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Some of the most important potential applications of carbon nanotubes are related to
their mechanical properties. Stiff sp> bonds result in a Young’s modulus close to that of
diamond, while the relatively weak van der Waals interaction between the graphitic
shells acts as a form of lubrication. Previous characterization of the mechanical
properties of nanotubes includes a rich variety of experiments involving mechanical
deformation of nanotubes using scanning probe microscopes. These results have led to
promising prototypes of nanoelectromechanical devices such as high-performance
nanomotors, switches and oscillators based on carbon nanotubes.
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1. Introduction to carbon nanotubes

Carbon nanotubes (CNTs) are the newest forms of carbon discovered in 1991 by
lijima (1991). Owing to their remarkable properties, this discovery has opened
whole new fields of study in physics, chemistry and materials science. Nanotubes
possess a unique combination of small size (diameters ranging from approx. 1
to 50 nm with lengths up to several mm; Zhu et al. 2002), low density—similar
to that of graphite —high stiffness, high strength and a broad range of electronic
properties from metallic to p- and n-doped semiconducting. The field of their
potential applications is immense, including reinforcing elements in high-strength
composites (Thostenson et al. 2001), electron sources in field emission displays
(de Heer et al. 1995), small X-ray sources, ultra-sharp and resistant local probes
(Dai et al. 1996), gas sensors (Collins et al. 2000) and components of future
nanoscale electronics (Avouris 2002). In addition, they represent a widely used
system for studying fundamental physical phenomena on the mesoscopic scale.
CNTs form two structurally distinct classes. The first to be discovered,
multiwalled CNTs (MWNTs), exhibits a Russian doll-like structure of nested
concentric tubes (figure 1a,b). The interlayer spacing can range from 0.342 to
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Figure 1. Two basic morphologies of CNTs with corresponding schematic. (a) Transmission
electron microscope (TEM) image of a multiwalled carbon nanotube; adapted with permission
from Iijima (1991). Copyright © Macmillan Publishers Ltd. (b) Schematic of a multiwalled
nanotube. (¢) TEM image of a bundle of single-walled CNTs. Scale bar, 10 nm; reprinted with
permission from Thess et al. (1996). Copyright © AAAS. (d) A schematic of a bundle (rope) of
single-walled nanotubes.

0.375 nm, depending on the diameter and number of shells comprising the tube
(Kiang et al. 1998). The interlayer spacing in graphite is 0.335 nm, suggesting a
similarly weak interaction between individual shells in MWNTs.

The second type of CNTs is in the basic form of a rolled-up graphitic sheet—a
single-walled CNT (SWNT). During the production, their diameter distribution
is relatively narrow, so they often bundle up in the form of crystalline ‘ropes’
(Thess et al. 1996; figure 1¢,d) in which single tubes are held together by van der
Waals interaction.

There are several ways of producing nanotubes. Small quantities of high-
quality nanotubes can be produced by methods based on cooling carbon plasma
that can be generated during an arc discharge between two graphitic electrodes
in an inert atmosphere (Iijima 1991). Carbon plasma can also be formed by laser
ablation of a graphitic target (Thess et al. 1996). Other methods, based on
chemical vapour deposition (CVD) and catalytic decomposition of various
hydrocarbons, e.g. methane or acetylene mixed with nitrogen or hydrogen in the
presence of catalysts (Li et al. 1996), offer the possibility of controlling the
growth of nanotubes by patterning the catalyst (Kong et al. 1998) and is
therefore more suitable for producing nanoscale structures with integrated
CNTs. This method is also capable of producing CNTs in industrial quantities.
Their main disadvantage is the higher concentration of defects that diminish
their stiffness (Salvetat et al. 1999a) and tensile strength (Barber et al. 2005;
Kaplan-Ashiri et al. 2006).

