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agreement with the recent results from the Wilkinson Microwave
Anisotropy Probe (WMAP) which indicate that the first onset of
star formation most probably occurred at redshifts z = 15-20
(~250 Myr after the Big Bang)*".

The presence of Ly emitting galaxies and luminous quasars at
the end of cosmic reionization (z > 6.0), at a time when the IGM
was at least 1% neutral, was clearly demonstrated>?®. This epoch of
reionization represents a key benchmark in cosmic structure for-
mation, indicating the formation of the first luminous structures.
Detecting a large reservoir of molecular gas in this epoch demon-
strates the existence of the requisite fuel for active star formation in
primeval galaxies. The existence of such reservoirs of molecular gas
at early times implies that studies of the youngest galaxies will be
possible at millimetre and centimetre wavelengths, unhindered by
obscuration by the neutral IGM. O
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Nanostructures are of great interest not only for their basic
scientific richness, but also because they have the potential
to revolutionize critical technologies. The miniaturization of
electronic devices over the past century has profoundly affected
human communication, computation, manufacturing and trans-
portation systems. True molecular-scale electronic devices are
now emerging that set the stage for future integrated nanoelec-
tronics'. Recently, there have been dramatic parallel advances in
the miniaturization of mechanical and electromechanical
devices’. Commercial microelectromechanical systems now
reach the submillimetre to micrometre size scale, and there is
intense interest in the creation of next-generation synthetic
nanometre-scale electromechanical systems®*. We report on the
construction and successful operation of a fully synthetic nano-
scale electromechanical actuator incorporating a rotatable metal
plate, with a multi-walled carbon nanotube serving as the key
motion-enabling element.

The overall size scale of our actuator is of the order of ~300 nm
and its components are integrated on a silicon chip. Low-level
externally applied voltages precisely control the operation speed and
position of the rotor plate. Repeated oscillations of the rotor plate
between positions 180° apart, as well as rotations of 360°, have been
demonstrated with no signs of wear or fatigue. Unlike existing
chemically driven bio-actuators and bio-motors, our fully synthetic
nanometre-scale electromechanical system (NEMS) actuator is
designed to operate over a wide range of frequency, temperature,
and environmental conditions, including high vacuum and harsh
chemical environments.

Although devices have been made by scaling down existing
microelectromechanical systems (MEMS), the workhorse methods
and materials of MEMS technology are not universally well suited to
the nanoscale. Ultra-small silicon-based systems fail to achieve
desired high-Q mechanical resonances owing to dominant surface
effects and thermoelastic damping, and limitations in strength and
flexibility compromise silicon-based high-performance actuators™®.
On the other hand, the unusual mechanical and electronic proper-
ties of carbon’ and boron-nitride® nanotubes (including favourable
elastic modulus and tensile strength, high thermal and electrical
conductivity, and low inter-shell friction of the atomically smooth
surfaces™'’) suggest that nanotubes may serve as important NEMS-
enabling materials.

Figure la shows the conceptual design of the electromechanical
rotational actuator. The rotational element (R), a solid rectangular
metal plate serving as a rotor plate, is attached transversely to a
suspended support shaft. The support shaft ends are embedded in
electrically conducting anchors (A1, A2) that rest on the oxidized
surface of a silicon chip. The rotor plate assembly is surrounded by
three fixed stator electrodes: two ‘in-plane’ stators (S1, S2) are
horizontally opposed and rest on the silicon oxide surface, and
the third ‘gate’ stator (S3) is buried beneath the surface. Four
independent (d.c. and/or appropriately phased a.c.) voltage signals,
one to the rotor plate and three to the stators, can be applied to
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control the position, speed and direction of rotation of the rotor
plate. The key component in the assembly is a single multi-walled
carbon nanotube (MWNT), which serves simultaneously as the
rotor plate support shaft and the electrical feedthrough to the rotor
plate; most importantly it is also the source of rotational freedom.

