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ROTARY NANOTUBE BEARING STRUCTURE AND
METHODS FOR MANUFACTURING AND USING THE SAME

Cross-Reference to Related Application

[0001] This application claims priority to and the benefit of, and incorporates herein by
reference in its entirety, U.S. Provisional Patent Application No. 61/028,851, which was filed on

February 14, 2008.

Technical Field

[0002] In various embodiments, the present invention relates to a rotary nanotube bearing

structure and to methods for manufacturing and using the same.

Background

[0003] Commercial micro-electro-mechanical systems (“MEMS”) now reach the sub-
millimeter to micrometer size scale. There is, however, also great interest in nanometer scale
electromechanical systems. Nanostructures are of great interest not only for their basic scientific
richness, but also because they have the potential to revolutionize critical technologies.

[0004] Certain types of bearing structures are employed in MEMS and nano-electro-
mechanical systems (“NEMS”) to allow for relative motion (e.g., linear or rotational) between
two parts, but each has its limitations. For example, silicon-on-silicon sliding bearings generally
have friction, lifetime, and debris issues. Gas bearings may have very low friction, but their
design is typically complex and they generally are not operable in vacuum. For their part, ball
bearings have size and wobble limitations.

[0005] Rotational actuators are of particular interest for several applications. For example, a

dynamically tuned gyroscope, also known as a dry tuned gyroscope (“DTG”), typically includes
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a motor (e.g., an clectromagnetic motor) that spins a shaft to which a rotor is attached. In some
implementations, the shaft is supported by ball bearings. As mentioned, however, such ball
bearings typically cannot be made small enough for some applications. In addition, they may
consume greater amounts of power than desired due to undesirably high friction. Jeweled
bearings and precisely machined pivots may be used instead, but, again, they typically increase
the overall size of the DTG to larger than what is desired for many applications.

[00006] Rotational actuators that employ carbon nanotubes have been described. However,
such actuators typically feature a rotor whose rotation axis is parallel to a top surface of the
substrate. This arrangement is generally difficult to integrate with MEMS and NEMS
processing, is difficult to manufacture, limits the applications of a device in which the actuator is
employed, and limits the potential geometries for other features of the device (e.g., actuation and
readout mechanisms).

[0007] Accordingly, needs exist for improved bearing structures and for methods of

manufacturing and using the same.

Summary of the Invention

[0008] Described herein are various embodiments of a rotary bearing that features a
multiwall nanotube (e.g., a carbon nanotube that, as described below, includes an outer
cylindrical wall and one or more concentric inner cylindrical walls). The multiwall nanotube
may be attached to a substrate, and a rotor may be connected to the outer wall of the nanotube.
In addition, a long axis of the nanotube may be oriented substantially perpendicular to a top
surface of the substrate such that an axis of rotation of the rotor is also substantially
perpendicular to the top surface of the substrate. Advantageously, this arrangement allows for

well-controlled nanotube growth and/or placement, and integrated structure fabrication using
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standard MEMS / NEMS fabrication techniques. It also allows for the design of rotationally-
symmetric rotors for high rotation speed, gives precise control over the rotor’s geometry and
mass (e.g., over its diameter and thickness), and enables the fabrication of relatively complex
drive and sense mechanisms (e.g., multiple drive electrodes for an electrostatic drive, structures
patterned above and below the rotor for an electrostatic or electromagnetic drive, and/or
magnetic or capacitive readouts).

[0009] As described herein, various processes may be employed to fabricate embodiments of
this rotary bearing structure. For example, a first fabrication process may be employed to
manufacture a singly-supported bearing (i.c., Stodola rotor), and another, different fabrication
process may be employed to manufacture a doubly-supported bearing.

[0010] In general, in one aspect, embodiments of the invention feature a rotary device that
includes a substrate, a multiwall nanotube that is coupled to a top surface of the substrate and
that extends substantially perpendicularly therefrom, and a rotor that is coupled to an outer wall
of the multiwall nanotube. The rotor is spaced apart from the substrate and is free to rotate
around an elongate axis of the multiwall nanotube. As used herein, the term “rotor” connotes
any rotative member regardless of purpose or configuration. A rotor may drive a gear, provide
inertia, serve as a collar to support another structure, or function in any of the various
applications described herein.

[0011] In various embodiments, the multiwall nanotube comprises or consists essentially of
carbon, while the substrate and/or rotor comprises or consists essentially of silicon. The highly-
ordered graphitic crystalline structure of a carbon nanotube allows for a molecular-scale bearing
structure. A first end of the multiwall nanotube may be coupled to the substrate, while a second

end thereof may be coupled to a second support structure. The rotary device may also include
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means for actuating the rotor. For example, the rotor may be actuated by providing an
clectrostatic force, an clectromagnetic force, a beam of photons, a beam of ions, and/or a jet of
air, gas, or liquid.

[0012] In one embodiment, the rotor has an annular shape. In this case, the height of the
rotor may range from approximately 100 nm to approximately 200 um, while an outer diameter
of the rotor may range from approximately 200 nm to approximately 1 mm. The rotor may be
spaced from the substrate by approximately 50 nm to approximately 20 um. For its part, the
outer wall of the multiwall nanotube may have an outer diameter that ranges between
approximately 10 nm and approximately 500 nm.

[0013] The rotary device may be, for example, a gyroscope, a flywheel energy storage
mechanism, a pumping mechanism, a flow sensor, a turbomachine (such as a turbine or a gas
compressor), an attitude control mechanism, or an optical chopper.

[0014] In general, in another aspect, embodiments of the invention feature a method for
fabricating a rotary device. The method includes providing a multiwall nanotube on a substrate,
growing a release layer on the substrate and around at least a portion of the nanotube, depositing
rotor material on the release layer and around at least a portion of the nanotube, and removing at
least a portion of the release layer between surfaces of the substrate and the rotor material so as
to space the rotor from the substrate. The rotor remains coupled to the multiwall nanotube and is
free to rotate about a long axis of the multiwall nanotube.

[0015] The multiwall nanotube may be provided by, for example, welding an arc-deposited
or laser-ablated multiwall nanotube to the substrate or growing the multiwall nanotube on the
substrate. In various embodiments, the multiwall nanotube is grown by plasma-enhanced

chemical vapor deposition (“PECVD”) on patterned catalyst particles, the release layer (e.g.,
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silicon dioxide) is also grown by PECVD, the rotor material (e.g., silicon) is deposited by
thermal chemical vapor deposition (“CVD”), and/or the release layer is removed by etching the
release layer with vapor hydrofluoric acid. The method may further include patterning and
etching the rotor material so as to shape the rotor, patterning and etching drive electrodes on the
rotor material, and/or removing at least a portion of an outer wall of the multiwall nanotube that
is located between the surfaces of the substrate and the rotor material.

[0016] In general, in yet another aspect, embodiments of the invention feature another
method for fabricating a rotary device. In this method, a well is formed through a top sacrificial
layer and into a bottom silicon layer of a silicon-insulator-silicon layered substrate having the top
sacrificial layer deposited thercon. A multiwall nanotube is then provided therein. The method
further includes forming a first release region around a first portion of the multiwall nanotube,
rotor material over the first release region and around a second portion of the multiwall
nanotube, a second release region over the rotor material and around a third portion of the
multiwall nanotube, and a support structure over the second release region and around a fourth
portion of the multiwall nanotube. The sacrificial layer, the insulator layer, the first release
region, and the second release region may then be removed so as to space the rotor from the
support structure and the bottom silicon layer. The rotor remains coupled to the multiwall
nanotube and is free to rotate about a long axis of the multiwall nanotube.

[0017] In various embodiments, the multiwall nanotube is provided by, for example, welding
an arc-deposited or laser-ablated multiwall nanotube to the bottom silicon layer of the well or
growing the multiwall nanotube in the well (e.g., by PECVD on patterned catalyst particles).
The rotor material and/or the support structure may comprise or consist essentially of silicon,

while the sacrificial layer, the insulator layer, the first release region, and the second release
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region may comprise or consist essentially of silicon dioxide. For its part, the well may feature a
stair-stepped configuration.

