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Carbon Nanotubc Assembly

PRIORITY

Priority is claimed of U.S. Provisional Patent Application Serial No.

60/995,881, filed September 28, 2007, which is hereby incorporated herein by

reference in its entirety.

BACKGROUND

Interest in the use of carbon nanotubes ("CNTs") in engineering applications

continues to increase. CNTs are tubes of graphite typically grown from iron

nanoparticles or iron, and can be categorized as single-walled nano-tubes ("SWNTs")

or multi-walled nanotubes("MWNTs"). CNTs have many interesting properties,

including exhibiting the highest tensile strength and elastic modulus of any known

material.

While the behavior of CNTs has been widely studied, the use of CNTs as

structural components has proved problematic due to a variety of issues, including the

difficulty of manipulating individual CNTs, the difficulty of incorporating CNTs into

other structures, and the inherently fragile nature CNTs.

SUMMARY OF THE INVENTION

In accordance with one embodiment, the invention provides a high-density

carbon nanotube assembly, including a plurality of carbon nanotubes arranged into a

patterned frame. Each of the carbon nanotubes can include a diameter of at least

about 20 nm or less, and the patterned frame can include a height of at least about 10

µm or greater. An interstitial material can at least partially filling interstices between

at least some of the carbon nanotubes.

In accordance with another aspect of the invention, a carbon nanotube

assembly is provided, including a plurality of vertically grown, intertwined or

interlocked carbon nanotubes arranged into a patterned frame. A plurality of

interstices can be formed between the nanotubes. An interstitial material can at least

partially fill interstices between at least some of the carbon nanotubes.



In accordance with another aspect of the invention, a carbon nanotube MEMS

assembly is provided, including a plurality of carbon nanotubes arranged into a

patterned frame, the patterned frame defining at least two components of a MEMS

device. An interstitial material can at least partially bind the carbon nanotubes one to

another. At least one component of the frame can be fixed and at least one

component of the frame can be free to move relative to the fixed component.

In accordance with another aspect of the invention, a method of forming a

high-density carbon nanotube assembly is provided, including: applying a catalyst to a

substrate to create a defined pattern on the substrate; initiating growth of a plurality of

carbon nanotubes from the catalyst applied in the pattern, each of the carbon

nanotubes having a diameter of at least about 20 nm or less; growing the nanotubes in

the pattern to a height of at least about 10 µm or greater; and applying an interstitial

material to the carbon nanotubes to at least partially fill interstices between at least

some of the carbon nanotubes to form an assembly having a shape corresponding to

the pattern.

In accordance with another aspect of the invention, a method of forming a

carbon nanotube assembly is provided, including: vertically growing a plurality of

carbon nanotubes to form a patterned frame; intertwining the nanotubes as they are

grown vertically and forming a plurality of interstices between the nanotubes; and

applying an interstitial material to the nanotubes to at least partially fill the interstices

between at least some of the carbon nanotubes.

In accordance with another aspect of the invention, a method of forming a

carbon nanotube MEMS assembly is provided, including: applying a catalyst to a

substrate to create a defined pattern on the substrate; initiating growth of a plurality of

carbon nanotubes from the catalyst applied in the pattern to form a patterned frame,

the patterned frame including at least two components of a MEMS device; and

releasing from the substrate at least one component of the MEMS device while

leaving at least one component of the MEMS device fixed relative to the released

component.



BRIEF DESCRIPTION OF THE DRAWINGS

Additional features and advantages of the invention will be apparent from the

detailed description which follows, taken in conjunction with the accompanying

drawings, which together illustrate, by way of example, features of the invention; and,

wherein:

FIG. 1 is an SEM image of a high-density carbon nanotube assembly in

accordance with an embodiment of the invention;

FIG. 2 is another SEM image of a high-density carbon nanotube assembly in

accordance with an embodiment of the invention;

FIG. 3A is an SEM image of a carbon nanotube bistable mechanism in

accordance with an embodiment of the invention;

FIG. 3B is an SEM image of the bistable mechanism of FIG. 3A, shown in a

second position;

FIG. 4 illustrates a series of intervals of a fabrication process used in forming

a carbon nanotube frame assembly in accordance with an aspect of the invention;

FIG. 5 is a partially sectioned view of a carbon nanotube frame assembly in

accordance with an aspect of the invention; and

FIG. 6 is an SEM image of a portion of a cleaved carbon nanotube frame

assembly in accordance with an embodiment of the invention, illustrating a series of

interstitial material access openings formed therein.

