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In order to be useful as microelectromechanical devices, carbon nanotubes with well-controlled properties and orientations should
be made at high density and be placed at predefined locations. We address this challenge by hierarchically assembling carbon
nanotubes into closely packed and highly aligned three-dimensional wafer films from which a wide range of complex and three-
dimensional nanotube structures were lithographically fabricated. These include carbon nanotube islands on substrates,
suspended sheets and beams, and three-dimensional cantilevers, all of which exist as single cohesive units with useful mechanical
and electrical properties. Every fabrication step is both parallel and scalable, which makes it easy to further integrate these
structures into functional three-dimensional nanodevice systems. Our approach opens up new ways to make economical and
scalable devices with unprecedented structural complexity and functionality.

Owing to their fascinating physical and chemical properties, the use
of carbon nanotubes (CNTs) has been extensively pursued in
nanodevices such as microelectromechanical systems (MEMS),
although efforts to date have primarily focused on
demonstrations of individual CNTs and single nanodevices. For
example, a suspended nanotube has been used as a device
element of tuneable electromechanical oscillators!, sensors*?,
non-volatile memory*, rotational actuators® and even a nanotube
radio®. Similarly, a carbon nanotube cantilever has been used for
a scanning probe microscope tip’, nanotweezers®, switches®!°
and relays'!. An alternative and perhaps more realistic approach
to realizing reliable and integrated nanodevice systems is to
assemble a predetermined massive quantity of CNTs at prescribed
locations and shape them into well-defined and controlled
configurations. With this approach, individual nanodevices
would be made from a number of nanotubes, thus opening up
an exciting opportunity to design versatile and rational
nanodevices with higher-level structural diversity and complexity.
Bottom-up self-assembly has emerged as a new paradigm to
assemble nanotubes. The successful self-assembly of carbon
nanotubes into aligned networks or multilayer systems has been
reported using Langmuir—Blodgett techniques'? and substrate
oriented growth!?. Although each represents valuable advances,
particularly in the area of field-effect transistors, the density,
complexity and control of the assembly is insufficient to realize
functional and integrated CNT MEMS. This paper presents a
scalable and reliable bottom-up and top-down hybrid
methodology where individual nanotubes are hierarchically
assembled by two self-assembly stages into closely packed and
aligned nanotubes films that we denote as ‘CNT wafers’ Our
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architecture allows the realization of diverse, well-defined, and
complex CNT device elements as single cohesive units that
possess the mechanical and electrical properties that enable them
to serve as building-blocks for integrated device systems.

ASSEMBLY AND PROCESSING OF CNT WAFERS

Figure 1a illustrates the steps of the hierarchical assembly scheme.
Two hierarchical bottom-up self-assembly stages guide nanotubes
into a highly densely packed nanotube solid-film form that we
term a CNT wafer. First, highly efficient growth self-assembles
single-walled carbon nanotubes (SWNTs) into vertically aligned
sparse forest films'%. Second, a liquid induced zippering effect
self-assembles the sparse SWNTs into a CNT wafer. Conventional
top-down lithography then processes the wafer into nanodevice
systems. In some sense, the SWNT-to-CNT wafer assembly is
analogous to the self-assembly of silicon atoms to silicon wafers
by epitaxial growth; moreover, there are similarities between how
silicon devices are etched from silicon wafers and how CNT
devices are cut from CNT wafers. More uniquely, the flexibility of
nanotubes enables three-dimensional (3D) wafers to be built,
from which we can design and etch out rational 3D devices that
would be difficult to make using other materials and methods.
Specifically, a regular array of vertically aligned SWNT forest
films of a few hundred micrometres in height (Fig. 1b) were first
synthesized by water-assisted chemical vapour deposition (CVD),
a process known as ‘super-growth’'*. Structural characterization
of the forest can be found in the literature'®. Briefly, the SWNTs
in the forests have an average diameter of 2.8 nm, are very long,
aligned and catalyst-free, with a carbon purity of >99.9%,
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Figure 1 Schematic illustration and fabrication of planar/3D CNT wafers and
islands. a, An array of vertically aligned SWNT forests were synthesized, densified
into a CNT wafer by alcohol solution, and processed by lithography into arbitrary
shapes. b, SEM image of an array of vertically aligned forest films. Scale bar, 200 m.
Inset: enlarged SEM image. Scale bar, 50 um. ¢, Optical microscope image of a CNT
wafer. Scale bar, 100 pm. Inset: image of a 2 cm x 2 cm CNT wafer. d, SWNT planar
islands having a diverse range of sizes. Scale bar, 5 um. Inset: enlarged SEM image.
Scale bar, 1 um. e, SEM image of parallelpipeds. Scale bar, 100 m. f, SEM image of
SWNT beams of 40 nm width and 70 nm height. Scale bar, 2 um.