Our NEMS actuator was constructed using lithographic
methods. MWNTS, synthesized by the standard arc technique'’,
were suspended in 1,2-dichlorobenzene and deposited on degen-
erately doped silicon substrates covered with 1 pm of SiO,. The
nanotubes were located with respect to pre-patterned alignment
marks on the SiO, surface using an atomic force microscope or a
LEO 1550 scanning electron microscope (SEM). The remaining
actuator components (in-plane rotor plate, in-plane stators,
anchors, and electrical leads) were then patterned using electron
beam lithography. A single layer of electron beam resist (polymethyl
methacrylate, 950,000 relative molecular mass, 5.5% in chloroben-
zene) was spun on the samples at 4,000 r.p.m. for 45 seconds, and
subsequently baked in air at 150 °C for 2 hours. The resist was then
patterned using NPGS software on a JEOL 6400 SEM, and devel-
oped in methyl isobutyl ketone:isopropyl alcohol 1:3 for one
minute. Gold (~90nm) with a chromium adhesion layer
(~10nm) was then thermally evaporated and lifted off in acetone.
The Cr/Au was subsequently annealed at 400 °C to ensure better
electrical and mechanical contact between the Cr and the MWNT.
An HF etch was used to remove roughly 500 nm of the SiO, surface
to provide clearance for the rotor plate once it was rotated by 90°.
The conducting Si substrate (typically used as the gate electrode in
three-terminal nanotube field-effect devices'>'?) here serves as the

Figure 1 Integrated synthetic NEMS actuator. a, Conceptual drawing of nanoactuator. A
metal plate rotor (R) is attached to a multi-walled carbon nanotube (MWNT) which acts as
a support shaft and is the source of rotational freedom. Electrical contact to the rotor plate
is made via the MWNT and its anchor pads (A1, A2). Three stator electrodes, two on the
Si0, surface (S1, S2) and one buried beneath the surface (S3), provide additional voltage
control elements. The SiO, surface has been etched down to provide full rotational freedom
for the rotor plate. The entire actuator assembly is integrated on a Si chip. b, Scanning
electron microscope (SEM) image of nanoactuator just prior to HF etching. The actuator
components can be identified by comparing this image to a. Scale bar, 300 nm.
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gate stator. Figure 1b shows an actuator device prior to etching.
Typical rotor plate dimensions were 250-500 nm on a side.

Initial actuator characterization was carried out in situ inside the
SEM. We found that applying voltages up to 50V d.c. between the
(slightly asymmetric) rotor plate and the gate stator generated a net
torque sufficient to visibly rotate the rotor plate (up to 20° deflec-
tion). When the applied voltage was removed, the rotor plate would
rapidly return to its original horizontal position. Using a finite
analysis program (FEMLAB, a commercially available plug-in
for MATLAB) and our actuator geometry together with the
measured deflection and applied voltages, we determine for our
devices typical ‘as produced’ effective torsional spring constants of
107" to 10> N m. Evaluation of the MWNT shear modulus
(assuming a continuum mechanics model'*) necessitates knowledge
of the outer radii of the nanotubes. We were able to determine the
outer diameter of the MWNTs in our devices to within 20%, and
found that they ranged from 10 to 40 nm, which was consistent with
high-resolution transmission electron microscopy (TEM) measure-
ments of MWNTs from the same preparation batch. TEM imaging
also showed the MWNTs to be of high structural quality, composed
of concentrically nested cylindrical tubules with no obvious defects.
For a 10-nm-diameter MWNT with an effective length of 2 pm, we
estimate a shear modulus of 100 to 300 GPa. These ranges for
torsional spring constant and shear modulus overlap those of more
direct measurements employing a suspended MWNT subjected to
torsional deflection via an atomic force microscope tip'>'c.

Although the actuator devices just described have a number of
extremely useful characteristics (including predicted torsional oscil-
lator mechanical resonance frequencies of the order of tens to
hundreds of megahertz), the strong torsional spring constant
effectively prevents large low-frequency angular displacements.
For large-displacement operation, we modified the MWNT support
shaft in an attempt to exploit the intrinsic low-friction bearing
behaviour afforded by the perfectly nested shells of MWNTs>!*1718,
The modification consists of removing or compromising one or
more outer MWNT shells in the region between the rotor plate and
the anchors. Several in situ methods were used to achieve the
modification in the SEM, including reactive-ion etching, appli-
cation of current through the nanotube to ‘blow out’ outer
nanotube shells'>*°, and selective nanotube bond-damage

Figure 2 Series of SEM images showing the actuator rotor plate at different angular
displacements. The MWNT, barely visible, runs vertically through the middle of each
frame. The schematic diagrams located beneath each SEM image illustrate a cross-
sectional view of the position of the nanotube/rotor-plate assembly. Scale bar, 300 nm.