[0018] The method may further include patterning the sacrificial layer and the silicon-
insulator-silicon layered substrate to form the well therein, securing a fifth portion of the
multiwall nanotube to the bottom silicon layer of the substrate, and/or removing an outer wall of
the multiwall nanotube around cach of the first and third portions of the multiwall nanotube.
Securing the fifth portion of the multiwall nanotube may involve depositing SiNy around the
multiwall nanotube in a portion of the well formed in the bottom silicon layer of the substrate.
[0019] In general, in still another aspect, embodiments of the invention feature a dynamically
tuned gyroscope that includes a multiwall carbon nanotube, a drive hub coupled to the multiwall
carbon nanotube, a gimbal coupled to the drive hub, and a peripheral rotor coupled to the gimbal.
The gyroscope may also include means for actuating the drive hub and the multiwall carbon
nanotube. For example, the actuating means may provide cither an electrostatic force or an
clectromagnetic force.

[0020] In general, in a further aspect, embodiments of the invention feature a pumping
mechanism that includes 1) a housing defining a cavity and ii) a rotary device located within the
cavity. The cavity may include an inlet, an outlet, and a channel therebetween, while the rotary
device may include a multiwall carbon nanotube coupled to a rotor. The rotor may propagate
gas particles, that collide with a surface of the rotor, along the channel. In one embodiment, the
pumping mechanism also includes means for actuating the rotor. For example, the actuating
means may provide an electrostatic force to actuate the rotor.

[0021] These and other objects, along with advantages and features of the embodiments of

the present invention herein disclosed, will become more apparent through reference to the
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following description, the accompanying drawings, and the claims. Furthermore, it is to be
understood that the features of the various embodiments described herein are not mutually

exclusive and can exist in various combinations and permutations.

Brief Description of the Drawings

[0022] In the drawings, like reference characters generally refer to the same parts throughout
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. In the following description,
various embodiments of the present invention are described with reference to the following
drawings, in which:

[0023] FIG. 1 is a cut-away view of a rotary device according to one embodiment of the
invention;

[0024] FIG. 2 schematically illustrates a rotary device according to another embodiment of
the invention;

[0025] FIGS. 3A and 3B schematically illustrate an approach for electrostatically actuating a
rotor in accordance with one embodiment of the invention;

[0026] FIG. 3C schematically illustrates an approach for electromagnetically actuating a
rotor in accordance with one embodiment of the invention;

[0027] FIG. 4 schematically illustrates an approach for actuating a rotor with a jet of air in
accordance with one embodiment of the invention;

[0028] FIG. 5 schematically illustrates an approach for actuating a rotor with a beam of
photons in accordance with one embodiment of the invention;

[0029] FIGS. 6A—6E schematically illustrate the steps in one embodiment of a method for

fabricating the rotary device depicted in FIG. 1;
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[0030] FIGS. 7A-7Z schematically illustrate the steps in one embodiment of a method for
fabricating the rotary device depicted in FIG. 2;
[0031] FIG. 8A depicts a top perspective view of the rotating elements for a DTG in
accordance with one embodiment of the invention;
[0032] FIG. 8B depicts a cross-sectional view of the rotating elements of FIG. §A;
[0033] FIG. 9A depicts a Gaede vacuum pump in accordance with one embodiment of the
invention;
[0034] FIG. 9B depicts an exploded view of the Gaede vacuum pump of FIG. 9A; and
[0035] FIG. 9C depicts a cascade of two Gaede vacuum pumps in accordance with one
embodiment of the invention.

Description
[0036] In various embodiments, the present invention features a rotary device that employs a
multiwall nanotube as a bearing and support structure for a rotor attached thereto. FIG. 1 depicts
a cut-away view of one such exemplary rotary device 100. As illustrated, the rotary device 100
includes a substrate 104, an clongate multiwall nanotube 108, and a rotor 112. Notwithstanding
the cut-away view of the rotary device 100 depicted in FIG. 1, the rotor 112 may be a complete,
continuous annulus and each of the outer and two inner walls of the multiwall nanotube 108 may
be a complete, continuous cylinder. Moreover, the multiwall nanotube 108 may include two,
three, or any greater number of substantially cylindrical walls, and not simply the three
substantially cylindrical walls illustrated in FIG. 1.
[0037] As illustrated, a first end 116 of the multiwall nanotube 108 may be coupled to a top
surface 120 of the substrate 104 and extend substantially perpendicularly therefrom. For

example, as further described below, the multiwall nanotube 108 may be grown on the top
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surface 120 of the substrate 104 such that the first end 116 of the multiwall nanotube 108 is
integral with the top surface 120 of the substrate 104, or, alternatively, the multiwall nanotube
108 may be separately manufactured and the first end 116 thercof spot-welded or tack-welded to
the top surface 120 of the substrate 104. For its part, the rotor 112 is coupled to an outer wall of
the multiwall nanotube 108. The rotor 112 is spaced apart from the substrate 104 such that it is
free to rotate around an elongate axis of the multiwall nanotube 108 (i.c., in a planc substantially
parallel to the top surface 120 of the substrate 104).

[0038] Positioning the multiwall nanotube 108 substantially perpendicular to the substrate
104 allows for the design of a rotationally-symmetric rotor 112 for high rotation speed, gives
precise control over rotor 112 geometry / mass (¢.g., diameter and thickness control), and enables
the fabrication of relatively complex drive and sense mechanisms (¢.g., multiple drive electrodes
for an electrostatic drive, structures patterned above and below the rotor 112 for an ¢lectrostatic
or electromagnetic drive, and/or magnetic or capacitive readouts), as described below.

[0039] In one embodiment, as illustrated, the rotor 112 has the shape of an annulus.
Alternatively, the rotor 112 may have other shapes. The height hl of the annulus may range
from approximately 100 nm to approximately 200 pm, while an outer diameter d1 of the annulus
may range from approximately 200 nm to approximately 1 mm. The rotor 112 may be spaced
from the substrate 104 (i.c., dimension h2 in FIG. 1) by approximately 50 nm to approximately
20 um. For its part, the outer wall of the multiwall nanotube 108 may have an outer diameter d2
that ranges between approximately 10 nm and approximately 500 nm. In one particular
embodiment, the annularly-shaped rotor 112 has a height hl of approximately 2 pm, has an outer
diameter d1 of approximately 20 um, and is spaced from the top surface 120 of the substrate 104

by a distance h2 of approximately 2 um, while the outer wall of the multiwall nanotube 108 has
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an outer diameter d2 of approximately 100 nm.

[0040] As illustrated in FIG. 1, bottom and top portions of one or more outer walls of the
multiwall nanotube 108 (c.g., the portions between the first end 116 of the nanotube 108 and a
bottom surface 124 of the rotor 112, and between a second, opposite end 128 of the nanotube
108 and a top surface 132 of the rotor 112) may be removed (¢.g., mechanically sheared away or
removed using clectrical breakdown) so as to facilitate rotation of the rotor 112 about the
clongate axis of the multiwall nanotube 108.

[0041] In one embodiment, the multiwall nanotube 108 comprises or consists essentially of
carbon, while the substrate 104 and/or rotor 112 comprises or consists essentially of silicon or
polysilicon. Alternatively, the multiwall nanotube 108 may comprise or consist essentially of
other materials, such as boron-nitride. The mechanical and ¢lectrical properties of carbon and
boron-nitride nanotubes renders them particularly suitable for service as active components in a
moveable MEMS / NEMS device. For example, they feature a favorable clastic modulus and
tensile strength, high thermal and electrical conductivity, low inter-shell friction (which is
particularly desirable for rotation of an outer wall around an inner wall of the nanotube 108), and
atomically smooth surfaces (i.e., without roughness larger than atoms).