The alignment of the nanotubes within a forest is imperfect!?,
and thus nanotubes form small bundles that enable
vertical orientation'®. The forest is a very sparse material and

nanotubes only occupy 3-4% of the total volume (nanotube
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density, 4 x 10! tubes cm™2). This forest sparseness translates to
film flexibility, which enables diverse multidimensional designs.

The substrate with forest films was drawn through an isopropyl
alcohol (IPA) solution to horizontally redirect the vertical
alignment (Fig. la,c) and dried using nitrogen gas. When liquids
were introduced into the sparse SWNT forest and dried, the
surface tension of the liquids and the strong van der Waals
interactions effectively ‘zip’ the SWNTs together to near-ideal
graphitic spacing. This self-assembly transformed a sparse forest
film into a highly densely packed form of homogeneous SWNT
bulk material; we have denoted this a ‘CNT wafer’ because of its
behaviour as a continuous medium (see Supplementary
Information, Fig. S1). Typically, forest densification occurred in
the two lateral directions'’; however, substrate—forest interaction
and lateral SWNT orientation guided densification in only one
direction to essentially ‘flatten’ the forest to the substrate with
strong adhesion. Once densified, the SWNTs did not disassemble,
and the wafer could then be treated as a single body. In contrast
to making films using material deposition, where achievable film
thicknesses are limited by a finite deposition rate and
unacceptable stress accumulation, we could fabricate CNT wafers
covering a wide range of thicknesses (100 nm—100 wm) with the
same process by using forests of different thicknesses.

These self-assembly processes are fundamentally scalable. The
size of individual films is limited by the current status of
synthesis technology, but the CNT wafer size can be increased by
synthesizing a film array. The height of the films can be grown to
match the pitch between catalyst islands by controlling the
growth time. In addition, when flattened and densified, the
forests did not shrink in the aligned direction, and thus a CNT
wafer made from a film array could encompass large areas of the
substrate with fair homogeneity, as we have demonstrated with a
2cm x 2cm CNT wafer (Fig. 1c and inset). These large-scale
CNT wafers can serve as templates to integrate numerous
nanotube structures and devices. Currently, the discontinuities
between adjacent forest films limit the size of the system;
however, accounting for the recent progress in CVD in growing
films with heights up to 1 cm (7 mm)!8, we envision in the near
future the possibility of growing large films that cover the entire
die with discontinuities between films located at the cutting edge.

Importantly, lithographic resists could be uniformly coated on
the CNT wafers because of the cohesiveness and flatness of the CNT
surface, and adhesion with the substrate was sufficient to withstand
lithographic processes including heat treatment, immersion into
liquids and critical point drying. Using a resist as a mask, the
CNT wafers could be etched vertically with a high aspect ratio by
oxygen/argon reactive ion etching. Standard lithography could
pattern the wafer into arbitrarily shaped SWNT islands in desired
positions as demonstrated by the array of islands having diverse
sizes shown in Fig. 1d (see also Supplementary Information,
Fig. S2). Two additional fabrication examples (Fig. le,f) highlight
the wide range of material that can be assembled using our
approach, from the macroscopic bulk level down to a single
nanotube bundle level. At the macroscopic level we fabricated
SWNT parallelpipeds consisting of 1.0 x 10° nanotubes from a
100-pm-thick CNT wafer, and at the nanoscopic level we made
SWNT beams of 40 nm width (resolution of the electron-beam
lithography, EBL) and 70 nm height consisting of ~200 SWNTs
that resemble nanotube bundles.