Reference will now be made to the exemplary embodiments illustrated, and

specific language will be used herein to describe the same. It will nevertheless be

understood that no limitation of the scope of the invention is thereby intended.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

The following detailed description of exemplary embodiments of the invention

makes reference to the accompanying drawings, which form a part hereof and in

which are shown, by way of illustration, exemplary embodiments in which the

invention may be practiced. While these exemplary embodiments are described in

sufficient detail to enable those skilled in the art to practice the invention, it should be

understood that other embodiments may be realized and that various changes to the



invention may be made without departing from the spirit and scope of the present

invention.

In describing and claiming the present invention, the following terminology

will be used.

As used here, the term "vertically grown" is used to describe nanotubes that

are generally grown upward from a substrate or catalyst material. While such

nanotubes exhibit a generally vertical attitude, it is to be understood that such tubes

are not necessarily perfectly straight or perfectly upright, but will tend to grow, twist

or otherwise meander laterally to some degree, as would be appreciated by one of

ordinary skill in the art.

As used herein, relative terms, such as "upper," "lower," "upwardly,"

"downwardly," "vertically," etc., are used to refer to various components, and

orientations of components, of the systems discussed herein, and related structures

with which the present systems can be utilized, as those terms would be readily

understood by one of ordinary skill in the relevant art. It is to be understood that such

terms are not intended to limit the present invention but are used to aid in describing

the components of the present systems, and related structures generally, in the most

straightforward manner. For example, one skilled in the relevant art would readily

appreciate that a "vertically grown" carbon nanotube turned on its side would still

constitute a vertically grown nanotube, despite its lateral orientation.

As used herein, the term "interstitial" material is used to refer to a material

that at least partially fills interstices, or small spaces, between or in individual

nanotubes that form an array of nanotubes.

As used herein, the term "patterned frame" is to be understood to refer to a

framework or latticework or grate that includes an often planar base and an often

planar face with constituent materials of the patterned frame arranged laterally

relative to, and generally beginning or terminating at, the base and the face of the

patterned frame. In most cases, the patterned frame will include one or more laterally

extending walls that define, circumscribe or surround one or more passages extending

through the frame from the base of the frame to the face of the frame.



One non-limiting example of a patterned frame in accordance with one aspect

of the present invention is a grate structure having a repeating pattern of a plurality of

intersecting walls that define a plurality of equally shaped and spaced passages. Such

an exemplary grate structure is shown by example in FIGs. 1 and 2. Another non-

limiting example of a patterned frame is exhibited by the MEMS device of FIGs. 3A

and 3B.

As used herein, the term "passage" refers to an opening or a void formed in a

patterned frame by the carbon nanotubes that define or constitute the frame. A

passage can be completely devoid of material, or it can be filled, or partially filled,

with an interstitial material used to fill interstices between and/or in the carbon

nanotubes. In most cases, a passage that serves as an interstitial material access hole

will include an opening size larger than interstices formed between adjacent

nanotubes.

As used herein, the term "interlocked" is to be understood to refer to a

relationship between two or more carbon nanotubes in which the nanotubes are held

together, to at least some degree, by forces other than those applied by an interstitial

coating or filling material (e.g., forces that exist prior to, or in the absence of,

application of the interstitial material). Interlocked nanotubes may be intertwined

with one another (e.g., wrapped about one another), or they may be held together by

surface friction forces, van der Waals forces, and the like.

When nanotubes are discussed herein as being "linearly arranged" or

"extending linearly," it is to be understood that the nanotubes, while possibly being

slightly twisted, curved, or otherwise having a bodies that that meander in direction,

are generally arranged or grown so as to extend lengthwise.