[0042] While the rotary device 100 illustrated in FIG. 1 is a singly-supported bearing (i.c., a
Stodola rotor), the rotary device 100 may instead be doubly-clamped or doubly-supported as
illustrated in FIG. 2. More particularly, as further described below, the second end 128 of the
multiwall nanotube 108 may be coupled to an additional support structure 136.

[0043] The rotary device 100 may further include means for actuating the rotor 112. The
actuating means may impart rotation to the rotor 112 through a variety of techniques. For

example, an electrostatic force may be employed to actuate the rotor 112. One approach to

~10-
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clectrostatically actuating the rotor 112 is depicted in FIGS. 3A and 3B. As illustrated in FIG.
3A, the outer periphery of the rotor 112 may be patterned with a substantially circular
arrangement of clectrodes 140, and a substantially concentric circle of stator electrodes 144 may
be fixed in position and be formed around (while still being physically separated and spaced
from) the electrodes 140. Alternatively, if more desirable for a particular device geometry, the
stator electrodes 144 may be positioned above (or below) the rotor electrodes 140, rather than
therearound. The rotor electrodes 140 may be embedded in the rotor 112 by, for example, being
clectroplated in cavities formed in the rotor 112. Alternatively, the rotor electrodes 140 may be
glued in place. In yet another embodiment, simply patterning the rotor 112 as illustrated in FIG.
3A, if the rotor 112 material itself (e.g., silicon) is conducting, forms the electrodes 140 without
the need to add metal thereto.

[0044] As illustrated, the stator may include a first group of four electrodes 144A, a second
group of four electrodes 144B, and a third group of four electrodes 144C —i.c., 12 electrodes in
total. Any number of stator electrodes 144 (or groups thereof) and/or rotor clectrodes 140 may,
however, be employed. Actuation of the rotor 112 relies on the principle that an clectric
potential applied between two electrodes gencrates a force that tends to move the electrodes into
alignment. More specifically, by alternately applying a drive signal to each group of stator
clectrodes 144A, 144B, and 144C in turn, as illustrated in FIG. 3B, the rotor 112 is caused to
rotate as its electrodes 140 attempt to align themselves with the group of stator electrodes 144A,
144B, or 144C currently being driven. In principle, smooth rotation of the rotor 112 at a
precisely controlled speed in either direction is possible with application of continuously varying
periodic potentials to the stator electrodes 144 A, 144B, and 144C.

[0045] Alternatively, an electromagnetic force may be employed to actuate the rotor 112.

—11-
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One approach to electromagnetically actuating the rotor 112 is to pattern, as illustrated in FIG.
3C, permanent magnets 145 on the rotor 112 and metal windings 146 on a stator. The permanent
magnets 145 may be embedded in the rotor 112 by, for example, being clectroplated in cavities
formed in the rotor 112 or being glued in place. While only one metal winding 146 is visible in
FIG. 3C, at least one further metal winding 146 (e.g., below the one shown or coupled to the top
plate 147) is also present. Each metal winding 146 provides an alternating magnetic field in
space. As will be readily understood by one of ordinary skill in the art, by properly phasing the
metal windings 146, a rotating magnetic ficld is created. This rotating magnetic field rotates the
rotor 112 by pushing against the permanent magnets 145.

[0046] Another approach to actuating the rotor 112 is depicted in FIG. 4. Here, a jet of air is
employed. More specifically, in this embodiment, a set of vanes 148 is provided on the outer
periphery of the rotor 112. As described further below, these vanes 148 may be integrally
formed with the rotor 112 during its manufacture. Alternatively, the vanes 148 may be
separately formed and bonded to the rotor 112 with, for example, an epoxy or glue. In one
embodiment, the vanes 148 are cach approximately 5 pm in length.

[0047] As further illustrated in FIG. 4, a means 152 for blowing air may be connected to
(i.e., be in fluidic communication with) a source of compressed air, or a fan, and may also be
positioned in proximity to the rotor 112 (e.g., within a few micrometers) in order to direct that air
onto the rotor’s vanes 148 to exert torque on, and therefore provide rotation to, the rotor 112.
The means 152 for blowing the air may be, for example, a micro-sized needle or tube (such as a
glass micropipette). Needles and/or tubes are available, for example, with openings down to 0.1
um in diameter. In one embodiment, the needle / tube 152 exit 153 is positioned within

approximately 5 needle / tube diameters of the rotor 112 so that the jet of air released therefrom
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remains focused. In addition, as illustrated, the needle / tube 152 is positioned on only one side
of the rotor 112 such that the jet of air released therefrom impinges the vanes 148 on only a
single side of the rotor 112. In another embodiment, two needles / tubes 152 are employed, one
on cach side of the rotor 112, to blow air in opposite directions. In practice, however, any
number of needles / tubes 152 may be employed on either side of the rotor 112.

[0048] The force imparted on a vane 148 by the air jet, assuming it is equal to the force
required to transfer the momentum from the air in the jet to the rotor 112, can be computed based
on clementary fluid mechanics. Moreover, with the geometry of the rotor 112 described above
and a jet diameter of 5 um, and at room temperature and pressure, a jet velocity of about only 10
m/s will exert sufficient drag on a vane 148 in order to overcome the friction impeding the
rotor’s rotation.

[0049] As will be understood by one of ordinary skill in the art, fluids (e.g., gases or liquids)
other than air may instead, or in addition, be employed to impart rotation to the rotor 112. For
example, pure nitrogen gas may be employed. As another example, the rotary device 100 may
be submerged and deionized water or isopropanol employed to impart rotation to the rotor 112.
In addition, rather than employing a micro-sized needle or tube to direct the air or other fluids, an
integrated fluidic channel may be fabricated in material proximate the rotor 112 during the
manufacture of the rotor 112. For example, the integrated fluidic channel may be patterned and
ctched in material proximate the rotor 112 during the patterning and etching of the rotor 112 in
the exemplary manufacturing processes described below.

[0050] In yet another embodiment, as illustrated in FIG. 5, a beam of photons may be
employed to impart rotation to the rotor 112. More particularly, a laser 156 (c.g., a milliwatt

laser) may be positioned in proximity to a rotor 112 having the vanes 148 located around its

~13-
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periphery. In such a case, the pressure of the radiation emitted by the laser 156 provides
sufficient torque to actuate the rotor 112. In particular, photons incident on a vane 148 create a
torque on, and transfer momentum to, the rotor 112.

[0051] Unless the reflectivity of the vane 148 surface is very high, most of the power from
the laser 156 is absorbed by (i.c., delivered as heat to) the vane 148. The pressure exerted by the
laser 156 on a vane 148 of perfectly absorbing material is given as the power of the laser 156
divided by the product of the laser beam’s cross-sectional area and the speed of light. Therefore,
if the laser beam can be focused to be entirely incident on the vane 148, the force exerted on the
vane 148 is the power of the laser 156 over the speed of light. For a vane 148 having a perfectly
reflecting surface (e.g., a mirror thereon), this force is doubled, since the photon’s momentum
must be completely reversed, rather than absorbed. In one embodiment, assuming silicon
reflects 40% of incoming light, approximately 600 mW of laser 156 power is required to
overcome the friction impeding the rotation of a rotor 112 having the geometry described above.
[0052] Alternatively, an ion beam generator (e.g., an ion gun in a vacuum) may be used in
place of the laser 156 depicted in FIG. 5. As ions are not absorbed like photons, this eliminates
the heat dissipation concern that arises when employing the laser 156. Additionally, ecach ion
provides substantially more momentum than a photon, so fewer ions are required to generate the
requisite torque for imparting rotation to the rotor 112.

[0053] Yet another option is to employ a manipulator, such as the sub-micrometer resolution
manipulators used to probe microelectronic devices, to physically push on the rotor 112.