STRUCTURAL AND ELECTRICAL PROPERTIES OF CNT WAFERS
Structural and electrical properties of CNT wafers were studied in
a series of experiments. Transmission electron microscopy (TEM)

of a very thin CNT wafer (250 nm) showed that the nanotubes
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Figure 2 CNT wafer characterization. a, TEM image of a 250-nm-thick CNT
wafer showing the packing of SWNTs, imperfect alignment, and the absence of
voids. b, lllustration of tube alignment showing the importance of imperfect
alignment on lateral interconnection. ¢,d, AFM image of the CNT wafer surface
(c, scale bar, 1 wm) and corresponding fast-Fourier transform (d).

e,f, Dependence of CNT wafer thickness (e) and density (f) on the initial forest
film thickness. Red lines represent extrapolation of the dependencies from the
thick forest region. g, Resistivity of the CNT wafer as a function of wafer

width for 306-nm- and 835-nm-thick wafers (red and blue symbols,
respectively) and measurements parallel (circles) and perpendicular (squares) to
the alignment axis.

within the CNT wafer were closely packed without any voids, and
were not perfectly aligned (Fig. 2a). This imperfection provided
the essential lateral interconnection for mechanical cohesiveness
(Fig. 2b). The degree of alignment (Herman’s orientation
factor) was calculated to be 0.57 from the intensity profile
(Fig. 2c) of the fast-Fourier transform of an atomic force
microscopy (AFM) image of the CNT wafer (Fig. 2d; see also
Supplementary Information, Fig. S3). This corresponds to an
ideally aligned sample being offset from the alignment direction
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by 33°. Examination of the relationship between the CNT wafer
thickness and density with forest thickness revealed that the
wafer thickness did not increase for forest thicknesses below
4 pm (Fig. 2e) but the density did increase monotonically
(Fig. 2f). Above this value, the wafer thickness increased
monotonically and the density stayed constant at 0.46 g cm >
with increasing forest thickness. The CNT wafer density
(0.46 g cm™3) from forests thicker than 4 wm matched well with
the density of a macroscopic bulk form of densified forest!’,
and corresponded to a SWNT volume occupancy of 42% and
tube-to-tube spacing of 1.3 nm. This represents a 58% ideal
packing when compared with ideally packed 2.8-nm SWNTs
with graphitic spacing of 0.34 nm. These analyses and
experimental data showed the CNT wafer to be a solid cohesive
single unit. The four-probe resistivity of the CNT wafer with
different widths (0.7-9.6 pum) and thicknesses (306 and
835 nm) was established to be 0.008 and 0.2 Q) cm, parallel and
perpendicular to the alignment, respectively (Fig. 2g; see also
Supplementary Information, Fig. S4).

