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Suspended Carbon Nanotubes: Applications
in Physical Sensors and Actuators

Anupama B. Kaul and Larry Epp
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
U.S.A.

1. Introduction

Carbon is truly an extraordinary material with physical structures spanning three-
dimensional (3D) graphite, two-dimensional (2D) grapheme and zero-dimensional (0D)
buckyballs or buckminster fullerine spheres. It is not surprising that the structural
characteristics of carbon thus yield band diagrams displaying a diverse array of physical
properties. When a 2D graphene sheet is rolled into a cylinder, a one-dimensional (1D) or
quasi-1D form of carbon results, namely carbon nanotubes (CNTs), which have been one of
the most extensively studied materials since their discovery (Ijima, 1991). A single rolled-up
sheet of graphene results in a single-walled nanotube (SWNT) with a typical diameter of 1 -
2 nm. Multi-walled nanotubes (MWNTs) consist of concentric cylinders with an interlayer
spacing of 0.3 - 0.4 nm, and diameters that are at least an order of magnitude larger than
SWNTs, between 10 - 30 nm. The exceptional thermal, mechanical, electronic and optical
properties of nanotubes (Dresselhaus, Dresselhaus, Avouris, 2001) has created a surge of
applications, ranging from the use of CNTs as interconnects (Li et al., 2003), heat transport
materials (Yu et al., 2006), novel transistors (Bachtold, et al. 2001), as well as optical materials
(Homma et al.,, 2009). The focus of this chapter is on the nanoelectronic applications of
suspended carbon nanotubes, in particular their use as physical sensors and actuators.

Unlike 3D materials, when nanotubes are dispersed on a substrate, their properties are
intimately influenced by the tube-to-substrate interactions, particularly those of SWNTs. For
example, when diameter and helicity of SWNTs are controlled such that semiconducting
tubes result (Odom et al., 1998), no luminescence is detected for SWNTs lying on a substrate
eventhough semiconducting SWNTs have a direct band gap (Lefebvre et al., 2003). In
addition, van der Waals interactions between CNTs and the substrate cause radial and axial
deformations (Hertel ef al., 1998) which affect the electron transport properties of the tubes.
The presence of the substrate beneath the tube can also influence heat dissipation
mechanisms, which is an underlying motivation for using suspended CNTs as thermal
conductivity based pressure sensors, and will be described in Section 2.2. Such sensors are
important for vacuum-based microcavity applications (vacuum microelectronics, micro-
eletromechanical-systems (MEMS) such as gyroscopes and RF MEMS switches). The high
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376 Carbon Nanotubes

modulus and low mass of the tubes also leads to resonators that operate at high frequency
and exhibit a high quality factor (Q), which provides the basis for another physical sensing
mechanism, namely mass sensing that will be described in Section 2.3. Other types of
physical sensors, derived primarily from the integration of SWNTs in a MEMS platform,
have also been fabricated and reviewed (Hierold et al., 2007).

Suspended nanotubes can also be utilized as actuators, which serve as the active elements of
many nano-electro-mechanical-systems (NEMS), and at length scales smaller than typical
MEMS structures. The extremely high directional stiffness of CNTs (Salvetat et al., 1999),
their unique ability to accommodate very large mechanical strains (Yu et al., 2000), coupled
with their low mass and chemical inertness, collectively suggest that CNTs are ideal
materials for NEMS. Nanotube based NEMS have already been demonstrated in
applications ranging from nanotweezers (Kim & Lieber, 1999), memory devices (Rueckes et
al., 2000), and nanorelays (Dujardin et al., 2005). In Section 3 and 4, the use of CNTS as
NEMS actuators based on laterally, as well as vertically oriented tubes will be illustrated,
respectively. These actuators can act as switches, potentially for low power, low leakage
memory and logic applications, and due to their mechanical construct, such switches are
also potentially more tolerant to radiation compared to solid-state transistors based on Si.
Throughout this chapter, we will present results from our own research conducted at the Jet
Propulsion Laboratory (JPL), California Institute of Technology, where suspended or free-
standing quasi-1D carbon nanostructures have been applied to both physical sensing (b.
Kaul et al. 2009; d. Kaul 2009), as well as NEMS actuators (a. Kaul et al., 2009; c. Kaul et al.,
2009; Kaul et al., 2006).

2. Physical Sensor Applications

2.1 Methods of Suspension

The two primary approaches for forming suspended CNT structures are: a) post-growth
release (Walters et al., 1999), or b) where the tubes are grown across pre-fabricated trenches
on a wafer using chemical vapor deposition (CVD) (Tombler et al., 2000; Minot et al., 2003).
In both approaches, the AFM tip was used to mechanically strain the suspended tube(s) in
order to understand how structural deformation affects the elastic strain in SWNT ropes
(Walters et al., 1999) and the electronic transport properties of individual SWNTs (Tombler
et al., 2000; Minot et al., 2003). In our work at JPL, we have implemented both approaches to
form suspended nanotube structures, but such structures have been exclusively used for
device applications, specifically for physical sensing and NEMS actuators.