[0054] FIGS. 6A—6E schematically illustrate the steps in one embodiment of a method for
fabricating the rotary device 100 depicted in FIG. 1. First, as illustrated in FIG. 6 A, a multiwall

nanotube 108 is provided on a top surface 120 of a substrate 104 (¢.g., a silicon substrate 104) by
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onc of a variety of optional techniques. For example, the multiwall nanotube 108 may be grown
on the substrate 104 by PECVD on patterned catalyst particles (c.g., nickel, cobalt, or iron).
According to one exemplary technique, a thin film of nickel is patterned on a p-type boron-doped
9.5 Q-cm silicon substrate 104. Then, an electron-beam resist is patterned by electron beam
lithography and development to open a small window for nickel nanodot deposition. A thin
nickel layer of approximately 10 nm to 100 nm in thickness is then deposited by electron-beam
or thermal evaporation. The final nickel pattern remains after resist/film liftoff in acetone or
other solvent. The patterned substrate 104 is then loaded into a PECVD system, for example
with a base pressure below 107 torr. In one exemplary embodiment, the multiwall carbon
nanotube 108 is then grown at a pressure of 1 to 10 torr with a gas mixture of acetylene and
ammonia at a ratio of 40:160. The growth time is about 5 minutes at a temperature below 600°C.
Alternatively, hydrocarbon gases other than acetylene may be employed, such as cthylene or
methane. In one embodiment, the nickel catalyst decomposes the mixture gas to produce carbon
and a byproduct. The carbon dissolves into the nickel catalyst and precipitates out from its
circumference as the multiwall carbon nanotube 108. Thus, the nickel acts as a template from
which the multiwall carbon nanotube 108 is formed. By controlling the catalyst size and reaction
time one can casily tailor the multiwall nanotube 108 diameter and length, respectively, to suit
the particular application of interest.

[0055] After the multiwall nanotube 108 is grown, additional steps may be taken to further
reduce defect density in the nanotube 108. For example, local annealing techniques may be
employed. Passing clectrical current through the nanotube 108 may be used to cause sufficient
joule heating for local annealing and improvement of graphitization in the nanotube 108. In

addition, if catalyst material remains, it may further improve the effect of anncaling the nanotube

— 15—



WO 2009/102902 PCT/US2009/033972

108 by encouraging diffusion of defects. Further details on this and other multiwall carbon
nanotube growth processes are well-characterized in the art and may be found in, for example: 1)
J. G. Wen et al. “Growth and characterization of aligned carbon nanotubes from patterned nickel
nanodots and uniform thin films,” J. Mater. Res., Vol. 16, No. 11, 32463253, Nov. 2001; ii1) K.
Jensen et al. “Current-controlled nanotube growth and zone refinement,” Applied Physics
Letters, Vol. 86, No. 17, 2005; and iii) U.S. Patent Application Publication No. 2006/0231381
entitled “Growth of and Defect Reduction in Nanoscale Materials,” the contents of which are
hereby incorporated herein by reference in their entirety.

[0056] Alternatively, the multiwall nanotube 108 may first be produced by clectric arc
discharge or laser ablation and then spot-welded or tack-welded (using electrical current, for
example) onto the substrate 104 using an appropriate nanomanipulator. More specifically, as
will be understood by one of ordinary skill in the art, the electric arc discharge technique
involves the generation of an ¢lectric arc between two graphite electrodes, one of which is
usually filled with a catalyst metal powder (e.g., nickel, cobalt, or iron), in a Helium atmosphere.
The laser ablation technique typically uses a laser to evaporate a graphite target that is usually
also filled with a catalyst metal powder. The electric arc discharge and laser ablation techniques
tend to produce an ensemble of carbonaceous material that contains nanotubes (30-70%),
amorphous carbon, and carbon particles (usually closed-caged ones). A single nanotube may
then be extracted by an appropriate purification process before being manipulated (e.g., spot-
welded or tack-welded) into place on the substrate 104.

[0057] Once the multiwall nanotube 108 has been provided on the substrate 104, a conformal
release layer 604 (e.g., Si0;) may be grown on the substrate 104 and around the multiwall

nanotube 108, as illustrated in FIG. 6B. For example, the conformal release layer 604 may be
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deposited by PECVD oxide deposition or, alternatively, by any other appropriate oxide
deposition process, including, for example, CVD / low temperature oxide (“LTO”) oxide
deposition, dry oxidation, wet oxidation, or a spin-on technique (e.g., spin-on glass). The rotor
material 112 (e.g., polysilicon) may then be deposited (e.g., by thermal CVD) on the release
layer 604 and around the nanotube 108, as illustrated in FIG. 6C. Following that, the rotor
material 112 may be patterned (e.g., with electron-beam or other nanolithography techniques)
and etched (e.g., with reactive ion etching) so as to shape the rotor 112, as illustrated in FIG. 6D.
Similarly, means for actuating the rotor 112 (e.g., drive electrodes 140, permanent magnets 145,
vanes 148, etc.) may be patterned (e.g., with clectron-beam or other nanolithography techniques)
and etched (e.g., with reactive ion etching) on the rotor material 112. Then, at least a portion of
the release layer 604 between the top surface 120 of the substrate 104 and the bottom surface 124
of the rotor 112 may be removed (c.g., by ctching the release layer with vapor hydrofluoric acid)
so as to space the rotor 112 from the substrate 104, as illustrated in FIG. 6E. Finally, the bottom
portions of one or more outer walls of the multiwall nanotube 108 (e.g., the portions located
between the top surface 120 of the substrate 104 and the bottom surface 124 of the rotor 112)
may be removed so as to facilitate rotation of the rotor 112 about the elongate axis of the
multiwall nanotube 108. For example, those portions may be mechanically sheared away by
applying torque to the rotary device 100 until the portions fail or break from the resulting stress.
Alternatively, those portions may be removed using electrical breakdown by, for example,
passing current through the multiwall nanotube 108 to vaporize the outer nanotube shells. In
cither case, the bottom portions of one or more inner walls of the multiwall nanotube 108 (e.g.,
the portions located between the top surface 120 of the substrate 104 and the bottom surface 124

of the rotor 112) remain intact to serve as the bearing.
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[0058] FIGS. 7A-7Z7 schematically illustrate the steps in one embodiment of a method for
fabricating the doubly-clamped, or doubly-supported, rotary device 100 depicted in FIG. 2. As
illustrated in FIG. 7A, the process cither begins by providing a silicon on insulator (“SOI”) wafer
702 or the SOI wafer 702 is constructed. In one embodiment, to construct the SOI wafer 702, an
initial sacrificial oxide layer 704 (e.g., silicon dioxide) is deposited on a standard silicon wafer
706. The initial sacrificial oxide layer 704 may be deposited by PECVD oxide deposition or,
alternatively, by any other appropriate oxide deposition process, including, for example, CVD /
LTO oxide deposition, dry oxidation, wet oxidation, or a spin-on technique (e.g., spin-on glass).
Then, a rotor silicon layer 708 may be deposited on the initial sacrificial oxide layer 704. For
example, a polycrystalline silicon layer 708 may be deposited by thermal CVD or a poly- or
amorphous silicon layer 708 may be deposited by PECVD. Alternatively, another separate
silicon wafer 708 may be bonded to the initial sacrificial oxide layer 704.

[0059] As illustrated in FIG. 7B, photoresist 710 may then be applied to the rotor silicon
layer 708. For example, the photoresist 710 may be spun on, with associated bakes. The stacked
structure depicted in FIG. 7B may then be exposed and developed, and the rotor silicon layer 708
etched to form the structure depicted in FIG. 7C. More particularly, the photoresist 710 may be
exposed with a contact aligner by ultra-violet (“UV”) light, or exposed with a stepper or an
clectron-beam tool. Then, the rotor silicon layer 708 may be anisotropically etched by an
etching process that is selective for silicon as opposed to photoresist. For example, a fluorine
based anisotropic plasma etch (e.g., employing SF¢/0,), another fluorine based plasma etch, a
deep reactive-ion etching (“DRIE”) cyclic plasma etch, a chlorine based plasma etch, or a KOH
liquid etch may be employed.