2. Nanomechanics of CNTs

(a) Theoretical considerations

From the structural point of view, CNTs can be thought of as single sheets of
graphite (graphene), rolled into a cylindrical shape with axial symmetry and
diameters between 0.7 and 10 nm, typically approximately 1.2 nm. The ‘rolling-
up’ of the graphene sheet (figure 2a) is described by the chiral vector that can
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Figure 2. (a) Schematic of nanotube formation by ‘rolling-up’ a graphene sheet. (b) Models of
zigzag, armchair and chiral nanotubes. (¢) Young’s modulus as a function of diameter for C, BN,
BCj3 and BC,N nanotubes as calculated from tight-binding simulations (filled circles, C (n, n); open
circles, C (n, 0); filled squares, BN (n, n); open squares, BN (n, 0); filled diamonds, BC3 (n, n); open
diamonds, BCj (n, 0); filled triangles, BCoN (n,n); open triangles, BCoN (7, 0); Herndndez et al.
1998). Reprinted with permission from Hernandez et al. (1998). Copyright © American

Physical Society.

be expressed as
Cy, = na; + ma, =(n,m), (2.1)

where integers n and m represent the chiral indices and |a,| = |ay| = 2.49 A is the
lattice constant of graphite. Special cases are ‘zigzag’ (n, 0) and ‘armchair’ (n, n)

nanotubes (figure 2b).
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According to electronic properties, nanotubes can be semiconducting or
metallic, depending on the chirality (Mintmire et al. 1992; Saito et al. 1992;
Blase et al. 1994; Chico et al. 1996). CNTs are always produced with a
distribution of chiralities and electrical properties over which there is no real
control. From the mechanical point of view, strength and Poisson’s ratio
show the most pronounced chirality dependence, while Young’s modulus is
practically independent of chirality for nanotubes with diameters above 0.7 nm
(Hernandez et al. 1998).

Mechanical properties of CNTs are closely related to those of graphite. Stiff
sp>-hybridized in-plane bonds (o-bonds), 1.42 A long, give them an exception-
ally high Young’s modulus while out-of-plane m-bonds, responsible for the main
features of the electronic properties, govern the weak van der Waals interlayer
cohesion. Different shells of MWNTs interact through the van der Waals
interaction (in the absence of structural defects) while SWNTs form bundles
in which the intertube coupling is also determined by the van der Waals
interaction. The combination of strong sp® bonding and weak van der Waals
interaction in these structures lies at the origin of the exceptionally diverse
mechanical behaviour of nanotubes. Graphite is considered to be mechanically
weak by the general public due to the fact that layers can be easily sheared
apart, even though the in-plane stiffness of these layers is almost the same as the
stiffness of diamond (Lu 1997). In analogy to graphite, the van der Waals
interaction holding together SWNTs in bundles allows easy sliding between
nanotubes and is responsible for the decreased resistance of these structures
to bending.

In order to relate to mechanical properties, concepts like Young’s modulus
should be introduced at the nanoscale, which might seem puzzling at first.
Electronic and thermal properties at this scale display behaviour in the realm of
quantum physics, yet classical laws seem to be adequate for describing the
mechanical properties. The reason for this is that Hooke’s law can be applied to a
series expansion of any potential around the equilibrium position. Young’s
modulus can thus be defined in terms of stress energy as

1 0’E
EYoung = 70 W )

(2.2)

where V, is the equilibrium volume and FE the strain energy. In the case
of a single-walled nanotube, this requires adopting a convention for the
effective thickness of graphene. Yakobson et al. first proposed the extent
of m-orbitals, t=0.066 nm ( Yakobson et al. 1996), resulting in spectacular values
of roughly 5 TPa for Young’s modulus of CNTs. Lu proposed another
convention, the one that is in widespread use today, choosing the interlayer
separation of graphite as the nanotube’s thickness (¢=0.34 nm). This gave a
more reasonable value of 0.97 TPa for Young’s modulus (Lu 1997), which is in
good agreement with the C;; elastic constant of graphite (1.06 TPa in the basal
plane; Blakslee et al. 1970; Seldin & Nezbeda 1970). Using an empirical potential,
Lu also found that Young’s modulus of nanotubes was practically independent of
the tube’s chirality and diameter (in the range 0.68-27 nm).
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Figure 3. TEM images of a cantilevered MWNT showing blurring at the tips due to thermally
excited vibration at the free end. Images were recorded at different temperatures: (a) 300 K and
(b) 600 K. (¢) Plot of the mean-square vibration amplitudes versus temperature for a 5.1 pm long
and 16.6 nm thick nanotube. The effective Evyqune was 3.7£0.2 GPa (Treacy et al. 1996). Adapted
with permission from Treacy et al. (1996). Copyright © Macmillan Publishers Ltd.

First calculations based on the tight binding by Hernandez et al. (1998)
resulted in a typical value of 1.22 TPa for Young’s modulus of SWNTs, with a
small dependence on the tube diameter (figure 2¢) for tubes with diameters above
0.7nm. Young’s modulus decreases as the diameter is decreased due to
rehybridization of bonds in highly curved tubes.