FROM CNT WAFER TO MULTIDIMENSIONAL CNT STRUCTURES

We extended this basic planar approach to suspended wafers and
structures. CNT wafers were created over prefabricated silicon
trenches and pillars (Fig. 3a,b). Although the SWNT forest
films were very sparse and thin, the resultant CNT wafers
behaved like the skin of a drum without wrinkles or tears
(Fig. 3b). Significantly, despite the small contact area between
the wafer and the substrate, and the voids between the
nanotubes and the substrate, the suspended sparse forest could
be flattened and densified by liquids into a suspended
CNT wafer while retaining its original shape (Fig. 3b).
Although suspended, the wafer could be lithographically
processed into arbitrary shapes, demonstrated by the suspended
sheets and beams interconnecting silicon pillars (Fig. 3c; see
also Supplementary Information, Fig. S5). Notably, we could
fabricate suspended beams both parallel and perpendicular to
the nanotube alignment, highlighting the structural diversity
possible. A suspended beam consists of 20,000 times more
nanotubes than achieved in previous studies, where an
average number of ~1 nanotube was suspended during
growth!®. Additional fabrication complexity was illustrated
by lithographically etching the suspended wafer between
trenches to create a series of cantilevers (Fig. 3d,e; see
also Supplementary Information, Fig. S6) with varying
configurations. Although thousands of SWNTs were assembled
across the tops of the pillars, no trace of SWNTs was detected
by Raman spectroscopy on the lower substrate surface, which
was important for electrical isolation. These suspended
structures could serve as key elements for various CNT
nanodevice systems, including electromechanical oscillators',
nonvolatile memory* and rotational actuators®.

The potential to fabricate 3D CNT wafers and structures was
also explored using multi-tier substrates and removable support
layers (‘sacrificial layers’). Nanotube flexibility and strength
allowed the forest films to be laid onto multi-tier substrates and
transformed into 3D CNT wafers (Fig. 3f) while retaining their
original form, and lithographically processed into multi-tier
interconnects (Fig. 3g; see also Supplementary Information,
Fig. S7). This concept was further extended by using SiO,
sacrificial layers. Three-dimensional CNT wafers were prepared
on SiO, templates and processed by lithography (Fig. 3h). By
removing the sacrificial layer using hydrofluoric acid, a
predefined supported area could be released, and then suspended
by a 3D support with designed structures, demonstrated here
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Figure 3 Nonplanar and multitier 3D CNT wafers and structures. a,b, Angled view
confocal scanning laser micrographs of a set of silicon pillars (a, height, 5 wm; area,

2 um x 2 pm; pitch 4 wm) and a CNT wafer (b, thickness, 250 nm) assembled on
top of the pillars. ¢, SEM image of suspended SWNT sheets and beams (width, 1 jum)
on silicon pillars. Scale bar, 10 um. Inset: enlarged SEM image of a beam-crossing.
Scale bar, 1 um. d,e, SEM images of cantilevers (width, 5 um) with lengths varying
from 2 to 7 um on silicon trenches (width, 10 um; 10-m intervals). Scale bar, 2 pm.
f,9, SEM images of a 3D multitier CNT wafer and multitier interconnects. Scale bar,

10 wm. h,i, SEM images of 3D SWNT cantilevers (width, 200 nm; thickness, 500 nm;
length, 4 m) with the sacrificial 440-nm SiO, layer (red box) undemeath (h), and
suspended without the sacrificial layers (i). The cantilever is seamlessly connected by
a SWNT 3D support to the CNT wafer. Scale bar, 2 um. Inset to i: Enlarged SEM
image of a cantilever. Arrows indicate the direction of SWNT alignment.

with an array of CNT cantilevers (Fig. 3i; see also Supplementary
Information, Fig. S8) with a width of 200 nm. This capability to
fabricate 3D structures from nonplanar wafers opens up a new
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Figure 4 An all-SWNT 3D relay. C, S, D, and G refer to the cantilever and,
source, drain and gate electrodes, respectively. a,b, Device schematic (a) and
SEM image (b) showing the 3D structure of the CNT relay. SWNT cantilevers
(length, 3.6 wm; width, 170 nm; thickness, 500 nm) were suspended 440 nm
from the substrate. SWNT gate and drain electrodes were partially suspended on
the same plane with distances of 650 nm and 550 nm from the cantilever,
respectively. Scale bar, 2 m. ¢, Source—drain current versus gate voltage.

The relay switched ON/OFF when the gate voltage was ramped up/down
(red/blue lines). d, Source—drain current versus gate voltage curves showing 23
ON/OFF switching cycles. Finally, the device failed to switch OFF. e, Top-view
SEM images of OFF (left) and ON (right) cantilevers. The red line describes
predicted bending of a continuous cantilever under point loading at the free end.
Scale bar, 1 um.
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frontier in designing rational 3D devices that are impossible to
fabricate using bulk micromachining.