[0060] The photoresist 710 may then be removed and a second sacrificial oxide layer 712
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(e.g., silicon dioxide) conformally applied to the rotor silicon layer 708 so as to form the
oxidized silicon-insulator-silicon layered substrate 718 depicted in FIG. 7D. The photoresist 710
may be removed by, for example, an acetone or other solvent, oxygen plasma, or a piranha
cleaning solution. In one embodiment, the application of the second sacrificial oxide layer 712 is
conformal, coating both the sidewalls 714 and the top surface 716 of the rotor silicon layer 708
to allow for a subsequent casy release thereof, as explained further below. As before, the second
sacrificial oxide layer 712 may be applied by PECVD oxide deposition, CVD / LTO oxide
deposition, dry oxidation, wet oxidation, or any other appropriate conformal oxide deposition
process.

[0061] As illustrated in FIG. 7E, photoresist 720 may then be applied (e.g., spun on, with
associated bakes) to the oxidized silicon-insulator-silicon layered substrate 718 and, as illustrated
in FIG. 7F, be exposed and developed so as to form a well 722 therein. Again, the photoresist
720 may be exposed with a contact aligner by UV light, or exposed with a stepper or an clectron-
beam tool.

[0062] Turning to FIG. 7G, the portion of the second sacrificial oxide layer 712 exposed by
the well 722 in the photoresist 720 may then be removed by etching or another process. For
example, it may be removed by a fluorine based anisotropic plasma etch (e.g., employing
CHF3/0,), another fluorine based plasma ctch, a chlorine based plasma etch, a liquid HF acid
etch (buffered or unbuffered), or a HF vapor etch.

[0063] The photoresist 720 may then be removed (e.g., by an acetone or other solvent, an
oxygen plasma, or a piranha cleaning solution) from the oxidized silicon-insulator-silicon
layered substrate 718 and a conformal isotropic nitride layer 724 deposited thercon, as illustrated

in FIG. 7H. In various embodiments, the conformal nitride layer 724 is deposited by PECVD,
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thermal CVD, or sputtering.

[0064] The conformal nitride layer 724 may then be anisotropically etched by an etching
process that is selective for nitride as opposed to silicon dioxide and silicon, and, following that,
the rotor silicon layer 708 anisotropically etched by an etching process that is sclective for
silicon as opposed to SiNy and silicon dioxide. In this way, as illustrated in FIG. 71, a well 726 is
formed through the rotor silicon layer 708. As will become more evident below, the anisotropic
ctch of the conformal nitride layer 724 (and further conformal nitride layers described below)
progressively leaves remnants of the conformal nitride layers as sidewalls in the well 726 and
eventually (once the nitride sidewalls are stripped, as detailed below) leads to a stair-stepped
configuration for the well 726. For example, as can already be seen by comparing FIG. 71 to
FIG. 7G, the width of the well 726 etched into the rotor silicon layer 708 is less than the width of
the well 722 etched into the second sacrificial oxide layer 712.

[0065] The etch of the nitride layer 724 may be, for example, a fluorine based anisotropic
plasma etch (c.g., employing CHF3/0O5;), another fluorine based plasma etch, or a chlorine based
anisotropic plasma etch, while the etch of the rotor silicon layer 708 may be, for example, a
fluorine based anisotropic plasma etch (e.g., employing SFs/O;), another fluorine based plasma
ctch, a DRIE cyclic plasma ctch, a chlorine based plasma etch, or a KOH liquid etch.

[0066] As illustrated in FIG. 7J, a second conformal isotropic nitride layer 728 may then be
deposited (e.g., by PECVD nitride deposition, thermal CVD nitride deposition, or sputtering)
and, following that, anisotropically ctched as illustrated in FIG. 7K by an etching process that is
selective for nitride as opposed to silicon dioxide. For example, a fluorine based anisotropic
plasma etch (c.g., employing CHF3/0O5;), another fluorine based plasma etch, or a chlorine based

anisotropic plasma etch may be employed. Again, the anisotropic etch of the second conformal
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nitride layer 728 leaves sidewalls of the nitride layer 728 in the well 726, which, as will be seen,
leads to a stair-stepped configuration for the well 726.

[0067] Photoresist 730 may then be applied (e.g., in a fashion similar to those previously
described) and exposed and developed (¢.g., using any of the exemplary processes described
above) to form the substantially annular pattern of photoresist 730 depicted in FIG. 7L. As
illustrated in FIG. 7M, the portions of the initial sacrificial oxide layer 704 and the second
sacrificial oxide layer 712 that are not covered by the photoresist 730 may then be ctched by an
etching process that is selective for oxide as opposed to SiNy and photoresist. For example, a
fluorine based anisotropic plasma etch (e.g., employing CHF3/O,), another fluorine based plasma
ctch, a chlorine based plasma etch, a liquid (e.g., buffered) HF acid etch, or a HF vapor etch may
be employed. In this way, the well 726 through the second sacrificial oxide layer 712 and the
rotor silicon layer 708 is also extended through the initial sacrificial oxide layer 704.

[0068] The photoresist 730 may then be removed, for example by using any of the
appropriate solvents, plasmas, and solutions described above, and, as illustrated in FIG. 7N, a
third conformal isotropic nitride layer 732 may then be deposited (e.g., by PECVD nitride
deposition, thermal CVD nitride deposition, or sputtering). Photoresist 734 may then be applied
(e.g., in a fashion similar to those previously described) and exposed and developed (e.g., using
any of the exemplary processes described above) to form the pattern of photoresist 734 depicted
in FIG. 70. As illustrated in FIG. 7P, the portion of the third conformal isotropic nitride layer
732 that is not covered by the photoresist 734 may then be anisotropically etched by an etching
process that is selective for SiNy as opposed to silicon and photoresist. For example, a fluorine
based anisotropic plasma etch (e.g., employing CHF3/0O;), another fluorine based plasma etch, or

a chlorine based anisotropic plasma ctch may be employed.

_21—



WO 2009/102902 PCT/US2009/033972

[0069] The photoresist 734 may then be removed using, for example, any of the appropriate
solvents, plasmas, and solutions described above, and, following that, the silicon wafer 706
anisotropically etched by an etching process that is selective for silicon as opposed to SiN,. In
this way, as illustrated in FIG. 7Q, the well 726 formed through the second sacrificial oxide layer
712, the rotor silicon layer 708, and the initial sacrificial oxide layer 704 is also extended into the
silicon wafer 706. The etch of silicon wafer 706 may be, for example, a fluorine based
anisotropic plasma etch (e.g., employing SF¢/O,), another fluorine based plasma etch, a DRIE
cyclic plasma etch, a chlorine based plasma etch, or a KOH liquid etch.

[0070] In order to grow the multiwall nanotube 108 in the well 726, a catalyst 736 (e.g.,
nickel, iron, or cobalt) for growing the nanotube 108 may then be non-conformally deposited
(c.g., through an evaporation or collimated sputtering process), as also illustrated in FIG. 7Q.
The remaining nitride (i.c., the first, second, and third conformal isotropic nitride layers 724,
728, and 732) may then be stripped, as illustrated in FIG. 7R, by a process that is selective for
SiNy as opposed to silicon and silicon dioxide. For example, a hot phosphoric acid may be
applied. In this way, the catalyst 736 for growing the nanotube 108 is left at the bottom of the
well 726, which now clearly exhibits (in FIG. 7R) a stair-stepped configuration.

