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TITLE OF THE INVENTION

THREE DIMENSIONAL NANOSCALE CIRCUIT INTERCONNECT AND METHOD OF

ASSEMBLY BY DIELECTROPHORESIS

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the priority of U.S. Provisional Application No. 60/857,646 filed

on November 8, 2006 and entitled THREE DIMENSIONAL DIELECTROPHORETIC

ASSEMBLY OF GOLD NANOPARTICLES FOR NANODEVICES, and also claims the

priority of U.S. Provisional Application No. 60/857,654 filed November 8, 2006 and entitled,

THREE DIMENSIONAL DIELECTROPHORETIC ASSEMBLY OF SINGLE-WALLED

CARBON NANOTUBES FOR INTEGRATED CIRCUIT INTERCONNECTS, both of which

are hereby incorporated by reference herein.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

The invention was made with support from Grant NSF-0425826 from the National

Science Foundation Nanoscale Science and Engineering Center, Contract FA8718-06-C-0045

from the Air Force Research Laboratory, and Grant NER-0608892 from the National Science

Foundation. The United States Government has certain rights in the invention.

FIELD OF THE INVENTION

The invention relates to nanotechnology. More specifically, the invention relates to

three-dimensional nanoscale connections for an electrical circuit.

BACKGROUND OF THE INVENTION

Nanoscience, or developing and fabricating materials at a very small scale (<100nm),

is seeing exciting developments [1-3]. However, the translation of this new science into the

commercial marketplace (nanotechnology) is lagging due to various reasons. One of the

main reasons is the lack of innovation in the integration of nanocomponents into

microdevices. In addition, similar to the progress in multi-level interconnects and 3D

packaging, if nanocomponents could be integrated in a three-dimensional high density

manner, this approach would be a major contribution to the field of nanotechnology. There

have been several efforts to achieve nanoassembly in 3D [4]. Kreupl and co-workers [5]



have demonstrated catalyst-based CVD growth of multi-walled carbon nanotubes in vias and

contact holes, yet their process requires elevated temperatures (>500°C) and is only

applicable to carbon nanotubes. Amlani [6] and Kretschmer [7] have assembled gold

nanoparticles between two gold microelectrodes using dielectrophoresis (DEP) but only on a

flat, two-dimensional surface. Approaches that have been used for controlled manipulation

of nanoparticles include template-directed synthesis, atomic and scanning force microscopy

and nanorobotic manipulations. However, these methods have low throughput and are not

suitable for the production environment. Therefore, there is a need to develop high

throughput methods and devices for carrying out the assembly of nanoelements into three-

dimensional structures that form electrical interconnects on the nm to µm scale. Such

methods and devices should be compatible with the production of microcircuits,

microdevices, and nanomachines.

SUMMARY OF THE INVENTION

The invention relates to nanoscale connections in three-dimensions for an electrical

circuit and methods of making such connections. Circuit interconnects are rapidly assembled

from a liquid suspension of nanoelements on a large scale by dielectrophoresis. An electric

field established between conductive elements of a circuit that are offset from one another in

a three-dimensional arrangement drives the assembly of nanoelements to form a nanobridge

across a gap between the conductors. The circuit interconnect thus formed can function as a

nanowire, a nanoresistor, a nanocapacitor, or a nanotransistor, and can be used as part of an

integrated circuit, a logic device, a sensor, an emitter, or other device.

One aspect of the invention is a nanoscale three-dimensional circuit interconnect. The

interconnect includes first and second microelectrodes in a non-coplanar (e.g., vertically

displaced) arrangement. An electrically conductive bridge is attached at a first end of the

bridge to the first microelectrode and is attached at a second end of the bridge to the second

microelectrode. The bridge is composed essentially of an assembly of nanoelements, such as

nanoparticles, nanotubes, or nanowires that have self assembled in a dielectrophoretic process

under the influence of an electric field imposed between the microelectrodes.