Post-growth release was utilized with critical point drying to form suspended SWNTs that
were used for pressure sensing (b. Kaul et al.,, 2009; d. Kaul, 2009). The operational
mechanism of such sensors will be illustrated in Section 2.2. For the post-growth release
approach, the SiO, beneath the SWNTs was etched in 10:1 Buffered-HF (BHF), which was
followed by critical point drying. Simple drying techniques have been employed after HF
etching to release < 1 pm long tubes by using the reduced surface tension of IPA (21.7
mN/m) (Nygard et al., 2001), compared to that of DI water (72.8 mN/m), whereas the even
lower surface tension of tetramethylsilane (10.2 mN/m) has also been utilized in other
reports (Walters, 1999). For the long SWNTs used in our sensors (5 - 10 um), which are more
susceptible to surface tension stress upon wet-release, added precautions were taken that
employed critical point drying. The electrical yield after release -- defined by the number of
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electrically conducting devices -- was > 90%, but the resistance was always higher after
release. The rise in resistance could be associated with the contacts where the tubes are
likely to exhibit kinks that suppress conductance. It could also be due to HF damaging the
SWNTs; clearly more work is necessary to fully characterize the extent to which HF damage
is also involved.

We have also implemented the second technique to suspend tubes, where SWNTs have
been grown across prefabricated trenches. Such structures were utilized for lateral NEMS
actuators that will be discussed in Section 3.1. In earlier reports tubes were grown across
prefabricated trenches, where the suspended tubes were over SiO,/Si (Minot et al., 2003)
substrates. In contrast, we formed our suspended SWNTs over refractory Nb electrodes,
which served as the pull-electrode to transiently charge the SWNTs in order to induce
electromechanical switching. In general, the choice of the approach used to suspend tubes
depends in part on the aspect ratio of the trenches, and on the quality of the tubes desired.
For example, tubes that do not undergo post-growth processing are likely to be less
defective, but such a technique is usually not feasible for forming suspended structures for
low aspect ratio trenches below ~ 1:10; if the aspect ratio of the trench is too small, the tubes
are likely to be undesirably draped on the substrate within the trench. This arises from the
large amplitude vibrations that are thermally induced in the tubes from the high
temperature CVD growth dynamics, increasing the likelihood of tubes attaching to the
underlying substrate if the aspect ratio is too small.

2.2 Application in Pressure Sensors

Among the diverse variety of applications of CNTs, recently, CNTs have also been applied
to pressure sensing based on the mechanism of piezoresistance (Grow et al., 2005; Stampfer
et al., 2006). In these recently reported CNT pressure sensors (Stampfer et al., 2006), metallic
SWNTs were placed on membranes of atomic-layer-deposited (ALD) alumina, and a
pressure differential across the membrane caused it to bulge, inducing strain in the
overlying SWNT. Strain-induced conductivity changes were detected in non-vacuum
environments (760-900 Torr).

Unlike the mechanism of piezoresistance, here we present a CNT pressure sensor that
operates on the principle of thermal exchange between a voltage-biased CNT and the
surrounding gas (b. Kaul et al., 2009; d. Kaul, 2009). A recent article by Kawano (Kawano et
al., 2007) presents a sensing mechanism similar to that reported here, which utilized
MWNTs grown using a localized synthesis process (Kawano et al., 2006). Here we report on
the device application of sensors based on SWNTs that were grown using conventional
thermal CVD. Typical thermal conductivity gauges, such as Pirani or thermocouple gauges
are physically large (volume ~ 10 cm?) prohibiting their integration with many vacuum-
encased Si-based micro-cavity applications (vacuum microelectronics, MEMS such as
gyroscopes and RF MEMS switches). As a result of their large thermal mass, they are
inherently slow, and also operate at high powers and temperatures.

With the advent of MEMS technology, miniaturized, low power pressure sensors were
developed, representing the first application of bulk Si-micromachining (Peterson, 1982).
Many of these Si-based transducers operate on the piezoresistive or capacitive principle
(Esashi et al., 1998) and obtaining wide-dynamic range has been challenging, which is
especially important in micro-cavity applications. Due to the small volumes in micro-
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cavities, outgassing can cause large pressure changes over short times, affecting device
performance.

We present a miniature SWNT-based thermal conductivity gauge (volume ~ 104 cm?) that
operates at low power (nW-uW) and low temperature, and exhibits a wide dynamic range
(760 Torr-10-¢ Torr). Due to the reduced dimensionality for thermal conduction and phonon
relaxation in 1D materials, transport is strongly influenced by environmental factors. The
high surface area of the 1-D SWNT, along with the high temperature coefficient of resistivity
(TCR) of diffusively contacted 5-10 um long tubes, greater pressure sensitivity is enabled
compared to thin-film or bulk conductors. Moreover, when the CNT is suspended, heat
dissipation via the substrate is minimized, increasing sensitivity at even lower pressures.
We have carried out an investigation of such devices for their feasibility as vacuum gauges.
A schematic of the device is shown in Fig. 1a where the starting substrate was a thermally
oxidized Si <100> wafer. Patterned CVD growth of SWNTs using Fe-catalyst was
performed, which was followed by e-beam deposition of Au/Cr electrodes (250 nm/5 nm)
patterned by liftoff. In order to release the devices, the SiO; beneath the SWNTs was etched
in BOE which was followed by critical point drying described in Section 2.1. A low
magnification SEM image of a completed device is shown in Fig. 1b, which also shows the
wire-bonds for electrically contacting the devices. The high magnification SEM image in Fig.
1c indicates a tube traversing the electrode, where typical tube lengths were 5 - 10 pm.