[0071] The multiwall nanotube 108 may then be provided in the well 726. As described
above with reference to FIG. 6A, the multiwall nanotube 108 may be grown in the well 726 by
PECVD on patterned catalyst particles (e.g., nickel, cobalt, or iron). A methane gas, an
acctylene gas, or another hydrocarbon gas may be employed for this purpose. Alternatively, the
multiwall nanotube 108 may be grown in the well 726 by thermal CVD on patterned catalyst
particles. In yet another embodiment, a multiwall nanotube 108 produced by clectric arc

discharge or laser ablation, as described above with reference to FIG. 6A, is spot-welded or tack-
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welded onto the silicon wafer 706 at the bottom of the well 726 using an appropriate
nanomanipulator.

[0072] Once the multiwall nanotube 108 has been provided in the well 726, a further oxide
layer 738 (e.g., a silicon dioxide layer 738) may be conformally applied to the structure, as
illustrated in FIG. 7T, by any appropriate oxide deposition process, including, for example,
PECVD oxide deposition or CVD / LTO oxide deposition, or other conformal deposition
technique. The further oxide layer 738 may then be isotropically etched with precise timing so
as to leave, as illustrated in FIG. 7U, a first release region 740 of oxide (e.g., silicon dioxide)
around a first portion of the multiwall nanotube 108. Exemplary etching processes that are
selective for silicon dioxide as opposed to silicon and the carbon of the multiwall nanotube 108,
and that may be employed, include a HF acid vapor etch, a liquid HF acid etch, a buffered HF
acid etch, and a fluorine based plasma etch. As illustrated, the first release region 740 left over
by this process may be substantially co-planar with (i.c., lie in substantially the same layer as)
the initial sacrificial oxide layer 704.

[0073] As illustrated in FIG. 7V, further rotor material 742 may then be conformally
deposited on the structure. For example, polycrystalline silicon may be deposited by thermal
CVD or poly- or amorphous silicon may be deposited by PECVD. The further rotor material
742 may then be isotropically etched with precise timing so as to leave, as illustrated in FIG. 7W,
the further rotor material 742 over the first release region 740 and around a second portion of the
multiwall nanotube 108. Exemplary ctching processes that are selective for silicon as opposed to
silicon dioxide and the carbon of the multiwall nanotube 108, and that may be employed, include
a XcF, vapor etch, a KOH liquid etch, and a fluorine or chlorine based plasma etch. As

illustrated, the further rotor material 742 left over by this process may be substantially co-planar
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with (i.c., lic in substantially the same layer as) the rotor silicon layer 708.

[0074] Following application of the further rotor material 742, yet another oxide layer 744
(c.g., a silicon dioxide layer 744) may be conformally applied to the structure, as illustrated in
FIG. 7X, by any appropriate oxide deposition process, including, for example, PECVD oxide
deposition or CVD / LTO oxide deposition. The additional oxide layer 744 may then be
isotropically etched with precise timing so as to leave, as illustrated in FIG. 7Y, a second release
region 746 of oxide (c.g., silicon dioxide) over the further rotor material 742 and around a third
portion of the multiwall nanotube 108. Exemplary ctching processes that are selective for silicon
dioxide as opposed to silicon and the carbon of the multiwall nanotube 108, and that may be
employed, include, as before, a HF acid vapor etch, a liquid HF acid etch, a buffered HF acid
etch, and a fluorine based plasma etch. As illustrated, the second release region 746 left over by
this process may be substantially co-planar with (i.e., lic in substantially the same layer as) the
second sacrificial oxide layer 712.

[0075] Next, as illustrated in FIG. 7Z, a support layer (i.c., the support structure 136 depicted
in FIG. 2) may be conformally deposited on the device. For example, polycrystalline silicon
may be deposited by thermal CVD or poly- or amorphous silicon may be deposited by PECVD.
As depicted in FIG. 7Z, the support structure 136 is deposited over the second release region 746
and around a fourth portion of the multiwall nanotube 108. Portions of the top and/or sidewalls
of the support structure 136 may be etched after masking with photo- or electron-beam resist, as
described above, to provide access to the sacrificial layers 704, 712 and release regions 740, 746
for etching (as described next), and possibly to provide access to the rotor 112 (e.g., to actuate
the rotor 112 with a beam of photons or ions, or with a jet of air, gas, or liquid).

[0076] To release the rotary device 100 (see FIG. 2), a sacrificial oxide etch that is very
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selective for silicon dioxide as opposed to silicon or the carbon of the multiwall nanotube 108 is
performed. More particularly, the etch reaches underneath and between the existing silicon to
remove the initial sacrificial oxide layer 704, the second sacrificial oxide layer 712, the first
release region 740, and the second release region 746. Exemplary etches that may be employed
include a HF acid vapor etch, a liquid HF acid etch, a buffered HF acid etch, and a fluorine based
plasma etch. In such a fashion, as depicted in FIG. 2, the rotor 112 is spaced from the support
structure 136 and the bottom silicon layer 706. Moreover, as also illustrated in FIG. 2, this
release of the device 100 leaves a contiguous portion of the support structure 136 that spans from
the substrate 706 to the top of the multiwall nanotube 108.

[0077] Finally, top and bottom portions of one or more outer walls of the multiwall nanotube
108 (e.g., the portions located between the support structure 136 and the rotor 112, and between
the silicon wafer 706 and the rotor 112, as illustrated in FIG. 2) may be removed so as to
facilitate rotation of the rotor 112 about the clongate axis of the multiwall nanotube 108. For
example, as previously described, those portions may be mechanically sheared (i.e., broken)
away and/or they may be removed by passing current through the multiwall nanotube 108 to
vaporize the outer nanotube shells.

[0078] The exemplary method for fabricating the doubly-clamped, or doubly-supported,
rotary device 100 that is described above with reference to FIGS. 7A—7Z is non-limiting. As will
be understood by one of ordinary skill in the art, the process may varied in several ways. For
example, once the multiwall nanotube 108 has been provided in the well 726 (as shown in FIG.
7S), but prior to applying the further oxide layer 738 (as shown in FIG. 7T), a layer of SiNx may
first be conformally deposited (c.g., by PECVD, thermal CVD, or sputtering) and then

isotropically etched with precise timing by an etching process that is selective for nitride as
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opposed to silicon, silicon dioxide, and the carbon of the multiwall nanotube 108. In this way,
SiNy is placed around the portion of the multiwall nanotube 108 located in the portion of the well
726 formed in the bottom silicon layer 706. The multiwall nanotube 108 is thereby secured (i.c.,
firmly anchored) to the bottom silicon layer 706. The ctch of the SiNy layer may be, for
example, a fluorine based isotropic plasma etch (e.g., employing CHF3/O;), a fluorine based
plasma etch, or a chlorine based isotropic plasma etch.

[0079] As another example, a silicon dioxide rotor 112 (rather than a silicon rotor 112) can
be fabricated by employing silicon (rather than silicon dioxide) as a sacrificial release layer. To
do so, one can switch the etching processes to the opposite selectivity. In fact, any materials may
be used for the rotor 112, support structure 136, and sacrificial release layers, so long as
conformal coating, anisotropic etching, and isotropic etching can be performed with good
selectivity relative to the other materials.

[0080] In addition, the photoresist steps described above are only exemplary in nature, and
not limiting. Many different types of photoresist and exposure techniques may be used.
Moreover, patterning of various parts of the stair-stepped structure can be performed with either
1) isotropic deposition followed by isotropic etching or ii) patterned resist and isotropic etching.
For its part, the catalyst 736 may be patterned on the silicon wafer 706 first, before any layers are
fabricated thercon.

[0081] The stair-stepped process described above achieves self-alignment of the rotary
device 100 (i.e., the catalyst 736, and hence the multiwall nanotube 108, arec well centered in the
rotor 112), but that may alternatively be achieved through multiple lithographic steps. In
addition, instead of using the above-described self-aligned nitride technique to create the stair-

stepped configuration for the well 726, one may instead etch only a small tunnel so that the
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nanotube 108 fills the whole tunnel as it grows.