As used herein, the term "substantially" refers to the complete or nearly

complete extent or degree of an action, characteristic, property, state, structure, item,

or result. As an arbitrary example, when an object or group of objects is/are referred

to as being "substantially" symmetrical, it is to be understood that the object or

objects are either completely symmetrical or are nearly completely symmetrical. The

exact allowable degree of deviation from absolute completeness may in some cases

depend on the specific context. However, generally speaking the nearness of



completion will be so as to have the same overall result as if absolute and total

completion were obtained.

The use of "substantially" is equally applicable when used in a negative

connotation to refer to the complete or near complete lack of an action, characteristic,

property, state, structure, item, or result. As an arbitrary example, an opening that is

"substantially free of material would either completely lack material, or so nearly

completely lack material that the effect would be the same as if it completely lacked

material. In other words, an opening that is "substantially free of material may still

actually contain some such material as long as there is no measurable effect as a result

thereof.

Invention

The present invention provides systems and methods utilizing carbon

nanotubes (sometimes referred to as "CNTs") in mechanically useful support

structures and machines. In accordance with one aspect, the invention provides a

high-density carbon nanotube assembly that includes a plurality of carbon nanotubes

arranged into a patterned frame. The patterned frame can have a height of at least

about 10 µm or greater. An interstitial material can at least partially fill interstices

between at least some of the carbon nanotubes, and will also generally coat and/or

bind together the outer surfaces of the patterned frame. The interstitial material will

generally serve as a matrix binding the CNTs into a relatively rigid patterned frame

having a shape generally corresponding to the shape outlined by the collective bodies

of the CNTs.

One exemplary patterned frame 10 is shown in the SEM image of FIG. 1. In

this embodiment, the frame includes a series of walls 12 with a series of passages

(e.g., openings or cavities) 14 defined therebetween. The walls 12 can extend in

divergent directions, forming right angles relative to one another, or a variety of other

angles (e.g., 30 degrees, 45 degrees, etc.), depending upon the desired pattern of the

frame. The line A-B in FIG. 1 indicates the generally upright, vertical, or linear

orientation of the CNTs that form or define the walls of the patterned frame (note that,

due to the very small scale of the CNTs, individual CNTs are not visible in the SEM

image of FIG. 1). The tubes in a typical assembly generally grow vertically up from a



substrate, in a direction that is generally parallel to the line A-B. It can be seen from

this indicative line that the regions where the CNTs grow form or define the walls of

the patterned frame. A series of CNTs are illustrated schematically at 2 1 in FIG. 5.

As will be discussed in further detail below, the pattern, shape and geometry

of the patterned frame can be relatively easily manipulated during the CNT growth

process, providing a great deal of flexibility in designing patterned frames for a

variety of uses. In the embodiment illustrated in FIG. 1, the patterned frame includes

a series of walls that extend at right angles to one another to form a series of square

passages. In other embodiments, the walls may run at 30, 45 or 60 degrees relative to

one another, and form diamond-shaped passages, triangular-shaped passages,

rectangular-shaped passages, etc. Also, circular-shaped passages can be formed

should such a pattern be found advantageous.

The CNTs utilized in the patterned frame can take a variety of forms. The

CNTs can include single-wall CNTs or multi-wall CNTs. One particular advantage of

the present invention lies in the ability to form high density arrays of CNTs with high

aspect ratios. Patterned frames with high and narrow walls can be precisely formed

into a variety of desired frame configurations. In one aspect, the CNTs utilized can

include heights on the order of 10 µm and greater. While not so required, the CNTs

can include diameters as small as 20 nm or less. The CNTs can be grown or

fabricated in a variety of manners, many of which will be familiar to those of ordinary

skill in the art. An exemplary grouping of CNTs is illustrated schematically at 2 1 in

FIG. 5. In this illustration, the generally linear arrangement of the CNTs from a base

33 of the frame 10 (or wall 12) to a face 3 1 of the frame can be appreciated.