ZSESBSESESESESESESAS

(@) Si substrate

S‘ Suspended SWNT 5

|

Fig. 1. a) A schematic of the CNT pressure sensor where the SWNT is suspended. b) Low
magnification SEM image of wire-bonded CNT vacuum gauge. Area highlighted by dashed
lines indicates the region observed in the high magnification image in (c), where the typical
SWNT lengths were 5-10 um. Trench depth was ~ 310 nm (b. Kaul et al., 2009).
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Though the number of tubes that nucleate from the catalyst site can be controlled, to some
extent, by the size of the catalyst island in thermal CVD, multiple tubes are shown in the
SEM image of Fig. 1c. However, the growth of some of the tubes is seen to terminate prior to
the mid-gap region (bottom of right electrode), while other tubes are oriented in a growth
direction that does not allow them to bridge the gap to the opposite electrode (top of right
electrode). The image in Fig. 1c thus, shows a single tube traversing the gap between the left
and right electrodes. However, it is likely the presence of multiple tubes bridging the gap
may enhance sensor robustness, and hence performance for practical applications. In
conjunction with measuring the pressure response of unreleased and released CNT devices,
a thin film meander resistor was also fabricated and pressure response measured for
comparative purposes.

The current that passes through a voltage biased wire lying on a substrate induces joule
heating. This heat can dissipate via several mechanisms, including the substrate (Es),
radiation (E;) or the gas (Eg) (Alvesteffer et al., 1999) as shown by Eqn. (1) below; the input
power supplied to the bias element is represented by an energy E; where,

E,=E,+E, +E, (1)

The heat dissipated through the substrate is
E, =(KATA)/ L (2)

where A is the area through which heat transfer occurs, K is the thermal conductivity of the
SiO,, AT is the temperature difference between the current carrying element and the
substrate and L is the distance from the element to the substrate. Radiative losses are given
by (3) where o is the Stefan-Boltzmann radiation constant, € is the thermal emissivity of the
element, and Ty, and T, are the temperatures of the element and ambient, respectively.

Er :O-g(Th4 _Ta4)A (3)

Finally, heat dissipation by the gas is given by Eg,

f273
Eg:arAtAP(Th_Ta) ? (4)

where a, is the accommodation coefficient, A; is the free molecule thermal conductivity, A is
the surface area of the element, and P is the pressure. While the radiative and substrate
losses become more significant at low pressures, the thermal conductivity of the gas is a
predominant loss mechanism in the viscous flow regime (0.01 < K, < 10, where K, is
Knudsen’s number). The heat dissipation in this regime depends linearly on pressure as
illustrated by Knudsen’s formula (Eqn. 4).

Shown in Fig. 2a, is the normalized current as a function of pressure for the thin-film
meander resistor and a CNT device, both of which are biased at a few watts of power. The
thin film resistor initially shows a conductance increase (up to about 200 Torr), a plateau
region of constant current, and then current decreasing below about 20 Torr; the percent
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change in current is < 1%. In contrast, the CNT device, shows a rapid and continuous
decrease in current from ambient to ~ 40 mTorr, with more than 35 % change in
conductance.
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Fig. 2. a) Normalized current-pressure response at 2 uW for thin film resistor and unreleased
CNT device. The conductance change is smallest for thin film resistor (< 1 %) while the
conductance continues to decrease for the CNT device by about 35% at 35 mTorr. b)
Absolute current variation for released and unreleased device vs. time/pressure at ~2 pW.
The released device shows a higher rate of conductance change down to ~10-¢ Torr possibly
due to minimizing heat loss through the substrate. c) Net current change from ~ 5 x 10-¢ Torr
to ~ 8 x 107 Torr for released and unreleased CNT sensors as a function of bias power. The
thin film resistor gauge was the least sensitive. The largest change in conductance is for
released device at high power levels. d) The conductance of an unreleased SWNT device
increases monotonically as the bias is increased, but after substrate removal, current
saturation and a negative differential conductance (NDC) regime is observed in this device
at high biases, which is attributed to the high optical phonon density in suspended tubes.
Inset shows a higher current scale (b. Kaul et al., 2009; d. Kaul, 2009).

At low pressures (< 100 mTorr), conduction through the gas becomes less significant and
other pressure independent mechanisms such as radiative losses and solid-state conduction
through the substrate tend to dominate, as seen by Eqns. 2 and 3. Radiative losses are
significant only when temperatures exceed > 200 °C, and although radiative losses may be
minimal at the low operational temperatures (or power) of our devices, the losses through
the substrate have been calculated to be significant in the low vacuum regime. We
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implemented post-growth release to remove the oxide beneath the tubes as described, in
order to suspend the tubes and measured their pressure response.

Shown in Fig. 2b is the pressure response of a device before and after the CNT was released
from the SiO, substrate. As it can be seen, the released CNT device has a continued decrease
in conductance well into the 105 Torr range while the unreleased device shows little
variation after about ~ 100 sec (~ 1 Torr), in this case. This data appears to confirm that by
removing the substrate underneath the current carrying element, sensitivity is increased to
the lower pressure ranges.