409




letters to nature

Figure 3 Two SEM images captured from a video recording of an a.c.-voltage-driven
actuator ‘flipping’ between the extremal horizontal positions (90° and 270°). The two
images are taken one video frame (that is, 33 ms) apart. (See Supplementary Information.)
Rapid, large-amplitude rotor plate oscillations could be sustained nearly indefinitely with
no noticeable wear or degradation in actuator operation. The MWNT is not visible in these
images, but it runs vertically through the middle of each frame. Scale bar, 300 nm.

induced by the SEM electron beam.

A vparticularly simple yet effective in situ MWNT modification
method, and the one used on the devices to be described below, was
to mechanically fatigue and eventually shear the outer nanotube
shells by successive application of very large stator voltages. We
found that applied gate stator voltages of order 80V d.c. would
torque the outer nanotube shells past the elastic limit, eventually
leading to partial or complete failure of the outer nanotube shells
and a resulting dramatic increase in the rotational freedom of the
rotor plate. In the ‘free’ state, the rotor plate was still held in position
axially by the intact nanotube core shells, but could be azimuthally
positioned, using an appropriate combination of stator signals, to
any arbitrary angle between 0° and 360°. Once so positioned, the
rotor plate nominally remained in place even with all stator voltages
reduced to zero, eventually drifting to a vertical (0° or 180°) position
only under the charging influence of the SEM imaging electron beam.

Figure 2 shows a series of still SEM images recorded of an actuator
device in the free state, being ‘walked’ through one complete rotor
plate revolution using quasi-static d.c. stator voltages. The stator
voltages, never exceeding 5V, were adjusted sequentially to attract the
rotor plate edge to successive stators. By reversing the stator voltage
sequence, the rotor plate rotation could be reproducibly reversed.

Finite frequency operation of the actuator was also performed,
using a variety of suitably phased a.c. and d.c. voltage signals to the
three stators and rotor plate. In one simple operation mode, we
applied out-of-phase common-frequency sinusoidal voltages to
stators S1 and S2, a doubled-frequency signal to S3, and a d.c.
offset to the rotor plate R; that is, S1 =V, sin(wt), S2=
Vo sin(wt — ), S3 =V sinQQwt +7/2), R = —V,. Although the
resulting spatial and temporal drive forces are actually quite com-
plex, roughly speaking this sequence allowed the rotor plate to be
sequentially electrostatically attracted to the next available stator.
Using this drive sequence we were reliably able to alternately flip
the rotor plate between the extreme horizontal (90° and 270°)
positions. Although in principle very high frequency operation
should be possible (restricted only by the stripline bandwidth of
the leads and, ultimately, inertial effects of the rotor plate), our SEM
image capture rate limited direct real-time observations of rotor
plate oscillations to frequencies of typically several hertz.

We found that the transitions between the extreme horizontal
positions could be made faster than the image video capture rate of
33 ms. Figure 3 shows two images of the actuator, recorded 33 ms
apart, showing the rotor plate respectively in the 90° and 270°
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positions. We were able to rotationally drive actuators in this fashion
for many thousands of cycles, with no apparent wear or degradation
in performance. (See Supplementary Information.) In this configur-
ation, the MWNT clearly serves as a reliable, presumably wear-free,
NEMS element providing rotational freedom. This characterization
was performed in a pressure of 10 °~107° torr, although we
anticipate reliable operation at higher pressures. We note that our
actuator is the first true MWNT-based NEMS device, in that it fully
integrates electronic control and mechanical response. This dis-
tinguishes it from previous related MWNT-based mechanical devices
which require relatively large and complex external control systems
(such as piezo-driven manipulators) to achieve operation'>''.,
Our MWNT-based actuators have obvious MEMS/NEMS appli-
cations potential. The rotational metal plate could serve as a mirror,
with obvious relevance to ultra-high-density optical sweeping and
switching devices (our total actuator size is just at the limit of visible
light focusing). The rotating plate could also serve as a paddle for
inducing and/or detecting fluid motion in microfluidics systems, as
a gated catalyst in wet chemistry reactions, as a bio-mechanical
element in biological systems, or as a general (potentially chemically
functionalized) sensor element. It is also possible that the charged
oscillating metallic plate could be used as a transmitter of electro-
magnetic radiation. Using methods to align nanotubes, it should be
possible to fabricate arrays of orientationally ordered nanotube-
based actuators on substrates. O
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