While not so required, many of the patterned frames formed in accordance

with the present invention will include a generally planar face and a generally planar

base, with the CNTs of the frame extending from the face to the base. For example,

FIG. 1 illustrates one exemplary patterned frame 10, with the face 3 1 of the frame

being defined by upper portions of the CNTs which collectively form a grid surface.

While the faces and bases of the various examples shown in the figures are generally

planar, it is to be understood that the faces and/or the bases may include a curvature.

In one specific example of the invention, CNTs can be grown by first

preparing a sample by applying 30 nm of alumina on an upper surface of a supporting



silicon wafer. A patterned, 3-4 nm Fe film can be applied to the upper surface of the

alumina. The resulting sample can be placed on a quartz "boat" in a one inch quartz

tube furnace and heated from room temperature to about 750 degrees C while flowing

500 seem OfH . When the furnace reaches 750 degrees C (after about 8 minutes), a

C2H4 flow can be initiated at 700 seem (if slower growth is desired, the gases may be

diluted with argon). After a desired CNT length (or height) is obtained, the H2 and

C H4 gases can be removed, and Ar can be initiated at 350 seem while cooling the

furnace to about 200 degrees C in about 5 minutes.

The above example generated multi -walled CNTs with an average diameter of

about 8.5 nm and a density of about 9.0 kg/m3. It was also found that the conditions

above produced a CNT "forest" of high density, interlocked or intertwined CNTs that

can be grown very tall while maintaining very narrow features in the patterned frame.

The intertwining of the CNTs during growth is advantageous in that the CNTs

maintain a lateral pattern (generally defined by a catalyst from which the CNTs are

grown) while growing vertically upward, as the CNTs maintain an attraction to one

another during growth. Thus, rather than achieving random growth in myriad

directions, the CNTs collectively maintain a common, generally vertical attitude while

growing.

The interstitial material can be selected to provide the patterned frame with a

variety of desirable characteristics. Generally speaking, the interstitial material can be

selected to provide advantages tailored to the intended use of the patterned frame.

Examples of suitable filler or interstitial material can include, without limitation, Si,

SiCh, Si3Ni, SiC, aluminum oxide, zinc oxide, titanium oxide, titanium, tungsten,

amorphous carbon, ceramics, other metals, other semiconductors, other oxides, and

combinations thereof, to name only a few suitable materials. Examples of attributes

for which the interstitial material can be selected to optimize include, without

limitation: mechanical stability; rigidity; stiffness; toughness; electrical conductivity;

molecular, chemical and ion transport and storage; piezoelectricity; ferroelectric ity;

high temperature stability; etc.

In one specific example, an assembly was formed by creating a forest of CNTs

formed into a patterned frame (as outlined above). The frame was then filled and/or

coated with an interstitial material by a low-pressure chemical vapor deposition



("LPCVD") process using undoped polycrystalline silicon. In this process, a LPCVD

furnace was used at 200 mTorr and substrate temperature of 580 degrees C, flowing

20 seem OfSiH , for 2 hours and 50 minutes. This process resulted in a deposition

rate on a planar surface (or a radial deposition rate on the carbon nanotubes) of about

1.8 nm/min. Upon completion, the LPCVD furnace was vented with N , and the

sample was removed at a rate of about 1 cm/s.

In another specific example, the frame was filled and/or coated with an

amorphous carbon interstitial material by an atmospheric CVD process. The filling or

coating process was performed immediately after the growth of the CNT forest and

prior to removal of the forest from the furnace. The temperature was raised to 900

degrees C flowing Ar at 500 seem. A one-hour carbon deposition with ethylene (25

seem) and argon (225 seem) followed by a 30 minute anneal at 1000 degrees C (500

seem of argon) substantially fills the CNT forest.

The present invention advantageously allows the selection of the interstitial

material based upon an intended use, or desired attributes, of the resulting patterned

frame. For example, in some applications, a greater or lesser degree of thermal or

electrical conductivity may be desired. A greater or lesser degree of physical strength

and/or weight may be desired. Resistance to various chemicals or environments can

also be considerations that can affect selection of the interstitial material. The present

invention can advantageously be adapted for a variety of materials to address these

and other design goals.