FABRICATION OF OPERATIONAL CNT RELAYS

These techniques can be integrated to fabricate nanodevices with a
determined functionality based on structural design. The potential
of our approach was probed for a CNT relay. Although a CNT relay
is desirable as a high-speed switching element?’, the fabrication of
operationally reliable CNT relays is challenging, because it requires
the gate—cantilever electrostatic attractive force to overcome the
cantilever restoring force for pull-in (ON), yet the restoring
force must be sufficiently strong to overcome the cantilever—
drain sticking force for pull-off (OFF). To meet these
requirements, we fabricated a CNT relay (Fig. 4a,b; see also
Supplementary Information, Fig. S9) composed of a 170-nm-
wide cantilever connected to a 3D electrode associated with two
3D nanotube source and gate electrodes arranged in predefined
locations. All device components were made from the same
SWNT film and were carefully designed in configuration and
fabricated with high precision to achieve operational devices.
Because a 10-nm error in cantilever width would result in a 16%
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change in the restoring force, fabrication precision was critical.
The use of sacrificial layers was indispensable for precise
coplanar positioning of the CNT cantilever and electrodes, the
stepwise widening of the cantilever connection, and 3D crank
shapes of the drain and source electrodes. The device designs
including the 3D configuration of the cantilever and position of
the electrodes were further optimized to balance the cantilever
restoring force and electrostatic interaction between electrodes.
For example, the gate electrode was positioned to maximize
electrostatic interaction with the cantilever while avoiding
direct contact.

These  structural  architectures  were  assessed  for
electromechanical switching of the cantilever between well-
defined ON and OFF states controlled by the gate electrode
(Fig. 4c). The gate bias was cyclically swept between 0 and 60V,
and 5 V was applied between the source and drain with a 250 k)
load resistance. At zero gate voltage, the cantilever was OFF and
no source—drain current flowed. At the ON gate voltage, the
cantilever was instantaneously pulled in, creating the ON state,
and the source—drain current increased over 107 times while the
gate remained electrically isolated. Currents well beyond 100 pA
(270 wW) could be passed. Decreasing the gate voltage allowed
the mechanical restoring force of the cantilever to return the
relay to the OFF state. The cantilever moved as a single body
despite being composed of ~5,000 SWNTs. The well-defined
and reversible electrical and mechanical ON and OFF states, and
the very high ON/OFF current ratio have not been reported in
previous studies of individual nanotube CNT relays'!.

Variations in the OFF voltages (Fig. 4d) arose from the
cantilever—drain sticking force (that is, van der Waals forces or
the adhesive force of water), which limited the long-term device
performance. Application of 23 repeated ON/OFF cycling of an
individual CNT relay shows the variation in the OFF voltages
from consecutive cycles, although the ON voltage remained fairly
consistent before failure. The relatively large ON voltage was
designed to meet the requirement for reversible switching;
without this it could have been reduced to 1.5 V. The maximum
duration time of the ON state was 2.0s. To date, because of
limitations arising from the sticking force, the optimum batch
yield we have achieved for reversible switching is 63% (the yield
for irreversible switching was above 90%). Substantial
improvement in performance should be possible by vacuum
operation or by redesigning the contact area.