[0082] Finally, in an alternative method for fabricating the doubly-clamped, or doubly-
supported, rotary device 100, the Stodola rotor 100 depicted in FIG. 6D is first built as described
above with reference to FIGS. 6A—6D. The top of the silicon rotor 112 and the portion of the
oxide release layer 604 right at the tip of the nanotube 108 may then be etched to expose the top
of the multiwall carbon nanotube 108. Another release oxide (potentially similarly etched away
at the nanotube 108 tip), followed by the silicon support structure 136, may then be deposited on
the silicon rotor 112. Finally, a release etch to remove the appropriate portions of the release
oxides may then be applied, as detailed hereinabove, to form the doubly-clamped, or doubly-

supported, rotary device 100.

Exemplary Applications

[0083] The rotary device 100 described herein may be employed in a variety of applications.
As a first example, the rotary device 100 may be employed in a DTG. FIG. 8A depicts a top
perspective view of the rotating elements 800 for the DTG, while FIG. 8B depicts a cross-
sectional view thereof. As illustrated, the DTG includes a drive hub 804, a gimbal 808, and a
peripheral rotor 812. Flexures 816 (omitted for simplicity in FIG. 8B) couple the drive hub 804
to the gimbal 808, while flexures 820 (also omitted for simplicity in FIG. 8B) couple the gimbal
808 to the peripheral rotor 812. Stops 822 (again omitted for simplicity in FIG. 8B) are located
between the drive hub 804 and the gimbal 808, and also between the gimbal 808 and the
peripheral rotor 812. As will be understood by one of ordinary skill in the art, the stops 822 are
used to limit or damp the deflection of the peripheral rotor 812.

[0084] As depicted, the drive hub 804 is coupled to a multiwall carbon nanotube 108, as

described above. The multiwall nanotube 108 serves as the rotational bearing and axial support
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for the DTG. In addition, electrodes 140 or permanent magnets 145 may be coupled to top
and/or bottom surfaces 824, 828 of the drive hub 804 such that the drive hub 804 may be
clectrostatically or electromagnetically rotated, for example as described above, by
corresponding stator electrodes 144 or metal windings 146 disposed just above and/or below the
top and/or bottom surfaces 824, 828 of the drive hub 804.

[0085] Initially, the rotating elements 800 of the DTG may consist of only the multiwall
nanotube 108 and the rotor 112 described above, and the rotor 112 may then be patterned (e.g.,
with electron-beam or other nanolithography techniques) and etched (e.g., with reactive ion
ctching) so as to shape the drive hub 804, the gimbal 808, and the peripheral rotor 812.
Alternatively, the rotor 112 described above may be patterned and etched to only shape the drive
hub 804. In this latter case, the gimbal 808 and the peripheral rotor 812 may be separately
manufactured and then coupled to one another and to the drive hub 804. For example, the
peripheral rotor 812 and the gimbal 808 may be bonded to flexures 820, and the gimbal 808 and
the drive hub 804 bonded to flexures §16.

[0086] In practice, a case (not shown) substantially encases the DTG components. As will
be well understood by one of ordinary skill in the art, the drive hub 804 and the multiwall
nanotube 108 are, in operation, caused to spin by the electrostatic or electromagnetic motor.
When there is no displacement of the multiwall nanotube 108 in inertial space, the peripheral
rotor 812 spins about and within a plane that is orthogonal to the long axis of the multiwall
nanotube 108 (i.e., the spin axis of the nanotube 108). When, however, a torque is applied along
an axis normal to the spin axis of the nanotube 108, the case moves while the peripheral rotor
812 tends to remain fixed with respect to inertial space. The change in the position of the

peripheral rotor 812 with respect to the case may be sensed with one or more pick-offs and the
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peripheral rotor 812 then re-balanced back to its null position using one or more torquers and
control electronics, in a closed loop operation. The electrical current supplied to the torquer(s) is
generally proportional to the applied angular force.

[0087] Because the momentum and the rotational axis of the peripheral rotor 812 generally
preserve their direction in inertial space, the DTG can suitably be used as, for example, an
inertial guidance system. More specifically, the DTG can be used as an attitude control
mechanism (e.g., to sense or measure the pitch, roll, and yaw attitude angles) in spacecraft or
aircraft. Further details concerning DTGs, in general, may be found in U.S. Patent No.
6,615,681, which is entitled “Hybrid Wafer Gyroscope” and the contents of which are hereby
incorporated herein by reference in their entirety.

[0088] Advantageously, the use of the multiwall carbon nanotube 108 in the DTG, as
opposed to, for example, ball bearings, leads to lower wear in the axial support and to lower
friction. Even if the cocfficient of friction is high, the small size of the multiwall nanotube 108
results in a lower consumption of power due to the short lever arm on which the friction is
applied. In addition, in one embodiment, the multiwall carbon nanotube 108 is smooth. Jeweled
bearings, in contrast, are typically rough and limit the performance of the DTG. A further
advantage to the use of a multiwall carbon nanotube 108 is that it also reduces or climinates
bearing wobble, which is the dominant error in DTGs. In addition, if an electrically-conducting
carbon nanotube 108 is employed, the rotor 112 can then be electrically grounded. This enables
reliable electrical stability and noise; hence, gyroscope performance is improved.

[0089] As a second example, the rotary device 100 may be employed as part of a Gaede
vacuum pump. FIG. 9A depicts one embodiment of a Gaede molecular flow pump 900, while

FIG. 9B depicts an exploded view thereof. As most clearly depicted in FIG. 9A, the Gaede
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vacuum pump 900 includes a housing 904 in a cavity 908 of which is located the rotary device
100. As previously described, and as depicted in FIG. 9B, the rotary device 100 includes the
rotor 112 coupled to the multiwall carbon nanotube 108. As also depicted in FIG. 9B, the Gaede
vacuum pump 900 may also include a stator 912. The rotor 112 may be, for example,
clectrostatically actuated, or actuated in another manner as described above. The cavity 908
includes an inlet (or suction side) 916, an outlet (or pressure side) 920, and a channel 924
extending therebetween.

[0090] In one embodiment, gas at the inlet 916 is drawn into and along the channel 924 by
the rapidly rotating rotor 112. More specifically, due to the collision of gas particles with the
rotor 112 surface, the gas particles are communicated along the channel 924 from the inlet 916 to
the outlet 920. With impeded flow path at the outlet 920, pressure builds in the channel 924. For
molecular flows, the maximum pressure ratio of the gas pressure at the outlet 920 to the gas
pressure at the inlet 916 is equal to ¢™ where u is the surface speed and b, a positive number,
depends on geometry and gas properties.

[0091] Because of their small size, two or more Gaede vacuum pumps 900 can be cascaded,
as illustrated in FIG. 9C, to achieve large pressure ratios. For example, vacua lower than one
microtorr (i.e., 10 Torr) can be obtained.

[0092] In one embodiment, the rotor 112 is approximately 1 mm in diameter and
approximately 100 um thick, while the multiwall carbon nanotube 108 is approximately 100 nm
in diameter. Clearances around the rotor 112 may range from 1 um to 2 um. The pumping
channel 924 may be 25 um to 100 um wide and may extend, as illustrated in FIG. 9A, 180°
about the periphery of the rotor 112 to separate high and low pressures. Assuming no lcakage,

the exponential nature of the pressure ratio (per Gaede vacuum pump 900) versus speed and
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channel 924 geometry yields very high pressure ratios. More particularly, for outlet 920
pressures ranging from 10 mTorr to 100 mTorr, ratios of the gas pressure at the outlet 920 to the
gas pressure at the inlet 916 of ten to a hundred or more (per Gaede vacuum pump 900) may be
achieved with a rotational speed of 1 million rpm (i.c., approximately 16,700 rotations/s). This
rotational speed is made possible by the low-friction multiwall carbon nanotube bearing 108. In
onc embodiment, leakage through the remaining 180° of narrower channel 928 and the top and
bottom faces of the rotor 112 limit achievable pressure ratios. For example, with a 100 um pump
chamber height and 1 um annular and face gaps, the ratio of the gas pressure at the outlet 920 to
the gas pressure at the inlet 916 (per Gaede vacuum pump 900) is approximately 10 and the
leakage flow is roughly 10% of the forward flow.