While the present invention provides patterned CNT frames having high

aspect ratios, the inventors have found that walls of patterned frames grown above

certain heights can tend to "fold" over due to the large height-to-thickness ratio. To

address this issue, reinforcing nubs, extensions, or protuberances can be formed in the

walls of the patterned frame during growth of the frame. One exemplary

protuberance 18 is illustrated in FIG. 5. The protuberance can provide rigidity to the

wall to enable growth of taller and narrower wall features while avoiding unwanted

"fold over" of the wall.

Also illustrated in FIGs. 5 and 6 are a series of interstitial material access

holes 20 that can be utilized to enhance the filling/coating process of the present

invention. The access holes 20 can be formed so as to extend substantially fully from



the base 33 of the wall to the face 31 of the wall. The material access holes can be

substantially devoid of nanotubes and can serve to increase penetration of the

interstitial material into the forest of CNTs to ensure a fully (or more fully)

impregnated forest. Thus, a finished patterned frame 10 can include one or more

passages (e.g., 14 in FIGs. 1 and 2) that are substantially devoid of any material, and

interstitial material access holes 20 that are devoid of CNTs but that may be partially

filled during the manufacturing process by the interstitial material (in many cases, the

interstitial material access contain little or no interstitial material).

The interstitial material access holes 20 can be formed in a variety of manners.

As will be discussed in further detail below, growth of the CNTs can be accomplished

by applying a catalyst material to a substrate in a defined pattern. Where desired,

voids can be created in the catalyst pattern as, or after, the catalyst is applied to the

substrate. As the CNTs grow upwardly around these voids, the material access holes

will be formed in the CNT forest. In one example, it was found that square access

holes of about 3 µm in width, spaced 3 µm from one another, allowed a polysilicon

interstitial material to fill the CNT forest to a depth about ten times greater than if the

holes were not present (forest heights of 170 µm and taller have been formed using

this method). FIG. 6 includes an SEM image of a sectioned wall of a patterned frame

showing two interstitial material access holes formed in the wall.

Generally speaking, the passages 14 are of larger diameter or opening size

than are the interstitial material access holes 20, which are in turn of larger diameter

or opening size than are the interstices between adjacent CNTs. While not so

required, in one embodiment of the invention adjacent CNTs are spaced about 200-

300 nm from one another, with the interstitial material access holes formed having a

diameter or opening size of about 3 to about 20 µm, and the larger passages formed

with a diameter or opening size of 100 µm or greater. In some applications, the larger

passages may be as small as 10 µm in diameter.

The patterned frames of the present invention can be advantageously used in a

variety of applications. In one specific example, the frames can be utilized as

microelectromechanical systems ("MEMS"), or as specific components of MEMS.

Due to the flexibility provided by the manner in which the present frames can be

formed (discussed in more detail below), frames with very small feature sizes can be



constructed with a high degree of precision. These aspects make the present invention

well suited for use in MEMS applications. One exemplary MEMS device is

illustrated in FIGs. 3A and 3B, In this application, the techniques of the present

invention were utilized to form a bistable mechanism 24. The bistable mechanism

provides a mechanical manner in which a condition can be expressed as one of two

positions (analogous to a computer "bit" - 1 or 0), FIG. 3A illustrates the bistable

mechanism in a first state, with the second state illustrated in FIG. 3B.

The example illustrated in FIGs. 3A and 3B was formed by filling a patterned

frame of CNTs with silicone nitride. The silicon nitride was deposited at 720 degrees

C and 200 mTorr in an LPCVD furnace. The tube of the furnace was evacuated and

NH3 was flowed for 3 minutes at 14 seem for a "pre-soak." The NH3 flow was

maintained and dichlorosilane was added at a flow rate of 10 seem. After 3 hours, the

dichlorosilane was turned off and NH was allowed to continue flowing for 3 minutes

to remove un-reacted dichlorosilane. Finally, the LPCVD tube was flushed and

vented with N and the sample was extracted at a rate of about 1 cm/s.

