm2 n-doped Si substrates (3-7

Ω cm). 1 µm thick Al was deposited by e-beam deposition on Si. Ordered nanoporous alumina
templates were prepared by two step anodization (Matsuda et al., Li et al.) of the Al surface on
the Si chip in 5 wt% oxalic acid. Anodization was carried out at 5C under a constant 40 V DC
potential until the whole Al layer was consumed (approx. 12 min). The resulting aluminum
oxide barrier layer was removed by soaking in 5 wt% phorphoric acid for 40 min. The process
produced a periodic, hexagonally-ordered nanoporous layer with pore diameter about 40 nm and
thickness around 1 µm . The total area of alumina array was 0.4 cm 2 .

Example 2
Preparation of a Three-Dimensional Assembly of SWNT
Negatively charged SWNT (Nantero, MA) were used for assembly into an alumina
template prepared as described in Example 1. The SWNT solution was prepared in ethanol, and
assembly occurred under 10V DC together with 10V AC at 10MHz.

A schematic of the

assembly process can be seen in Fig. 1 . The counter electrode was moved constantly to achieve
assembly over large surface areas.
A pointed wire counter electrode was used for the assembly.

This form of counter

electrode can approach the template much closer, and the resulting electric field magnitude
consequently is larger. The non-uniformity of the electric field is another reason for choosing a
pointed electrode.

Example 3
Characterizaation of a Three-Dimensional Assembly of SWNT
The SWNT assembly from Example 2 was studied using scanning electron microscopy
(SEM) and its current-voltage relationship was determined.

The SEM images of the assembly (Fig. 3) show that SWNT migrated into the holes. The
SWNT also stayed partly on the surface since the length of SWNT was much larger than the
template thickness. Although the size of individual SWNT is too small to be visible under SEM,
it was possible to see SWNT bundles as shown at Fig. 3 .
Since SEM was not an optimal technique for investigating the quality of the assembly, the
current passing between the top and bottom layer of the assemby through assembled SWNT was
also measured (Fig. 4A). The upper surface of the alumina template was sputtered with a 15 nm

thick Au layer to form an electrical connection between all the SWNT on the surface. The I-V
measurement was carried out using a parameter analyzer with a probe station by attaching one
electrode to the Au layer and the other to the Si surface at the bottom of the template. The I-V
curve of assembled SWNT showed a Schottky diode type behavior.
The I-V characteristics of a Schottky diode can be estimated by using the thermionic

emission model (Cheung et al.). The practical non-ideal diode is usually modeled as a series
combination of a diode and a resistor, R . The forward current passing over the diode can be
expressed as I = Isexp[qV D/nkT]; where IS depends only internal characteristics and effective area
of the diode and temperature; q is the electronic charge, n is the ideality factor of diode, k
Boltzmann constant, T is the absolute temperature and VD is the voltage across the diode, VD =
V - IR. When the I-V curve of Au-SWNT-Si connection was fitted to a thermionic emission
model, the resistance was found as RAu-SWNT-Si = 17 +/- 3KΩ . A current density of 2mA/cm 2
over assembled nanotubes was achieved per chip, which is the same as the current density
observed previously observed over nanotubes grown in aluminum oxide templates by a high
temperature synthesis method (Tzolov et al.). The current density reached over 5000A/cm when

the estimated area of connection between only the SWNT and Si is used instead of the total chip
area.

The SWNT used for assembly were a mixture of semiconducting and metallic types.
Although calculations showed the force on the metallic SWNT is two orders of magnitude greater
than on semiconducting SWNT, because of bundling of nanotubes, both types assembled into the
tunnels. However the current passed preferentially over the metallic nanotubes because they are

the lower resistant path, and also because there is no applied gate voltage. Hence, the observation
of a Schottky barrier between Si and m-SWNT was consistent with theoretical predictions.
As a control measurement, an I-V curve was measured using the same template on a Si

substrate, with the template covered by a Au layer but without the assembled SWNT. The results

of the measurements can be seen in Fig. 4B. In the control experiment, since there were no
SWNT to provide electrical connection, no current was observed between the top and bottom of
the template.

Example 4
Preparation of a Three-Dimensional Assembly of Polystyrene Nanobeads
An aluminum oxide nanoporous template attached to a Si substrate was prepared by a
method similar to that in Example 1 (see Gultepe et al.). The resulting template contained a
hexagonal array of tunnels having a diameter of about 75-80 nm, with a template thickness of 250
nm, as determined by SEM. A suspension of 50 nm polystyrene beads was applied to the upper

surface of the template. A DC voltage of 10 V was applied across the template (positive at the

bottom of the template), producing a zeta potential of approximately -40 mV on the beads. After
2 minutes, the beads had migrated into and filled essentially all of the tunnels, as judged by SEM.