Another aspect of the invention is a microfabricated structure that includes a three-

dimensional nanoscale circuit interconnect. The structure contains at least two

microelectrodes that are at least in part non-coplanar and separated by a gap. At least one



nanoelement bridge, or assembly, connects the electrodes across the gap. In some

embodiments the structure is an integrated circuit, a logic device, a sensor, or an emitter.

Yet another aspect of the invention is a method of fabricating a three-dimensional

nanoassembly. As a first step, a microfabricated structure is provided that contains at least a

first and a second microelectrode arranged in a non-coplanar arrangement, e.g., vertically

displaced from one another, and having their conducting surfaces separated by a gap in the

range of 200 nm to 2000 nm at their point of closest approximation. At least a portion of the

structure including the gap is covered by a liquid suspension of nanoelements. A voltage is

established between the first and second microelectrodes, thereby establishing an electric

field through the liquid suspension across the gap and leading to dielectrophoretic assembly

of nanoelements from the suspension. In some embodiments the method further includes

encapsulating the bridge in a non-conductive material for stability and/or to improve

performance.

A further aspect of the invention is a micromachined platform for the

dielectrophoretic assembly of a three-dimensional nanoelement circuit interconnect. The

platform includes a non-conductive substrate, a first conducting layer deposited on the

substrate, a dielectric layer deposited on a portion of the first conducting layer, and a second

conducting layer deposited on the dielectric layer. The second conducting layer is situated in

a vertically displaced, non-coplanar arrangement with respect to the first conducting layer,

and the second conducting layer overlaps with at least a portion of the first conducting layer,

providing a gap between a conducting surface of the first conducting layer and a conducting

surface of the second conducting layer. The gap, which can function as a zone of

nanoelement assembly when the platform is used for dielectrophoresis, is in the range of

about 200 to 2000 nm.

DESCRIPTION OF THE DRAWINGS

Other features and advantages of the present invention will be apparent from the

following detailed description of the invention, taken in conjunction with the accompanying

drawings of which :

Figure 1 shows a schematic representation of a device for making a three-dimensional

nanoscale circuit interconnect by assembly of nanoparticles using dielectrophoresis;



Figure 2 depicts a process for microfabricating a layered structure containing

vertically displaced microelectrodes for assembly of a three-dimensional bridge of

nanoparticles;

Figure 3 shows scannning electron micrographs of overlapping microelectrodes

connected by three-dimensional nanoscale circuit interconnects; Fig. 3A is a low

magnification view showing a first, basal microelectrode layer (rectangular metallic layer)

overlapped by a second, upper microelectrode layer that forms a series of fingerlike

projections whose tips overlap the first microelectrode layer; Fig. 3B is a high magnification

view of a single overlap region between the first and second microelectrode layers, showing

several nanoparticle bridges connecting the two microelectrodes; Fig. 3C is a higher

magnification view showing a single nanoparticle bridge connecting the two microelectrodes;

Figure 4 shows a schematic representation of a device for making a three-dimensional

nanoscale circuit interconnect by assembly of nanotubes using dielectrophoresis;

Figure 5 depicts a process for microfabricating a layered structure containing

vertically displaced microelectrodes for assembly of a three-dimensional bridge of nanotubes;

Figure 6A is a schematic representation of a three-dimensional nanoscale circuit

interconnect in which two vertically displaced conductive layers are connected by a series of

nanotubes; Figure 6B is a scanning electron micrograph showing a three-dimensional

nanoscale circuit interconnect in which two metal layers separated by an insulating layer are

bridged by parallel bundles of nanotubes; Figure 6C is a scanning electron micrograph of the

structure in Fig. 6B showing a close-up side view of the nanotube bundles interconnecting the

two metal layers; Figure 6D is a scanning electron micrograph of the structure in Fig. 6B

showing a close-up top view of the nanotube bundles interconnecting the two metal layers;

Figure 7 shows I-V curves for three-dimensional nanoscale circuit interconnects; the

curves in Fig. 7A are for three different Au nanoparticle interconnects, and the curves in Fig.