This process resulted in a nearly stoichiometric silicon nitride, evidenced by

the index of refraction of a 200 nm film deposited on a planar Si substrate which was

measured to be about 1.9 (compared to 2,0 for a truly stoichiometric Si N ) . In this

example, the devices were not grown on a pre-deposited SiO sacrificial layer (as

discussed further below), but were instead grown on a Si wafer (with the necessary 30

nm alumina diffusion barrier layer). The underlying silicon was etched to release the

devices in 45% KOH solution at 60 degrees C for 70 minutes.

Other examples of MEMS applications for which the present invention are

suitable include, without limitation, thermomechanical in-plane microactuators

("TIMs"), comb drives, sensors, cantilevers, etc.

Formation of the patterned frames can be accomplished in a variety of

manners. FIG. 4 illustrates a series of processes exemplary of one manner of doing

so. The process can begin at frame (a) of FIG. 4., where 30 nm of alumina is

evaporated by electron beam evaporation onto a SiO2 substrate. At (b), AZ330 photo

resist is spun and patterned (note that the pattern is not evident from the view of FIG.

4 - it would be apparent from a top view of the substrate). At (c), 4 nm of Fe is



thermally evaporated on top of the photo resist. At (d), the photo resist is lifted off in

a resist stripper. At (e), a forest of generally vertically-aligned CNTs is grown from

the patterned iron film by chemical vapor deposition at 750 degrees C using C2H4 and

H feedstock gases (note that, while the CNTs are shown schematically as generally

straight and upright, there will likely be a considerable amount of intertwining of the

CNTs as they are grown). At (f), the CNT forest is coated (and/or infiltrated, bound

together, etc., depending upon the materials utilized) with Si or other suitable

materials by various chemical vapor deposition processes (e.g., low-pressure,

atmospheric, high-pressure CVD, etc.).

It will be appreciated by one of ordinary skill in the art having possession of

this disclosure that the infiltration step illustrated in frame (f) will often result in a

"floor layer" of interstitial or infiltration material being applied near the base of the

patterned frame within the passages defined by the CNTs (e.g., at the bottom of

"wells" or "cups" formed by the passages and the Al2O ) . This floor layer can be

removed in order to expose the underlying sacrificial layer for etching. The removal

of the floor layer can be accomplished in a number of manners.

In one aspect of the invention, a short reactive ion etch can be utilized. For

example, a Reactive Ion Etch (RIE) can be accomplished at 100 W, 100 mTorr,

flowing 3.1 seem OfO and 25 seem OfCF , etching for 5-9 minutes (depending on

the size of the features being etched). In another example, a CH3F/O2 Inductively

Coupled Plasma RIE etch can be utilized. It is also contemplated that a wet etch can

be utilized, for example by placing the sample in KOH or a similar solution to etch

away the floor layer.

While each of these process may result etching or removing some of the

interstitial material from the CNT forest, it has been found that the floor layer is

removed before significant etching of the structure CNT structure occurs. Generally

speaking, creation of the "floor layer," and subsequent removal of the floor layer, will

be considerations in most of the processes utilized in coating or infiltrating the CNT

patterned frame of the present invention.

At (g), the underlying SiO2 is etched to release portions of the structure. This

can be accomplished in a number of manners, including by immersion in HF. The

resulting patterned frame will, in the example shown, include some portions that



remain attached to the substrate (e.g., portion 30 of frame (g)), while other portions

(e.g., portion 32 of frame (g)) have been removed from the substrate. Depending

upon the desired use of the patterned frame, all of the frame could be left attached to

the substrate, only some of the frame can be removed from the substrate (to form, for

example, moveable portions for use in MEMS applications), or all of the frame can be

removed from the substrate.

Removal of the frame from the substrate can be accomplished in a number of

manners. In one embodiment, the frame can be simply pried off the substrate using

mechanical force. Other embodiments can include the use of an etching process to

remove the underlying sacrificial layer (e.g., SiO2 in the example given above) or to

attack the interface between layers to release the frame from the substrate.