While the present invention has been described in conjunction with certain preferred
embodiments, one of ordinary skill, after reading the foregoing specification, will be able to
effect various changes, substitutions of equivalents, and other alterations to the compositions
and methods set forth herein. It is therefore intended that the protection granted by Letters

Patent hereon be limited only by the definitions contained in the appended claims and
equivalents thereof.
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CLAIMS

That which is claimed is:

1.

A method of fabricating an assembly of nanotubes in three dimensions, the method

comprising the steps of:
a) providing an electrically insulating template comprising a first surface, a second

surface, and a plurality of nanoscale tunnels, wherein the first surface is attached to an

electrically conductive substrate, and each tunnel extends from an opening at the first surface
to an opening at the second surface;

b) contacting the second surface of the template with a liquid suspension of said

nanotubes; and
c) applying a voltage between the substrate and the suspension, whereby nanotubes

from the suspension migrate into the tunnels and assemble therein.

2 . The method of claim 1, wherein the substrate comprises silicon.

3 . The method of claim 1, wherein the template comprises a material selected from the group

consisting of aluminum oxide, titanium oxide, silicon oxide, and non-conducting silicon.

4 . The method of claim 1, wherein each of said first and second surfaces has a surface area of

at least 1 mm2 .

5 . The method of claim 1, wherein the voltage is applied as the sum of a DC voltage and an

AC voltage.

6 . The method of claim 1, wherein the assembly process comprises electrophoresis,

dielectrophoresis, or a combination of both.

7 . The method of claim 1, wherein the substrate serves as a cathode and an electrode placed

into the suspension serves as an anode.

8 . The method of claim 1, wherein the substrate serves as an anode and an electrode placed

into the suspension serves as a cathode.

9 . The method of claim 1, wherein an electrode in the suspension is moved laterally across

the second surface of the template during application of the voltage.

10. The method of claim 1, wherein an electrode in the suspension has a shape that provides

a non-uniform electrical field.

11. The method of claim 1, wherein the step of applying a voltage is carried out at a
temperature less than 30C.

12. The method of claim 1, wherein the nanotubes comprise carbon nanotubes, single- walled

carbon nanotubes, metallic nanotubes, or dielectric nanotubes.

13. The method of claim 12, wherein the nanotubes comprise single walled carbon nanotubes

and the substrate comprises silicon.

14. The method of claim 1, wherein the suspension comprises an organic or inorganic solvent

having a surface tension not greater than that of ethanol.

15. A nanotube assembly comprising:

an electrically conductive substrate;
an electrically insulating template comprising a first surface, a second surface, and a

plurality of nanoscale tunnels, wherein the first surface is attached to the substrate, and each
tunnel extends from an opening at the first surface to an opening at the second surface; and
a plurality of nanotubes disposed within said tunnels.

16. The nanotube assembly of claim 15, wherein the nanotubes are metallic or

semiconducting and form an electrically conductive junction with the substrate.

17. The nanotube assembly of claim 16, wherein the nanotubes are metallic and the substrate

is semiconducting, and wherein the assembly functions as a Schottky diode.

18. The nanotube assembly of claim 16, wherein the nanotubes are semiconducting and the

substrate is semiconducting, and wherein the assembly functions as a p-n junction diode.

19. The nanotube assembly of claim 15, wherein each of said first and second surfaces has a

surface area of at least 1 mm 2 .

20. The nanotube assembly of claim 15, wherein the substrate comprises silicon.

21. The nanotube assembly of claim 15, wherein the template comprises a material selected

from the group consisting of aluminum oxide, titanium oxide, silicon oxide, and non
conducting silicon.

22. The nanotube assembly of claim 15 which functions as a three-dimensional circuit

interconnect.

23. The nanotube assembly of claim 15, wherein the nanotubes are linked to a moiety

selected from a polynucleotide, a polypeptide, an antibody, or a pharmaceutical agent.

24. The nanotube assembly of claim 15 further comprising a contact layer applied to the

second surface of the template.

25. The nanotube assembly of claim 16, wherein the substrate comprises silicon and the

nanotubes comprise single walled carbon nanotubes, and wherein the substrate-nanotube
connection carries a current density of at least 300 A/cm 2 at 2 V bias.

26. A microelectronic device comprising the nanotube assembly of claim 15.

27. The device of claim 26 which is a memory, a switch, a microprocessor, an emitter, a solar

cell, a display, or a biosensor.

28. A method of fabricating an electronic device, the method comprising:
a) providing an electronic device comprising the nanotube assembly of claim 16; and

b) applying a contact layer to the second surface of the template, whereby an

electrically conductive pathway is established between the substrate and the contact layer
through the nanotube assembly.