7B are for a three-dimensional interconnect formed of carbon SWNT before (+) and after

(squares, circles) encapsulation in parylene-C;

Figure 8 shows the relationship between the resistance of a single-walled carbon

nanotube circuit interconnect and the AC peak-to-peak assembly voltage;

Figure 9 shows the effect of assembly voltage on the density of nanotube bundles in a

three-dimensional circuit interconnect; Fig. 9A is a scanning electron micrograph of a

nanotube interconnect assembled at 1OV p-p; Fig. 9B is a scanning electron micrograph of a

nanotube interconnect assembled at 5V p-p;



Figure 10 shows the temperature sensitivity of three-dimensional SWNT thermal

sensors; Fig. 1OA shows the temperature dependence of resistance for two different single

finger electrode sensors; and Fig. 1OB shows the temperature dependence of resistance for

two different multi-finger electrode sensors.

DETAILED DESCRIPTION OF THE INVENTION

The inventors have discovered that dielectrophoresis can be employed to direct the

assembly of nanoelements into a three-dimensional bridge that physically and electrically

links conductive elements of a microcircuit. The method produces nanoscale circuit

interconnects between two or more non-coplanar sites of a microelectronic component or

device and can be used, for example, in the fabrication of integrated circuits, chips, logic

devices, nanoscale semiconductor devices, nanomachines, sensors, and field emitters. A

nanoscale circuit interconnect according to the invention can be assembled from a wide

variety of nanoelements, such as nanoparticles, nanotubes, or nanowires. The interconnects

are stable and of low resistance. They can be prepared from nanoelements that are

conducting, semi-conducting, or non-conducting. The method is capable of forming

interconnects at exposed conductive elements that are proximately arranged in three-

dimensions. Further, the method can form such interconnects over a large area within

seconds to minutes at room temperature, making it especially suitable for use in mass

production of integrated circuits and other devices.

In order to assemble a three-dimensional nanoelement bridge across the gap between

vertically displaced conductive layers, an innovative micromachined platform was prepared.

With reference to Fig. 1, the platform contains a nonconductive substrate layer 20, which is

covered with an oxide layer 30. The substrate layer can be of any nonconducting material,

such as silicon or silicon dioxide. The oxide layer 30 is a material suitable for adhesion to

both the substrate layer 20 below it and the first conductive layer 40 above it. For example,

the oxide layer can be composed of silicon dioxide. First conductive layer 40 (also referred

to herein as the first microelectrode) contains a thin adhesion layer (not shown), such as a 15

nm to 50 nm thick layer of Cr. A thicker layer of conductor is added above the adhesion

layer; for example, the conductor can be a 100 nm to 200 nm layer of Au. The conductive

layers can be deposited by any of several well established methods, e.g., magnetron

sputtering, RF sputtering, E-beam evaporation, or thermal evaporation. In addition to Cr/Au,

any conductive metal or combination of conductive metals can be used which is suitable for

the particular application; for example, tungsten, ruthenium, titanium, aluminum, copper, or



any combination thereof could be used in constructing the first and/or second conductive

layers. The first conductive layer can be patterned as desired according to the intended

application using, for example, a lift-off process such as described in "The Physics of

Microfabrication" by I. Brodie and J.J. Muray, Plenum Press, New York, 1982. A thin

dielectric layer 60 is then deposited onto the first conductive layer. The thickness of the

dielectric layer determines the size of the gap separating the conductive layers and therefore

is chosen as required by the application. A suitable dielectric material is parylene-C, which

can be deposited at room temperature. Deposition of parylene can be carried out by a

chemical vapor deposition method; other dielectric materials like silicon dioxide or silicon

nitride can be deposited by plasma enhanced chemical vapor deposition. The thickness of the

dielectric layer is preferably at least 200 nm, or in the range of about 200 nm to about 10,000

nm, more preferably about 500 to about 1000 nm, or about 700 nm. A second conductive

layer 50 (also referred to herein as the second microelectrode) is then deposited and patterned

as desired according to the application in a manner similar to the first conductive layer. The

second conductive layer can be used as a mask, and the exposed dielectric layer can be etched

away, leaving the dielectric layer in the space between the overlap region of the first and

second microelectrodes. Parylene-C, for example, can be etched using O2 gas in an

inductively coupled plasma (ICP) reactor. Figure 2 depicts the process of adding the first

microelectrode layer to form structure (i), then the dielectric layer to form structure (ii),

adding the second microelectrode layer to form structure (iii), and finally assembling the

nanoelement bridge (10) to form the completed circuit interconnect, structure (iv).