The increase in sensitivity after substrate removal is perhaps better exemplified by the data
in Fig. 2c which shows the net current change (Al) for released and unreleased device in the
pressure range of ~ 5 x 10-¢ Torr to ~ 8 x 107 Torr. In both cases, Al increases with power but
the released device has a three times larger change than that of the unreleased device (at a
power of ~ 6 pW, Aleleased ~ 550 nA, compared to Alunreleased ~ 150 nA). The relationship of
power effecting sensitivity appears to be in agreement with Fig. 2c, and the combined
results suggest that the greatest sensitivity is expected for the released devices operated at
high power.

While the increased current sensitivity with substrate removal can be explained on the basis
of heat minimization through the substrate, the reduced dimensionality for phonon
scattering in 1-D systems, in particular suspended SWNTs, can cause unique effects to arise
at large bias voltages and power. At high fields, a large nonequilibrium optical phonon
population exists in suspended SWNTs and their long relaxation times result in non-
isothermal conditions along the length of the tube. The I-V characteristic of both suspended
and unsuspended SWNTs has been iteratively calculated (Pop et al., 2005), by modeling the
occupation probability of both optical and acoustic phonons at high biases, according

1= L where,
R(V,T)

RW,T) =R+ : L2y 07.7) (5)
4e ﬂ“eﬁ’ (V, T)

Here, R. is the contact resistance, L is the length of the nanotube and A is the sum of the
acoustic, optical (emission) and optical (absorption) mean free paths derived from the Bose-
Einstein phonon distribution. This analysis showed that in unsuspended tubes the I-V
characteristic increases monotonically at high voltages suggestive of isothermal conditions,
since the substrate facilitates in the relaxation of optical phonons emitted through electron
scattering. In contrast, the current in the suspended tube saturates and a negative
differential conductance (NDC) regime is encountered, which cannot be explained by
velocity saturation (at ~5 kV/cm).

We have observed NDC in our suspended SWNT devices as shown by the I-V characteristic
in Fig. 2d, where such measurements were taken in air and at room temperature. The
unreleased device shows a monotonic rise in conductance, while the current after release for
the same device saturates at high bias, ~ 2.8 V in this case, and enters a NDC regime. A peak
conductance Ipeak, where

10
L(um)

Ipeak (NA) = (6)
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has been calculated and depends inversely on the length of the tube (Pop et al., 2005). In the
device shown in Fig. 2d, the experimentally observed I,cax was ~ 2.1 pA which appears to be
in rough agreement with the expected value since the electrode spacing (and hence tube
length) for this device was ~ 6 pm. Measurements show pressure sensitivity increases as the
bias voltage or power are increased, but the released devices showed a more pronounced
effect with power, as shown in Fig. 2c. The large optical phonon density in suspended
SWNTs at high fields, with their long lifetimes may play an important role in determining
the rate of temperature rise in the tubes, which can be exploited for their utility as thermal
conductivity-based pressure or gas sensors.

2.3 Application in Mass Detection

While the pressure sensing mechanism described in 2.2 relied on suspended tubes that are
stationary, the tubes in such bridge-type structures can also be driven into vibration or
resonance by an external pertubation, forming the basis for yet another type of sensing
mechanism, namely mass sensing. Much like a guitar string, the vibration frequency of the
tube or suspended beam is a sensitive function of its total mass. The smaller the total mass,
the more sensitive it will be to the external peturbation, and the higher is its resonance
frequency. The addition of any adsorbed mass on the tube or beam will cause a shift in its
resonance frequency, which can be measured and implemented for mass sensing.

Since sensitivity increases as beam dimensions shrink, there has been a constant push to
drive the device dimensions to smaller and smaller length scales. For example, Si MEMS
beams that resonate at RF frequencies, were used to detect species as small as bacteria and
viruses as they adsorbed on a micromachined beam and caused a shift in its resonance
frequency (Ilic et al., 2004). More recently, lithographically fabricated NEMS beams with
their even smaller masses, high frequency operation, and high Q’s, were successfully used
for the detection of protein molecules and nanoparticles (Naik et al., 2009). Theoretical
calculations suggest that mass sensitivity below a single dalton could be achieved by
making NEMS beams even smaller; this approach may be used for weighing individual
atoms and for performing mass spectrometry, for example in proteomics, using a large-scale
array of such sensors.

Resonance phenomena has also been observed in SWNTs (Sazonova et al., 2004; Peng et al.,
2006), which offer even more advantages than top-down fabricated MEMS and NEMS
structures due to the remarkably high Young’s modulus and light structure of SWNTs. Such
suspended SWNTs have been shown to act as oscillators, where the resonance frequency
was measured using an indirect mixing technique with a lock-in amplifier. More recently,
resonance was also observed in metallic MWNTs by using a direct on-chip transmission
measurement technique where an RF displacement current was detected as the tube was
driven into resonance (Eriksson et al., 2008). Suspended CNTs are attractive as mechanical
resonators and have significant promise for mass sensing applications.

3. Actuators Based on Laterally Suspended Tubes

3.1 Actuators Based on Single Tubes

Besides physical sensing applications, suspended CNTs can also serve as actuators for
NEMS. Such NEMS-based actuators can serve as switches exhibiting reduced leakage
currents and power dissipation, when compared to Si transistors that are now facing
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performance limitations as a result of continued miniaturization. Due to the capacitive
nature of switching in solid-state transistors, such devices are also susceptible to radiation
and extremes in temperature. Due to the “mechanical” construct of NEMS switches, they
should be inherently more robust when operated in harsh environments. In this section,
NEMS switches that are based on tubes oriented laterally or parallel to the substrate are
discussed. For laterally-oriented tubes, switches based on single tubes are described, and
then Section 3.2 follows with an overview of a technology where monolayer thick fabrics of
tubes are used.