[0093] Again, a grounded rotor 112 may be employed in this application to simplify drive
clectronics. Moreover, by adding the aforedescribed vanes 148 to the rotor 112 of the flow pump
900, a turbo-molecular flow pump 900 may be created.

[0094] In still other examples, the rotary device 100 may be employed as a flywheel in a
flywheel energy storage mechanism, as an optical chopper to periodically interrupt a light beam
(for example with the rotation of the aforedescribed vanes 148 through the light beam), as a
turbine to extract energy from fluid flow, as a gas compressor to increase the pressure of a gas,
and/or as a flow sensor to sense a rate of fluid flow. For example, the aforedescribed vanes 148
of the rotary device 100 may be pushed by a fluid and the rotary device 100 used to extract
energy therefrom (in the case of a turbine) or used to drive a rotary potentiometer or similar
device (in the case of a flow sensor). As another example, the vanes 148 of the rotary device 100
may be employed in an axial-flow compressor to accelerate a fluid.

[0095] Having described certain embodiments of the invention, it will be apparent to those of
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ordinary skill in the art that other embodiments incorporating the concepts disclosed herein may
be used without departing from the spirit and scope of the invention. Accordingly, the described

embodiments are to be considered in all respects as only illustrative and not restrictive.

[0096] What is claimed is:
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Claims

1. A rotary device, comprising:

a substrate;

a multiwall nanotube coupled to a top surface of the substrate and extending substantially
perpendicularly therefrom; and

a rotor coupled to an outer wall of the multiwall nanotube, the rotor being spaced apart

from the substrate and free to rotate around an elongate axis of the multiwall nanotube.
2. The rotary device of claim 1, wherein the multiwall nanotube comprises carbon.

3. The rotary device of claim 1, wherein at least one of the substrate or the rotor comprises

silicon.
4. The rotary device of claim 1 further comprising means for actuating the rotor.

5. The rotary device of claim 4, wherein the actuating means actuates the rotor by providing at
least one of an clectrostatic force, an clectromagnetic force, a beam of photons, a beam of ions,

or a jet of air, gas, or liquid.

6. The rotary device of claim 1, wherein the multiwall nanotube comprises first and second
ends, the first end being coupled to the substrate and the second end being coupled to a support

structure.

7. The rotary device of claim 1, wherein the device is selected from the group consisting of a
gyroscope, a flywheel energy storage mechanism, a pumping mechanism, a flow sensor, a

turbomachine, an attitude control mechanism, and an optical chopper.
8. The rotary device of claim 1, wherein the rotor has an annular shape.

9. The rotary device of claim 8, wherein the rotor has a height between 100 nm and 200 um, and

an outer diameter between 200 nm and 1 mm.

10. The rotary device of claim 1, wherein the rotor is spaced from the substrate by a distance

between 50nm and 20 um.

11. The rotary device of claim 1, wherein the outer wall of the multiwall nanotube has an outer

diameter between 10 nm and 500 nm.

33—



WO 2009/102902 PCT/US2009/033972

12. A method for fabricating a rotary device, comprising:

providing a multiwall nanotube on a substrate;

growing a release layer on the substrate and around at least a portion of the nanotube;

depositing rotor material on the release layer and around at least a portion of the
nanotube; and

removing at least a portion of the release layer between surfaces of the substrate and the
rotor material so as to space the rotor from the substrate, but such that the rotor remains coupled

to the multiwall nanotube and is free to rotate about a long axis of the multiwall nanotube.

13. The method of claim 12, wherein providing the multiwall nanotube comprises growing the

multiwall nanotube on the substrate.

14. The method of claim 13, wherein the multiwall nanotube is grown by PECVD on patterned

catalyst particles.

15. The method of claim 12, wherein providing the multiwall nanotube comprises welding an

arc-deposited or laser-ablated multiwall nanotube to the substrate.

16. The method of claim 12, wherein the release layer comprises silicon dioxide.

17. The method of claim 12, wherein the release layer is grown by PECVD.

18. The method of claim 12, wherein the rotor material comprises silicon.

19. The method of claim 12, wherein the rotor material is deposited by thermal CVD.

20. The method of claim 12, wherein the release layer is removed by etching the release layer

with vapor hydrofluoric acid.

21. The method of claim 12 further comprising patterning and etching the rotor material so as to

shape the rotor.

22. The method of claim 12 further comprising patterning and etching drive electrodes on the

rotor material.

23. The method of claim 12 further comprising removing at least a portion of an outer wall of

the multiwall nanotube located between the surfaces of the substrate and the rotor material.
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24. A mecthod for fabricating a rotary device, comprising:

providing a multiwall nanotube in a well formed through a top sacrificial layer and into a
bottom silicon layer of a silicon-insulator-silicon layered substrate having the top sacrificial layer
deposited thereon;

forming a first release region around a first portion of the multiwall nanotube, rotor
material over the first release region and around a second portion of the multiwall nanotube, a
second release region over the rotor material and around a third portion of the multiwall
nanotube, and a support structure over the second release region and around a fourth portion of
the multiwall nanotube; and

removing the sacrificial layer, the insulator layer, the first release region, and the second
release region so as to space the rotor from the support structure and the bottom silicon layer, but
such that the rotor remains coupled to the multiwall nanotube and is free to rotate about a long

axis of the multiwall nanotube.

25. The method of claim 24, wherein at least one of the rotor material or the support structure

comprises silicon.

26. The method of claim 24, wherein at least one of the sacrificial layer, the insulator layer, the

first release region, and the second release region comprises silicon dioxide.

27. The method of claim 24, wherein providing the multiwall nanotube comprises growing the

multiwall nanotube in the well.

28. The method of claim 27, wherein the multiwall nanotube is grown by PECVD on patterned

catalyst particles.

29. The method of claim 24, wherein providing the multiwall nanotube comprises welding an

arc-deposited or laser-ablated multiwall nanotube to the bottom silicon layer of the well.

30. The method of claim 24 further comprising patterning the sacrificial layer and the silicon-

insulator-silicon layered substrate to form the well therein.
31. The method of claim 24, wherein the well comprises a stair-stepped configuration.

32. The method of claim 24 further comprising securing a fifth portion of the multiwall

nanotube to the bottom silicon layer of the substrate.
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33. The method of claim 32, wherein securing the fifth portion of the multiwall nanotube

comprises depositing SiNy around the multiwall nanotube in a portion of the well formed in the

bottom silicon layer of the substrate.

34. The method of claim 24, further comprising removing an outer wall of the multiwall

nanotube around cach of the first and third portions of the multiwall nanotube.

35. A dynamically tuned gyroscope, comprising:
a multiwall carbon nanotube;
a drive hub coupled to the multiwall carbon nanotube;
a gimbal coupled to the drive hub; and

a peripheral rotor coupled to the gimbal.

36. The gyroscope of claim 35 further comprising means for actuating the drive hub and

multiwall carbon nanotube.

37. The gyroscope of claim 36, wherein the actuating means actuates the drive hub and the
multiwall carbon nanotube by providing at least one of an clectrostatic force or an

clectromagnetic force.

38. A pumping mechanism, comprising:
a housing defining a cavity, the cavity comprising an inlet, an outlet, and a channel

therebetween; and

a rotary device located within the cavity, the rotary device comprising a multiwall carbon

nanotube coupled to a rotor for propagating gas particles, that collide with a surface of the rotor,

along the channel.
39. The pumping mechanism of claim 38 further comprising means for actuating the rotor.

40. The pumping mechanism of claim 39, wherein the actuating means actuates the rotor by

providing an clectrostatic force.
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