The micromachined platform just described has two exposed microelectrodes in a

non-coplanar arrangement, separated by a vertical spacing filled with dielectric material in

the region of overlap between the electrodes. As used herein, the terms "vertical" or

"vertically displaced" refer to the displacement between two conductive layers in a third

dimension which is approximately perpendicular to the two dimensions of one or both of the

conductive layers. Such conductors are typically planar, at least in part, as the result of their

formation by a deposition process whereby a layer of conducting material is deposited on an

underlying layer. As used herein, the term "non-coplanar" refers to the arrangement whereby

two non-coplanar structures, such as the first and second microelectrodes, are the result of

deposition of conductive material in two separate planes. The non-coplanar first and second

conductive layers of the micromachined platform are generally parallel and do not intersect,

but their planes can be non-parallel, at least in part, in certain applications. The first and

second conductive layers are not in electrical contact except across the gap at their point of



closest approximation, where a nanoelement bridge is assembled during dielectrophoresis,

and except through a voltage source used to drive electrophoresis. Once a completed circuit

interconnect according to the invention is installed in a device or a circuit, the first and

second microelectrodes can be in electrical contact with other circuit elements.

Referring again to Fig. 1, a liquid suspension of nanoelements, e.g., an aqueous

suspension, is added to cover the region of the substrate containing the microelectrodes, in

particular to cover the gap between the exposed portions of the microelectrodes. Attaching

function generator 70 and establishing electric field 80 between the exposed surfaces of the

two microelectrodes leads to dielectrophoretic assembly of nanoelements from the suspension

to form nanoelement bridge 10. A liquid suspension of nanoelements is preferably an

aqueous suspension or solution including water, dispersed nanoelements, and optionally one

or more buffers, salts, organic molecules, or solvents. The pH of the suspension can be

adjusted as desired. For example, the pH can be adjusted to any value in the range of 4 to 11,

either by the addition of an acid, a base, or a buffer. Preferably, the liquid suspension avoids

any component or condition that would cause aggregation, denaturation, or decomposition of

the nanoelements intended for assembly.

Figure 4 depicts a micromachined platform for the assembly of a nanoelement bridge

from single-walled carbon nanotubes (SWNT). The layers of the platform are similar to

those shown in Fig. 1 for the assembly of nanoparticles. SWNT align with the electric field

along their longitudinal axis and form parallel nanotube bundles that adhere at one end to the

first microelectrode and at the other end to the second microelectrode (see Figs. 6A - 6D),

each bundle establishing an electrical link similar to a nanowire. Figure 5 illustrates the

process of microfabricating a platform for the assembly depicted in Fig. 4. Structures 4(i),

4(ii) , and 4 (iii) are similar to the corresponding structures shown in 2(i), 2(ii), and 2(iii). To

form structure 4(iv), upper encapsulating layer 90 made of insulating material, e.g., Parylene-

C, has been added and etched at appropriate locations 100 to provide electrical contact with

the microelectrodes for testing or attachment to a circuit or incorporation into a microdevice.

The encapsulating layer stabilizes the nanotube assembly and provides protection from the

environment.