Electromechanical switching in CNTs was first observed by (Rueckes T. et al., 2000) where
single-walled-nanotubes (SWNTs) were mechanically manipulated to form crossed
structures with an air-gap. Switching has been demonstrated in deposited MWNT cantilever
structures (Lee et al., 2004) that were fabricated using an AC electrophoresis technique. In
addition, deposited MWNTs have also been used to demonstrate electrostatic switching,
where individual tubes were located by SEM for subsequent e-beam and thin film
processing (Cha et al., 2005). To date, switching in both SWNTs and MWNTs has been
reported for the case of deposited tubes. Here the work on SWNT NEMS switches (Kaul et
al., 2006) is presented, where the tubes are grown on-chip with patterned catalysts using
materials that are compatible with the high temperature CVD synthesis of SWNTs.

As described in Section 2.1, besides post-growth release (Walters et al., 1999), nanotubes
have also been grown across pre-fabricated trenches (Tombler et al., 2000; Minot et al., 2003)
on a Si wafer. Unlike the latter structures where the tubes were suspended directly over
SiO,/Si substrates, in the application of laterally suspended SWNTs for NEMS applications
presented here, suspended SWNTs were formed over a refractory metal electrode made
from niobium (Nb). The Nb serves as the pull electrode to transiently charge the tube in
order to induce electrostatic switching.

The process of formation is shown in Fig. 3a. In the first masking layer, active device regions
in the PECVD SiO; were patterned to thin down the oxide from 200 nm to ~ 20 nm, which
was comparable to the air gap of the switch. Nanotrenches that were as small as 130 nm
were then defined using e-beam lithography. The nanotrenches were patterned using
CF4/ Oz RIE to etch the PECVD SiO; down to the Nb layer. For nanotube growth, catalyst
was patterned by photolithography and liftoff of 0.5 nm Fe which was deposited by e-beam
evaporation. The sample, with patterned Fe, was then placed in a CVD furnace for nanotube
growth at 850 °C for 10 min using CH4 and H> at flow rates of 1500 sccm and 50 sccm,
respectively, where SWNT growth predominates. After CNT growth, the metal electrodes
(Au/Ti) were patterned to contact the CNTs, using a bilayer AZ 5214/PMMA lift-off
process, which results in easy lift-off of metal films due to an undercut in the PMMA layer.
The top electrode metals Au/Ti were then deposited in an e-beam evaporator and lifted off
in acetone. The high magnification SEM image of Fig. 3b depicts a nanotube crossing the
trench.

The conductance between the left and right electrodes was measured and is shown in Fig.
4a, which yields a resistance of ~ 200 kQ, much of which can be attributed to the high
contact resistance between the CNT and Au/Ti electrodes. In general, these resistances
typically ranged in value from tens of kQ to tens of MQ)'s, where the presence of multiple
tubes can also contribute to the differences in resistance.

The actuation voltages were measured by applying a DC voltage between either the left or
right electrode and the Nb pull electrode beneath the tube. As transient charge develops on
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the tube with increasing bias voltage, the resulting electrostatic force is sufficient to
overcome the elastostatic force and deflects the suspended tube down toward the pull
electrode.

e. Nanotube d. Trench

7
f. Au/Ti

b. PECVD
SiO, R
a. Nb—
SiO,/Si
c. Thinned PECVD
(a)

(b)

Fig. 3. a) Schematic shows a nanotube switch composed of (a) a 200 nm Nb film deposited
using DC magnetron sputtering onto a thermally oxidized Si wafer followed by (b) a 200 nm
PECVD SiO; layer. (c) Active device regions are etched in the PECVD SiO; layer to a
thickness of ~ 20 nm, the height of the air gap for the switch. (d) Nanotrenches are defined
using e-beam and etched to the Nb layer. (e) SWNT are grown from patterned Fe in a CVD
furnace using CHs/H, (1500 sccm/50 sccm) at 850 °C. (f) Electrodes are deposited using e-
beam evaporated Au/Ti (220 nm/12 nm) which are patterned using a bilayer resist/ PMMA
process for easy lift-off. b) High magnification SEM micrograph showing a single nanotube
bridging the 130 nm wide trench (Kaul et al., 2006).
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Fig. 4. a) Conduction measurements from the left Au/Ti electrode to the right electrode for a
typical device gives R ~ 200 kQ (trench width ~ 250 nm, 2 um x 5 pm catalyst area). b) I-V
characteristic of a device actuated over multiple cycles (250 nm trench width). The inset
shows the ON state voltage to be similar in the forward-bias (pull electrode grounded) and
reverse-bias (pull electrode positive) regimes, indicating that field emission is an unlikely
possibility at these voltages (Kaul et al., 2006).
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Shown in Fig. 4b is an I-V characteristic of a device that was actuated over several cycles.
Turn-on occurs at ~ 2.4 V in this case, with a slight variation with cycling that is also
reported in other CNT (Lee, 2004) and MEMS switches. The rapidly rising current regime
arises in both the forward-biased (pull electrode grounded) and reverse-biased (pull
electrode positive) cases, as indicated by the inset of Fig. 4b, although the exact switching
voltages are slightly different in the two cases, ~ 2.4 V (forward-biased) and ~ 2.2 V (reverse-
biased). The differences in turn-on voltage can perhaps arise from the random distribution
of metallic and semiconducting tubes observed in current SWNT growth processes, but still
suggest that the differences in resistance between the ON and OFF states far outweigh any
differences that may arise from contact resistances. As shown by the inset of Fig. 4b, this
switching behavior is polarity independent, as would be expected for electrostatic actuation,
and rules out field emission as a likely mechanism at these voltages. In general, the
magnitude of the switching voltages in these air-bridge devices was a few volts and the
switching times were determined to be a few nanoseconds.