Mechanical properties of the cantilever were derived from the
electromechanical characteristics. We found that the cantilever
deflection in the ON state fitted well with the deflection of a
continuous cantilever under point loading at the free end
(Fig. 4e). The fine match indicated that the cantilever acted as a
single elastic body that could be described by classical
mechanics. Under the assumption that the cantilever and the
gate electrode were two parallel plates, the spring constant and
modulus of the rectangular cantilever were estimated to the first
order as k=0.38 Nm~! and E=9.7 GPa, respectively, using
the ON voltage and cantilever dimensions. Considering the
actual configuration of the gate electrode and cantilever, the
modulus of the cantilever was underestimated. The estimated
Young’s modulus is superior to most CNT ropes and fibres (for
example, the modulus of yarned nanotube fibers is between
150 MPa and ~460 MPa)?!, yet much lower than the ~1 TPa
modulus**?*® of individual CNTs because intertube slippage
degrades the mechanical property. Finally, the resonance
frequency was calculated as f=13.7 MHz. The resonance
frequency was similar to that calculated for a silicon cantilever
with the same configuration (19.2 MHz). We believe that it is
significant that CNT-MEMS possessing a comparable resonance
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Figure 5 Parallel fabrication of 1,276 CNT relays. a,b, 3D height images
collected by confocal scanning laser microscopy on an array of 1,276 3D SWNT
relays with the same configurations as Fig. 4, but with no individual electric
addresses to each electrode: angled view (a); top view (b). Scale bar, 10 pm.
Inset: SEM image showing the 3D structure. Scale bar, 2 um. The device size is
6.8 um x 10 m, and the size of the device array is 410 um x 310 pm.

frequency as bulk micromachined silicon-MEMS can be
achieved by this surface micromachining approach, because
the unique SWNT properties, such as high surface area, can be
incorporated into advanced nanodevices not possible from
silicon in bio- and chemical sensors.

PARALLEL PROCESSING OF COMPLEX CNT STRUCTURES

Each fabrication stage of our approach is intrinsically highly
parallel and scalable. To demonstrate the scalability potential of
our approach, 1,276 identical integrated CNT nanodevices as
described above were fabricated in parallel (see Supplementary
Information, Fig. S10). The 3D bird’s-eye-view height maps
(Fig. 5) of the device array demonstrate that these devices have
well-defined and identical 3D structures, and the structural yield
was estimated as 95.5%. Reproducible and controlled parallel
device fabrication is one of the most crucial goals for
nanomaterials to be integrated into real systems and has been
demonstrated here by the excellent uniformity, scalability and
controllability of the highly efficient nanotube growth and liquid
induced guided self-assembly.

Thus, we have shown a general approach to assembling SWNTs
into a highly densely packed form of homogeneous SWNTs films—
CNT wafers—from which functional and integrated nanodevice
systems may be fabricated by lithography. Our initial efforts
focused on demonstrating diverse 3D structures, and the promise
of these new structures was highlighted by demonstrating a 3D
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CNT relay. We believe that future advancement of this approach
could revolutionize CNT-MEMS devices, as previously
demonstrated on individual nanotubes.

METHODS

GROWTH OF VERTICALLY ALIGNED SWNT FOREST FILMS

Vertically aligned SWNT forest films a few hundred micrometres in height
(Fig. 1b) were synthesized by water-assisted CVD'* from catalyst lines patterned
using EBL (EB machine, CABL8000, Crestec) on a silicon substrate (100-nm
oxide layer) at 750 °C for 3—10 min. The catalysts were patterned by the
following process. First, 350-nm-thick EB-resist (ZEP-520A, Zeon) was exposed
by EB and developed by ZED-N50 (Zeon). Second, a catalyst thin film of Al,O;
(10 nm)/Fe (1 nm) was sputtered, and the resist mask was lifted off using a
remover (ZDMAC, Zeon). The size of the patterned catalyst and the growth time
of CVD determined the thickness and the height of the films, respectively. The
high catalyst activity of 84% allowed for nanotube self-assembly into vertically
aligned, homogeneous forest-film structures'.