Nanoelements used for assembly into a nanoelement bridge in a circuit interconnect

according to the invention can be any nanoscale materials capable of self-assembly in a

dielectric field, for example, nanocrystals, dendrimers, nanoparticles, nanowires, biological

materials such as proteins or nucleic acids, and organic nanotubes. Preferred nanoelements

are metallic single walled carbon nanotubes and metallic nanoparticles such as Au



nanoparticles. Nanoparticles can have an aspect ratio of approximately one, and in some

embodiments can be approximately spherical. Depending on the desired application,

nanoelements can be conducting, semi-conducting (e.g., to form a nanotransistor), or non¬

conducting (e.g., to form a gate dielectric for fabricating a field effect transistor).

While not intending to limit the invention to any particular mechanism, assembly of

nanoelements during dielectrophoresis appears to involve the formation of an induced dipole

in each nanoelement by the electric field, and the movement of the nanoelement in the field

as determined by the interaction of the dipole with the field. Dielectrophoresis is a simple

method which utilizes an electric field to set up a dielectrophoretic force that attracts

nanocomponents into gaps where the gradient of the electric field is maximum [8].

Dielectrophoresis refers to the exertion of force on the induced dipole moment of

nanomaterials suspended in insulating dielectric liquids by a nonuniform AC or DC electric

field. The direction of the dielectrophoretic force depends on the electrical properties of both

the nanomaterials and the suspending medium, which is given in Eqns. (1) and (2) for the

case of AC signals [8] :

(F
DEP

(t)) =2 ab2εmR (K) J (1)

where Erms is the electrical field, a and b are the length and radius of the nanomaterials, and

εm and εp represent permittivity of the nanomaterials and the medium, respectively. K, the

Clausius-Mosotti factor, shows the interrelationship between the frequency-dependent

properties of the nanomaterials and the medium. When Re(K) is greater than 0, the assembly

process is achieved through a positive dielectrophoretic force (PDEP). During PDEP

assembly nanomaterials are attracted to regions where the electric field strength is highest.

Alternately, for negative dielectrophoretic force (NDEP) assembly, the nanomaterials are

attracted to the regions of lowest field strength. PDEP is preferred for the assembly of

nanoelement bridges in the circuit interconnects of the invention.



EXAMPLES

Example I

Fabrication Of A Platform Containing Microelectrodes

For Assembly Of A Nanoelement Interconnect

This example demonstrates the use of a self-aligned two mask process from

micromachining to produce a microstructure containing microelectrodes which are offset in

three dimensions. Parylene-C was used as the inter-level dielectric layer.

A micromachined platform was fabricated using a simple two mask self-aligned

process. A schematic of the fabrication process is illustrated in Fig. 2. The process began by

growing a l µm thick isolation oxide layer on a 3 inch silicon wafer followed by the

deposition and patterning of the first metal layer using the lift-off technique (Fig. 2(i)). A

4 OθA adhesion layer of Cr was first deposited, followed by a 1500A conductive layer of Au;

these layers were deposited by magnetron sputtering. Then, a 0.7µm pin-hole free parylene-

C dielectric layer was deposited on the wafer at room temperature. The second metal layer

(Cr/Au-4OθA/15OθA) was then deposited onto the parylene-C layer. As before, a 4 OθA layer

of Cr was deposited, followed by a 15OθA layer of Au. The second metal layer was then

patterned using lift-off (Fig. 2(U)). In some cases both Cr adhesion layers were about 200 A

thick instead of 4 OθA thick. The two metal layers served as the electrodes to assemble

nanoelements into a circuit interconnect using DEP. By using the second metal layer as a

mask (in a self-aligned manner), the parylene-C layer was etched in an inductively coupled

plasma (ICP) using O in a Plasmatherm 790 apparatus (Fig. 2(Ui)).

The second metal layer was cut using photolithography into one or more finger-

shaped electrodes (see Fig. 3A), each having a width of 2 µm and overlapping with the first

metal layer for a length of 3 µm. The vertical spacing between the electrodes was determined

by the thickness of the parylene-C layer, which in this case was 0.7 µm, which was suitable

for assembling nanoelements of 50 nm diameter.