3.2 Actuators Based on Fabrics of Tubes

While the previous section was focused on the electrostatic switching in NEMS devices
comprising of individual SWNTs or MWNTs, monolayer thick fabrics of nanotubes are also
being investigated and are a cornerstone of Nantero’s mechanical memories
(http:/ /www.nantero.com/) that are currently under development. In this application,
monolayer thick fabrics of CNTs are formed by dispersing a prepared solution of SWNTs in
a solvent onto a substrate and evaporating the solvent. The resulting 1-2 nm thick film is
then patterned using conventional lithography and monolithically integrated with other
CMOS processes to form laterally suspended monolayer thick fabrics that can be switched
electrostatically. Companies such as Nantero are developing this monolayer thick fabric
fabric technology for making non-volatile memory elements for replacing Static-Random-
Access-Memory (SRAM), Dynamic-Random-Access-Memory (DRAM) and Flash memory,
for the defense, space, and commercial markets. Applications targeted are the formation of
military and space-rated radiation-hard CMOS-CNT hybrid devices and circuits, and non-
volatile memory products for the commercial marketplace.

4. Actuators Based on Vertical Tubes

4.1 Growth of Vertically Aligned Carbon Nanofibers

The discussion in Section 2 and 3 has been on the sensor and actuator application of tubes
oriented parallel to the substrate. We now describe results from our research in forming
tubes oriented perpendicular to the substrate, which are being developed for actuator
applications for 3D electronics (a. Kaul et al., 2009; c. Kaul et al., 2009). The formation of
vertically oriented tubes was enabled by implementing plasma-enhanced (PE) CVD, which
enhances the alignment of the tubes, compared to CNTs synthesized using thermal CVD (c.
Kaul et al., 2009). Thermal CVD, which is a heavily utilized technique for the synthesis of
CNTs, specifically MWNTs, results in ‘bundles’ of tubes largely perpendicular to the
substrate. Inspection of MWNTs in such bundles reveals individual tubes growing in
random directions and forming a ‘matted” array. Often, this poor vertical tube alignment
does not maximally utilize the exceptional 1D thermal, mechanical, electrical or optical
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properties of the tubes, and reduces performance for certain applications, such as field
emitters for flat panel displays or thermal interface materials for integrated circuits.

A technique which has emerged in recent years to ensure excellent vertical tube alignment is
PECVD (Ren et al., 1998), where the inherent E-field in the plasma allows tube growth in a
direction parallel to the field. Shown in Fig. 5a is a DC glow discharge produced in our
PECVD growth chamber at the JPL Microdevices Laboratory, where a uniform and stable
discharge is seen over an area as large as 75 mm. Analysis of crystallinity of individual tubes
synthesized using PECVD reveals graphitic structures where the graphene layers are
inclined to the central axis; these structures are commonly referred to as carbon nanofibers
(CNFs) and control over their physical orientation with the plasma is excellent. Various
plasma sources have been employed for tube or CNF growth, such as microwave,
inductively coupled plasma (ICP), DC and DC with hot filament (Melechko et al., 2005).
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Fig. 5. a) The inset at the top showing a stable and uniform plasma over a diameter spanning
~ 75 mm. b) Unaligned tubes result when C;H; and NHj are used in the absence of an E-
field, where the substrate was degenerately doped Si with ~ 4 nm thick Ni catalyst. c) A
high areal density of vertically aligned tubes was achieved using a 15 nm thick Ni film on
degenerately doped Si, with 53 sccm of C;Hz and 90 sccm of NH3 at 5 Torr and 300 mA (c.
Kaul et al., 2009). The image is taken where the SEM beam was at ~ 45° relative to the holder
on which the sample was mounted.

When only C;H,; and NHj; were present at a temperature of ~ 700 °C in the absence of an
electric field, unaligned tubes resulted, as shown in Fig. 5b. In the presence of a stable
plasma, a 15 nm thick Ni catalyst resulted in a large areal density of vertically aligned tubes,
as shown in the SEM in Fig. 5¢ (sample holder is tilted at 45° with respect to the SEM beam).
Although the growth temperature here was fixed to 700°C, prior work suggests there is a
possibility for lowering this to temperatures more compatible with CMOS or low-
temperature substrates (Hoffman et al., 2003). In general, elevated temperatures cause the
thin Ni catalyst film to dissociate into fine nanoclusters as a result of surface energy driving
forces, where the clusters then serve as nucleation sites for tube growth. The plasma may
also aid in catalyst particle fragmentation directly via ion bombardment, which may also
contribute to heating the substrate surface indirectly.