SWNT PLANAR ISLANDS

To make SWNT planar islands (Fig. 1d), a SWNT film (height, 500 pm; width,
1 mm; thickness, 4 wm) was laid on a 100-nm-thick nickel-coated Si;N,
substrate (200-nm-thick Si;N, layer on a silicon substrate) and transformed into
a CNT wafer by IPA solution. Then, 440-nm hydrogen silsesquioxane (HSQ)
(FOX16, Dowcorning) was spin-coated and baked at 90 °C for 10 min. HSQ was
then patterned using EBL and developed by tetramethylammoniumhydroxide
(TMAH) solution (2.38%, ZTMA-100, Zeon). The CNT wafer with HSQ mask
was etched by reactive ion etching (RIE) (RIE-200L, Samco) with oxygen and
argon (80 W, 10 Pa, 10 s.c.c.m. oxygen, 1 min; 80 W, 10 Pa, 10 s.c.c.m. oxygen,
10 s.c.c.m. argon, 2 min). The HSQ mask was removed by buffered hydrofluoric
acid (HF) (4.7% HE, 36.2% NH,F, 59.1% H,0, Morita Chemical Industries), and
the sample was dried by means of critical point drying with CO, (critical point
dryer, SCRD4, Ryusyo Industrial).

SUSPENDED SWNT SHEETS, BEAMS, CANTILEVERS AND 3D MULTI-TIER INTERCONNECTS
Silicon pillars and trenches were fabricated from a silicon substrate (500-nm-
thick oxide layer) with a 100-nm thick nickel mask etched by RIE (100 W, 8.5 Pa,
40 s.c.c.m. CHF;, 60 s.c.c.m. SF¢, 55 s.c.c.m. oxygen). A CNT forest with a
thickness of 4 wm was placed across these silicon pillars and transformed into a
CNT wafer using IPA solution. Then, 440 nm HSQ (FOX16, Dowcorning) was
spin-coated and baked at 90 °C for 10 min. HSQ was patterned using EBL and
developed by TMAH solution (2.38%, ZTMA-100, Zeon). The CNT wafer with
the HSQ mask was etched by RIE (RIE-200L, Samco) with oxygen and argon
(80 W, 10 Pa, 10 s.c.c.m. oxygen, 1 min; 80 W, 10 Pa, 10 s.c.c.m. oxygen

10 s.c.c.m. argon, 2 min). The HSQ mask was removed by buffered HF

(4.7% HE 36.2% NH,F, 59.1% H,O, Morita Chemical Industries) and the
sample was dried in air. In the case of 3D multitier interconnects, the HSQ mask
was removed by HF vapour from 50% HF solution.

3D CANTILEVER AND CNT RELAY

As a sacrificial layer, HSQ with a thickness of 440 nm was spin-coated on a Si;N,
substrate (200-nm-thick Si;N, layer on silicon substrate). After soft-baking
(250 °C, 2 min), the HSQ was patterned and converted to SiO, by EBL exposure
and developed by TMAH solution (2.38%, ZTMA-100, Zeon). The CNT wafer
was made and patterned into 3D SWNT cantilevers and electrodes on this
substrate by the same process as SWNT planar islands.

DEFLECTION OF THE CNT CANTILEVER

Bending of a continuous cantilever under point loading at its free end is
described by y(x) = (F/6EI)(3Lx> — x°), where the x and y coordinates are
shown in Fig. 4e, F is the force, E is Young’s modulus, I is the moment of inertia,
and L is length?%.

294

CALCULATIONS OF YOUNG’S MODULUS AND RESONANCE FREQUENCY OF CNT CANTILEVERS
Under the assumption that the cantilever and the gate electrode behaved as two
parallel plates, the spring constant and modulus of the rectangular cantilever
were estimated using the ON voltage and cantilever dimensions from

k= (27CV;/8¢%) and E = (27CV;L*/2g’tw?), where C is the capacitance, g is
the gate-cantilever gap, V/, is the ON voltage, and #, L and w are the thickness,
length and width of the cantilever, respectively. The resonance frequency was
calculated as f=13.7 MHz from f= 0.162(w/L?)\/(E/p), where p

[0.232(g cm™?)] is the density?°.

Received 9 January 2008; accepted 1 April 2008; published 4 May 2008.
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