Example II

Assembly Of A Nanopaiticle Interconnect

Commercially available Au nanoparticles (Ted Pella, Inc., Redding, CA) were

suspended in deionized water at a concentration of 4.5 x 10 10 particles/ml. The average

diameter of the Au nanoparticles was 52 nm. A droplet (2-3 µl) of the nanopaiticle

suspension was dispensed onto the micromachined platform of Example I containing



microelectrodes. An AC voltage of 8V p-p (peak-to-peak) with a frequency of IMHz was

applied between the two electrodes through a function generator (Agilent 33220A) at room

temperature to drive the assembly of the nanoparticles between the electrodes. After 5

minutes of assembly, the sample was blow-dried with nitrogen gas and the power was turned

off, resulting in 3D assembled Au nanoparticles (Fig. 2(iv)).

The two terminal resistance of the 3D nanoparticle bridge was measured to be -40

Ohms. Fig. 3A shows an optical image of one set of assembly structures. The finger

structure has a 2µm assembly tip width with an overlap of about 3µm with the second metal

layer. Fig. 3B shows an SEM micrograph of the 3D assembled gold nanoparticles and Fig.

3C shows a close-up of the assembled area. The observed large globular structures are

possibly due to the melting of the nanoparticles due to current heating after a path is formed

between the two electrodes [7].

The current-voltage (I-V) characteristics were measured to verify that assembly was

successful. The output curves are illustrated in Fig. 7A for three different assemblies.

Example III

Assembly OfA Thermal Sensor With Single-Walled Carbon Nanotubes

Commercially available SWNTs suspended in an aqueous solution were used as the

active layer for the thermal sensor, which was formed upon a micromachined structure

according to Example I . The nanotubes had been grown by chemical vapor deposition

(CVD), purified, and dispersed in aqueous suspension. The average diameter of the SWNTs

was 2 nm and the average length was 3µm. The SWNT were diluted with deionized water to

a concentration of 1 mg/ml and the pH was adjusted to 8 by addition of ammonium

hydroxide. The DEP assembly was achieved by applying 10V and 5V peak-to-peak AC

voltage at a constant frequency of 10MHz at room temperature. Prior to the assembly

process, the SWNT suspension was ultrasonicated for 5 minutes to ensure that the suspended

SWNTs were well dispersed. After the AC voltage was applied to the assembly electrodes, a

droplet (2-3µl) of the SWNT suspension was dispensed on top of the assembly area.

Following 30 seconds of assembly, the sample was blow-dried using 5 psi nitrogen and the

power was turned off, resulting in an assembled vertical nanotube bridge between the

electrodes. Figure 6A shows a schematic diagram of the assembled thermal sensor. Figures

6B, 6C, and 6D show SEM micrographs of the 3D assembled SWNT bundles connecting top

and bottom electrodes.



SWNTs are sensitive to temperature, and their resistance drops with increasing

temperature. To investigate the effect of temperature on SWNTs, the 3D thermal sensor was

placed on a SUSS PM5 analytical probe system with a heatable chuck. The change in

resistance was measured as a function of temperature. The temperature was varied from

25°C to 650C with 1O0C increments. Figures 1OA and 1OB display the measured temperature

response from the single and multifinger thermal sensors, respectively. As the temperature

was increased from 250C to 65°C, the resistance values in both cases drop more than 10%.

The calculated temperature coefficient of resistance (TCR) value from the single electrode

device varied from -0.154 to -0.24%, whereas the TCR of the multielectrode sensor varied

from -0.3 to -0.57%. Comparing the data with the previously reported 2D thermal sensors

made of MWNTs [4-5], a two-fold higher thermal sensitivity was achieved.

Example IV

Altering The Density Of Nanotube Bundles In A Thermal Sensor

The density of nanotube bundles formed under the conditions in Example III could be

controlled by varying the electric field during dielectrophoresis. As the AC voltage for

dielectrophoresis was increased and the oscillation frequency and time of assembly remained

constant, the resulting SWNT bundles became denser. This is seen in Figure 9 . Fig. 9A

shows a thermosensor produced using 10V p-p, while Fig. 9B shows a similar thermosensor

produced using 5V p-p. The density of nanotube bundles was much higher for the 10V

assembly than for the 5V assembly. The density of assembled nanotube bundles was also

reflected in the resistance of the interconnect, which decreased with increasing assembly

voltage, as shown in Fig. 8. The lower resistance of the higher density bundles is consistent

with the creation of additional parallel electrically conductive pathways between the

microelectrodes.