The mechanical response of CNTs to large deformations, including breaking
and the associated morphological changes, was first studied by Yakobson et al.
(1996) using molecular dynamics simulations. With properly chosen parameters,
this analytical tool can predict nanotube behaviour not only at small
deformations but also beyond the linear response.

(b) Mechanical measurements: bending and stretching

(i) Vibration inside a transmission electron microscope

First measurements of the mechanical properties of CNTs were based on
measuring the amplitude of thermally induced vibration inside a transmission
electron microscope (TEM) by Treacy et al. (1996). MWNTs were fixed at one
end. The other end appeared blurred on TEM images due to thermal excitaion
(figure 3a,b).

The nanotube was modelled as a stochastically driven resonator and FEyoune
estimated from its Gaussian vibrational profile whose standard deviation o is
given by

163k T _
o’ = v Y Byt =04243
TrEYoung (D —D; )

int

LkgT
ngoung(l)4 _D?nt) ’

(2.3)

n
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where L is the cantilevered beam’s length; kp the Boltzmann constant; T
the temperature; D and D, the nanotube outer and inner diameters; and §,, a
numerical constant for vibrational mode n.

From a series of measurements performed as a function of temperature
(figure 3¢), an average value of Evyou,e 0of 1.8 GPa was obtained. A variation of
this method has also been applied to BN nanotubes (Chopra & Zettl 1998).

Another method based on exciting the mechanical resonance of nanotubes
inside a TEM has been demonstrated by Poncharal et al. (1999). MWNTSs were
directly excited using an AC electric field and the Ev,.,, was calculated from the
frequencies of the first two resonant modes. Nanotubes were fixed on a specially
designed TEM holder equipped with a piezo translation stage. Their motion is
electrostatically induced by applying an AC voltage to the nanotubes that are at
a distance of 5-20 um from a grounded counterelectrode. The bending modulus
FEiending can be calculated from the resonant frequency using a formula from the
Bernoulli-Euler analysis of cantilevered elastic beams

'82 1 2 2 bendlng
Vj 871' L2 .D + ‘Dlnt (24)

where D is the outer diameter; D;,; the inner diameter; p the density; and 8, a
constant for the jth harmonic: 6, =1.875 and 8, =4.694. For nanotube diameters
below 10 nm, a typical value of 1 TPa was obtained for Eyepding, While it dropped
to 100 GPa for thicker tubes.

(ii) Lateral bending induced by an atomic force microscope

Set-ups in which the mechanical properties of nanotubes can be directly
probed by applying a known force are usually based on atomic force microscopy
(AFM). The first quantitative measurement of Young’s modulus of MWNTs
(and SiC nanorods) using an AFM-based set-up was reported by Wong et al.
(1997). MWNTSs were first randomly dispersed on a flat surface of MoS, single
crystals, chosen owing to their low friction coefficient and flat surface. Friction
between the tubes and substrate was further reduced by performing the
measurements in water. Tubes were pinned on one side to this substrate by a
deposition of an array of square pads through a shadow mask (figure 4a—c).

Nanotubes were deformed laterally by the AFM tip, until at a certain
deformation the tip would pass over the tube, allowing the tube to snap back to
its relaxed position. During measurements, lateral force—distance curves were
acquired at different positions along the chosen beam (figure 4d,e).

The lateral force is known only up to a factor of proportionality because the
AFM lever’s lateral force constant was not calibrated for these measurements.
This uncertainty and the effect of friction were eliminated by modelling the
nanotube as a beam and calculating its lateral force constant:

dF 3xD*
k= 3 Young>
dy 64z

(2.5)

where Eyoune is Young’s modulus of the beam; D its diameter; and z the position
along the beam. Corresponding experimental values are shown in figure 5.
The mean value for Young’s modulus of MWNTs was Evoune=1.31£0.6 TPa,
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Figure 4. (a) Nanotubes are dispersed on a substrate and pinned down by SiO pads. (b) Optical
micrograph of the sample. (¢) AFM image of a SiC nanorod protruding from the pad. (d) The tip
moves in the direction of the arrow. The lateral force is indicated at the bottom. During bending,
the lateral force increases until the point at which the tip passes over the beam which snaps back to
its initial position. (e) The beam of length L is subjected to a point load F at 2= a and friction force
f(Wong et al. 1997). Reprinted with permission from Wong et al. (1997). Copyright © AAAS.
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Figure 5. The lateral spring constant as a function of position on the beam. The curve is a fit
to equation (2.5) (Wong et al. 1997). Reprinted with permission from Wong et al (1997).
Copyright © AAAS.

similar to that of diamond (Evyoun,=1.2 TPa). For larger deformations,
discontinuities in bending curves were also observed, attributed to buckling
of nanotubes.