The physical characteristics of the tubes were controlled to some extent with this bottom-up
technique, by adjusting th growth parameters, such as growth pressure, catalyst thickness,
and power during dc PECVD synthesis of the tubes. As an example, the SEM in Fig. 6 shows
tubes of diameters ranging from 200 nm down to only 40 nm, which resulted from varying
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growth parameters. Also, as is evident from this figure, a tip growth mechanism was
operative, where the nominally pear-shaped nickel cap, remains on the tip as the tube
grows.

tip growth
mechanism

105 fitn

Fig. 6. Tube characteristics were engineered to some extent, via CNT growth parameters
(pressure, catalyst thickness and power) and depict very wide ~ 200 nm tubes down to tubes
only ~ 29 nm wide. A tip growth mechanism was also seen to be operative for Ni/Si (c. Kaul
et al., 2009).

4.2 Actuation in Vertical Carbon Nanofibers

By lithographically patterning the Ni catalyst sites, it is possible to produce a single,
vertically aligned tube at a pre-defined location using DC PECVD, as described in Section
41. We now describe the electrostatic switching characteristics of such vertical NEMS
structures which has the potential to increase integration density for 3D-electronics (a. Kaul
et al, 2009). Switching between vertically oriented tubes arranged in a 3-terminal
configuration was recently reported (Jang et al., 2005). In this work, a nanoprobe inside an
SEM was mechanically manipulated in order to actuate a single, vertically oriented CNF.
Nanomanipulation was also used to interrogate the electrical conduction in individual, as-
grown CNFs grown on Si, as well as refractory nitride underlayers.

The tubes were synthesized with CoHx:NHj; = 1:4 at 5 Torr and 700°C with Ni catalyst. Tubes
were grown directly on Si <100> substrates with resistivity p ~ 1-5 m Q-cm, and NbTiN.
The ~ 200 nm thick refractory NbTiN was sputtered, with p ~ 113 pQ-cm, and was also
chemically compatible with CNF synthesis. The sample was mounted on a 45° beveled
holder inside the SEM. A nanomanipulator probe stage (Kammrath and Weiss) was placed
inside the scanning-electron-microscope (SEM) (FEI Quanta 200F), where tungsten probes
were used to make in situ electrical measurements with an HP 4155C parameter analyzer.
The nanoprobe physically contacted an individual CNF grown on NbTiN, as shown by the
SEM in the inset of Fig. 7 (ground probe was on substrate). Since the probe-to-tube contact
length was < 100 nm for this 2-terminal measurement, conduction was dominated by the
large contact resistance. The work function ¢ for tungsten (W) o w ~ 4.5 eV < ¢ cnr ~ 5.0 eV
(Ahmad et al., 2007), and suggests a Schottky barrier may arise at this interface, and also
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possibly at the tube-to-substrate interface; ¢ non ~ 3.92 eV and like most transition metal
nitrides with low ¢ (Saito et al., 1999), it is likely onprin < @cnp. A sub-gap region with
suppressed conductance at low biases was seen in both polarities, and may have arisen from
a native oxide on the W probes; if a small semiconducting junction (e.g. Schottky) also exists,
an asymmetry in the I-V characteristic would arise, as observed.
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Fig. 7. Electrical continuity measurements for a single CNF grown on NbTiN. This tube is
oriented vertically, so the image is rotated by 90°counter-clockwise. A nanoprobe is in
contact with CNF, as indicated by the SEM image. The inset shows compliance increased to
100 nA.

Actuation measurements were performed for CNFs on NbTiN, where a nanoprobe was
manipulated to within a few hundred nm of a single CNF. The electrostatic force per unit

length Fyc increases as Fp;,. < V', where V is the voltage, and the elastostatic force per unit

length Frpasto increases as Fy,,, < EI , where E and I are the elastic modulus and moment of

inertia of the nanotube, respectively (Dequesnes et al., 2002). With increasing V (Feiec > FEiasto)
the tube deflects closer to the probe, and a tunneling current is detected which increases
exponentially, and results in a sudden or sharp change in slope at turn-on. The switching I-
V in Fig. 8 shows currents rising sharply at V,; ~ 18 V. The turn-off occurred at ~ 16 V and
was dominated by the large tube-to-probe contact resistance since the tube remained stuck
to the probe; thus, the turn-off response was similar to Fig. 7. The inset in Fig. 8 captures
another switching event for a different tube, where turn-on and turn-off occurred at ~ 14 V
and 10 V, respectively, and also illustrates the abruptness of the turn-on transition.
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Fig. 8. Actuation test where a nanoprobe was within hundred’s of nm of a CNF. Turn-on
and turn-off were at ~ 18 V and 16 V, respectively, where turn-off was dominated by the
tube-to-probe contact resistance. The inset shows another tube where turn-on and turn-off
occurred at ~14 V and 10 V, respectively, and also indicates the abruptness of the turn-on
transition (a. Kaul et al., 2009).