Example V

Effect Of Encapsulation Of A Nanotube Interconnect

Following assembly of the SWNT thermal sensor of Example III, the SWNT

interconnect was encapsulated with a 1 µm parylene-C layer. A third mask was used to open

contacts in the encapsulating parylene layer to permit access to the microelectrodes. I-V

measurements were conducted to ensure the connectivity between the electrodes and to gauge

the effect of encapsulation of the assembled nanotubes in a dielectric material. Fig. 7B



illustrates the I-V measurement taken from a sample single electrode device before and after

encapsulation. Encapsulation of the SWNT sensor improves the two-terminal resistance.

While the present invention has been described in conjunction with a preferred

embodiment, one of ordinary skill in the art, after reading the foregoing specification, will be

able to effect various changes, substitutions of equivalents and other alterations to the

compositions and articles set forth herein. It is therefore intended that the protection granted

by Letter Patent hereon be limited only by the definitions contained in the appended claims

and equivalents thereof.
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CLAIMS

What is claimed is:

1. A nanoscale three-dimensional circuit interconnect comprising:

first and second microelectrodes in a vertically displaced non-coplanar arrangement;

and

a bridge attached at a first end to the first microelectrode and attached at a second end

to the second microelectrode, the bridge consisting essentially of an assembly of

nanoelements.

2. The circuit interconnect of claim 1, wherein the first and second microelectrodes are

vertically separated by a dielectric layer.

3 . The circuit interconnect of claim 1, wherein the dielectric layer consists essentially of

parylene-C.

4 . The circuit interconnect of claim 1, wherein the first microelectrode is deposited on a

substrate.

5. The circuit interconnect of claim 4, wherein the substrate comprises silicon or silicon

dioxide.

6. The circuit interconnect of claim 1, wherein the nanoelements are selected from the group

consisting of nanoparticles, nanotubes, nanowires, nanocrystals, dendrimers, and biological

materials.

7. The circuit interconnect of claim 1, wherein the nanoelements are selected from gold

nanoparticles and single walled carbon nanotubes.

8. The circuit interconnect of claim 1, wherein the nanoelements have an aspect ratio of

about 1.

9 . The circuit interconnect of claim 8, wherein the nanoelements are essentially spherical.



10. The circuit interconnect of claim 9, wherein the nanoelements have a diameter of about

50 nm.

11. The circuit interconnect of claim 1, wherein the nanoelements have an aspect ratio of

greater than 1.

12. The circuit interconnect of claim 11, wherein the nanoelements are essentially

cylindrical.

13. The circuit interconnect of claim 1, wherein the nanoelements are electrically conductive.

14. The circuit interconnect of claim 1, wherein the nanoelements are semiconductors.

15. The circuit interconnect of claim 1, wherein the nanoelements are non-conductive.

16. The circuit interconnect of claim 6, wherein the nanoelements are nanoparticles and the

nanoparticles have a diameter in the range of 5 nm to 2000 nm.

17. The circuit interconnect of claim 6, wherein the nanoelements are nanotubes and the

nanotubes are single-walled.

18. The circuit interconnect of claim 17, wherein the single-walled nanotubes are carbon

nanotubes.

19. The circuit interconnect of claim 6, wherein the nanoelements are nanotubes and the

nanotubes are multiwalled.

20. The circuit interconnect of claim 6, wherein the nanoelements are nanotubes and the

nanotubes are in the range of 2 nm to 100 nm in diameter and 20 nm to 10 µm in length.

21. The circuit interconnect of claim 1, wherein the first and second microelectrodes are

separated from each other at the location of said bridge by a gap of at least 200 nm.