In addition to the process steps outlined above, in some embodiments of the

invention, a densification process can be implemented prior to applying the interstitial

material to the CNTs arranged into the patterned frame. For example, in one

embodiment, CNT "forest" can be exposed to ethanol vapor prior to being exposed to

a Si interstitial material to densify the CNTs. This process was found to decrease

feature size by as much as 10-100 times.

While the forgoing examples are illustrative of the principles of the present

invention in one or more particular applications, it will be apparent to those of

ordinary skill in the art that numerous modifications in form, usage and details of

implementation can be made without the exercise of inventive faculty, and without

departing from the principles and concepts of the invention. Accordingly, it is not

intended that the invention be limited, except as by any claims associated with this or

related applications.



Claims:

We claim:

1. A carbon nanotube assembly, comprising:

a plurality of carbon nanotubes oriented into a patterned frame and extending

from a base of the patterned frame to a face of the patterned frame, the patterned

frame having a height between the base and the face of at least about 10 µm or

greater;

at least one passage, extending through or defined in the patterned frame, the

at least one passage extending from the base of the patterned frame to the face of the

patterned frame; and

an interstitial material at least partially filling interstices between at least some

of the carbon nanotubes.

2. The assembly of claim 1, wherein each of the carbon nanotubes has a

diameter of at least about 20 nm or less.

3. The assembly of claim 1, wherein the nanotubes are oriented in a generally

linear orientation extending from the base of the frame to the face of the frame.

4. The assembly of claim 1, wherein adjacent nanotubes are interlocked one

with another.

5. The assembly of claim 1, wherein the patterned frame includes a series of

intersecting walls, the series of walls defining a plurality of passages with each of the

passages being substantially devoid of material.

6. The assembly of claim 1, wherein the nanotubes arranged into the patterned

frame define at least one interstitial material access hole extending from the face of

the frame to the base of the frame and being substantially devoid of nanotubes.

7. The assembly of claim 6, wherein a diameter of the interstitial material

access hole is greater than a diameter of the interstices.



8. A carbon nanotube MEMS assembly, comprising;

a plurality of carbon nanotubes oriented into a patterned frame, the patterned

frame defining at least two components of a MEMS device;

an interstitial material, at least partially binding adjacent carbon nanotubes one

to another; and

at least one component of the frame being fixed and at least one component of

the frame being movable relative to the fixed component.

9. The MEMS assembly of claim 8, wherein the at least one fixed component

is attached to a substrate.

10. The MEMS assembly of claim 8, wherein the nanotubes are arranged in a

generally linear orientation.

11. The MEMS assembly of claim 8, wherein adjacent nanotubes are

interlocked one with another.

12. The MEMS assembly of claim 8, wherein the nanotubes oriented into the

frame define in the frame an interstitial material access hole extending from a face of

the frame to a base of the frame and being substantially devoid of nanotubes.

13. The MEMS assembly of claim 12, wherein the interstitial material access

hole includes a diameter larger than a spacing between adjacent nanotubes.

14. A method of forming a carbon nanotube assembly, comprising:

vertically growing a plurality of carbon nanotubes to form a patterned frame;

facilitating interlocking of the nanotubes as they are grown vertically and

forming a plurality of interstices between the nanotubes; and

applying an interstitial material to the nanotubes to at least partially fill the

interstices between adjacent carbon nanotubes.



15. The method of claim 14, wherein each of the carbon nanotubes is grown

with a diameter of at least about 20 nm or less, and wherein the nanotubes are grown

in the pattern to a height of at least about 10 µm or greater.

16. The method of claim 14, further comprising applying a catalyst to a

substrate, and applying the catalyst around an area devoid of catalyst to thereby form

a vertically extending void in the carbon nanotubes as the nanotubes are grown from

the substrate.

17. The method of claim 14, further comprising removing a portion of the

assembly from a substrate while leaving another portion of the assembly attached to

the substrate.










	front-page
	description
	claims
	drawings