The top SEM image in the inset of Fig. 9a shows a different tube with an initial gap go ~ 220
nm between the probe and the tube, just before actuation, while the bottom SEM shows the
tube stuck to the probe just after actuation. From the I-V, the switching voltage or onset of a
current occurs at ~ 32 V (cycle 1). Although the bottom SEM image in the inset of Fig. 9a
shows the tube stuck to the probe after actuation, with a contact length < 50 nm, it detached
prior to the onset of the second actuation cycle (cycle 2). In cycle 2, V,,; ~ 35 V, but the turn-
off was almost identical to cycle 1, since it was dominated by the contact resistance. When go
was increased to > 400 nm (SEM image in the inset of Fig. 9b), a switching event could not
be detected, confirming the scaling trend of V); with gy, to first order. From the I-V in Fig. 9b,
we also deduce very low leakage currents in the instrumentation (< 150 pA peak-to-peak up
to 40 V).

The SEM images depict stiction in the tubes after actuation, and suggests that the van der
Waals force Fogw > Frusto which is validated by the hysteresis in the I-Vs of Fig. 7b and 8a. In
earlier work (Jang et al., 2005), stiction was also reported for vertically oriented tubes, but no
hysteresis data was presented that electrically signaled the presence of stiction, as reported
here. Nontheless, due to the apparently large magnitue of the van der Waals forces at these
length scales, such structures appear to show promise for nonvolatile memory applications.

The nanomanipulation measurements conducted here also revealed that the tubes

synthesized directly on Si were not electrically conducting as no currents could be detected
up to 40 V when the probe touched a single tube. Thus, such measurements suggest that the
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buffer layer of NbTiN resulted in tubes that were electrically conducting via the sidewalls
and suitable for DC NEMS applicaitions for 3D electronics.
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Fig. 9. a) The top SEM in the inset shows gy~ 220 nm just before actuation. The bottom SEM
in the inset shows the tube after actuation, where it was momentarily stuck to the probe, but
detached prior to the onset of cycle 2. The I-V shows 2 switching cycles with turn-on varying
slightly (~ 32 V and 35 V) but very little variation was seen in the turn-off cycles. b) The gap
was increased further to > 400 nm, as shown by the SEM in the inset, where the I-V indicates
the absence of switching and confirms the scaling of V,; with g, to first order. From this,

leakage currents in the instrumentation were < 150 pA (peak-to-peak) up to 40 V (a. Kaul et
al., 2009).

@ g 10

The nanomanipulation measurements conducted here also revealed that the tubes
synthesized directly on Si were not electrically conducting as no currents could be detected
up to 40 V when the probe touched a single tube. Thus, such measurements suggest that the
buffer layer of NbTiN resulted in tubes that were electrically conducting via the sidewalls
and suitable for DC NEMS applicaitions for 3D electronics.

5. Summary and Future Directions

This chapter provided an overview of the applications of suspended or free-standing CNTs
as sensors and actuators. Firstly, a scheme for using 5-10 um long, diffusively contacted
SWNTs as thermal conductivity-based pressure sensors was presented. Pressure sensing
was demonstrated over a wide dynamic range from atmosphere to 10-¢ Torr by suspending
the tubes. More work is necessary to fully characterize the effect of tube chirality, length and
transparency at the contacts. However, in general, CNT based thermal vacuum gauges
appear to be promising for pressure sensing, particularly for vacuum-encased microcavity
applications. We also reviewed recent work on the use of laterally suspended tubes and
NEMS beams for resonator applications, which have been applied to mass sensing,
especially for biological applications.

Secondly, the actuator applications of suspended CNTs was also presented, namely those
architectures where the tubes are oriented parallel to the substrate and those where they are
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oriented vertically. The approaches used to suspend the tubes was discussed, including
post-growth release. For SWNT air bridge NEMS switches, suspended tubes were grown
across pre-fabricated trenches using patterned catalysts and materials that are compatible
with the high temperature CVD synthesis of SWNTs. While these actuators were based on
single, laterally suspended tubes, we also commented on the use of monolayer thick fabrics
of tubes that are currently under development by companies such as Nantero for CMOS-
CNT based mechanical memories.

Thirdly, we described the use of dc PECVD for forming isolated, vertically oriented tubes
with manufacturable techniques, where such tubes have applications in 3D electronics. We
experimentally demonstrated electrostatic switching in single, vertically oriented PECVD
grown tubes on NbTiN substrates, where the hysteresis data presented suggests that such
structures are promising for 3D nonvolatile memory applications. Nanomanipulation tests
on individual tests also revealed tubes synthesized directly on Si by DC PECVD with
ammonia and acetylene were electrically unsuitable for DC NEMS applications.

Challenges still lie ahead in our ability to control nanotube properties adequately (e.g.
chirality, high contact resistance, and diameter) given the present day synthesis techniques.
This will ultimately impact the large-scale integration of CNTs for end-use applications.
While the prospect for nanotubes as promising components for future miniaturized
electronic devices still remains high, recently attention has also focused on graphene, from
which 1D CNTs are derived.

Graphene, like any monolayer-thick 2D-crystal was presumed to be thermodynamically
unstable for many decades, but after the recent success in its synthesis, it has sparked
tremendous excitement within the scientific community, given the exceptional electronic
properties it posseses (Geim & Novoselov, 2007). In addition, the Young's modulus of
suspended quasi-1D graphene nano-ribbons (GNR) was recently determined to be 7 TPa
(Hod et al., 2009), the highest known for any material. It is clear, just like the past several
decades, carbon-based nanostructures will continue to be an area of intense scientific and
technological interest for the foreseeable future.
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