22. The circuit interconnect of claim 21, wherein the gap is about 700 ran.

23. The circuit interconnect of claim 1, wherein the length of the nanoelement bridge is at

least 200 nm.

24. The circuit interconnect of claim 23, wherein the length of the nanoelement bridge is

about 700 nm.

25. The circuit interconnect of claim 1, wherein the nanoelement bridge is electrically

conductive and has a resistance of 10 ohms to 1000 ohms.

26. The circuit interconnect of claim 1, wherein the first microelectrode and the second

microelectrode each comprises a conductive layer of gold.

27. The circuit interconnect of claim 1, wherein the nanoelement bridge comprises one or

more bundles, clusters, webs, or sheets of assembled nanoelements.

28. The circuit interconnect of claim 27, wherein the nanoelement bridge comprises two or

more approximately parallel bundles, clusters, webs, or sheets of assembled nanoelements.

29. The circuit interconnect of claim 1, wherein the nanoelement bridge is electrically

conductive and is encased in a dielectric material.

30. The circuit interconnect of claim 29, wherein the dielectric material encasing the

nanoelement bridge is parylene-C.

31. The circuit interconnect of claim 1, wherein the current-voltage relation (I-V curve) is

approximately linear.

32. The circuit interconnect of claim 1, wherein the circuit interconnect has the property of

decreasing resistance with increasing temperature.

33. A microfabricated structure comprising one or more nanoscale three-dimensional circuit

interconnects according to claim 1.



34. An electronic circuit component comprising one or more nanoscale three-dimensional

circuit interconnects according to claim 1.

35. The circuit component of claim 34, wherein the circuit component is a transistor, an

integrated circuit, a logic device, a sensor, or a field emitter.

36. The circuit component of claim 35, wherein the circuit component is a transistor and the

nanoelements used to form the circuit interconnect are semiconducting or non-conducting.

37. A method of fabricating a three-dimensional electrically conductive nanoassembly, the

method comprising the steps of:

providing a microfabricated structure comprising a first microelectrode and a second

microelectrode, the microelectrodes having a vertically displaced non-coplanar arrangement

and separated by a gap in the range of 200 nm to 2000 nm at their closest approximation;

covering at least a portion of the structure comprising the gap with a liquid suspension

of nanoelements; and

applying a an electrical field between the first and second microelectrodes, whereby a

nanoassembly is formed across the gap, a first end of the nanoassembly attached to the first

microelectrode and a second end of the nanoassembly attached to the second microelectrode.

38. The method of claim 37, wherein the gap is filled with dielectric material.

39. The method of claim 37, further comprising drying the structure to remove the liquid

suspension of nanoelements.

40. The method of claim 37, further comprising embedding the nanoassembly in a non-

conductive or dielectric material.

41. The method of claim 37, wherein the electrical field is an alternating current (AC) field

having a peak-to-peak voltage in the range of 1 V to 10 V and a frequency in the range from

0.1 mHz to 10 MHz.



42. The method of claim 37, wherein the electrical field is applied for a period of time in the

range of 10 seconds to 10 minutes.

43. The method of claim 37, wherein the liquid suspension of nanoelements contains 108 to

10 12 nanoelements per milliliter.

44. The method of claim 43, wherein the liquid suspension of nanoelements contains 4.5 x

I O10 nanoelements per milliliter.

45. A micromachined platform for the dielectrophoretic assembly of a three-dimensional

nanoelement circuit interconnect, the platform comprising:

a non-conductive substrate;

a first conducting layer deposited on the substrate;

a dielectric layer deposited on a portion of the first conducting layer; and

a second conducting layer deposited on the dielectric layer, wherein the second

conducting layer is vertically displaced from and non-coplanar with respect to the first

conducting layer, and the second conducting layer overlaps with at least a portion of the first

conducting layer, providing a gap between a conducting surface of the first conducting layer

and a conducting surface of the second conducting layer, the gap being in the range of about

200 to 2000 nm.
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