Nanotubes with lengths that are much larger than their diameters are better
described as elastic strings (rather than beams), with sp® bonds keeping the string
under tension. Upon deformation, all of the strain goes into stretching the string.

Phil. Trans. R. Soc. A (2008)
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Figure 6. Lateral force on a single-walled nanotube rope as a function of AFM tip displacement

(Walters et al. 1999). Reprinted with permission from Walters et al. (1999). Copyright © American
Institute of Physics.

In the picture of beam bending, some portions of the same beam are compressed
while others are stretched. This results in different dependence of force F' on
deformation z: for beam bending F~ z whereas for elastic strings F~2”.

This point was shown in the experiments performed by Walters et al. who
deformed suspended SWNT bundles in the lateral direction using an AFM
(figure 6). The force Fexerted on the tube by the AFM tip is given by the expression

2¢  8kz?
F=2Tsin6=2Tsz Lj ,

(2.6)

where T is the tension in the string; Ly its equilibrium length; %k the spring
constant; and x the lateral deflection in the middle. Using this set-up, Walters
et al. (1999) deformed SWNT ropes to the maximal strain of 5.8+0.9% and
determined a lower bound of 45+ 7 GPa on the tensile strength, assuming a value
of 1.2 TPa for Young’s modulus.

(iii) Vertical bending induced by AFM

In a series of demanding experiments, Salvetat et al. measured Young’s modulus
of isolated SWNTs and SWNT ropes (Salvetat et al. 1999b), MWNTSs produced
using different methods (Salvetat et al. 1999a) and the shear modulus of SWNT
ropes (Salvetat et al. 1999¢). The experimental set-up that made measurements
possible on such a wide range of CNT morphologies involved measuring the
vertical deflection of nanotubes bridging holes in a porous membrane (figure 7a).

Nanotube samples for mechanical measurements are prepared by depositing
CNTs on the surface of a flat alumina (Al,O3) ultrafiltration membrane. Some of
the tubes end up suspended over holes in the filter, firmly held in place by the
van der Waals interaction between the unsuspended parts of the tube and the
membrane (figure 7a). A series of contact mode AFM images of the nanotube is
taken under increasing mechanical load. Line scans across the tube (figure 7a)
reveal the vertical deformation. In the case of SWNT bundles, a term describing
sliding between tubes comprising the bundle has to be included in the formula
for mechanical deformation. This easy sliding is due to the van der Waals

Phil. Trans. R. Soc. A (2008)
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Figure 7. (a) Three-dimensional rendering based on an AFM image of a 10 nm thick SWNT bundle
on a porous substrate used by Salvetat et al. for their mechanical measurements (Salvetat et al.
1999a). (b) Values of the bending modulus for 12 SWNT bundles (filled circles) of different
diameters. The measured Eyending 0f thin bundles corresponds to Evygu,g, while for thick bundles
one obtains the value of the shear modulus G (Salvetat et al. 1999¢). MWNT (open squares) data
are for arc-discharge grown tubes (Salvetat et al. 1999a).

interaction that holds the individual tubes together. Owing to this, bundles
behave more as a loose assembly of individual tubes than as a compact beam.
The deformation can thus be modelled as a sum of deflection due to bending and
shear deformation (Gere & Timoshenko 1984):

5= Iy _ FI® ny FL  FI?
bending shearing 192EYoungI S 4GA 192EbendingI )

(2.7)

where f; is the geometric factor, equal to 10/9 for a cylinder; G the intertube
shear modulus; and A the area of the beam’s cross section. Fyenaing is the effective
bending modulus, equal to Young’s modulus in the case where the influence of
intertube shearing can be neglected. This is the case with MWNTs.

Both the Young and the intertube shear moduli can be determined by
measuring FEpenging @8 a function of bundle diameter to length ratio and
extrapolation. For thin ropes, bending modulus thus corresponds with Young’s
modulus, while for thick ropes one obtains the value of the intertube shear
modulus G, of the order of 1 GPa.

This apparent structural weakening due to intertube shearing is a serious
hindrance in using CNTs as building blocks in macroscopic structures as, for
example, in ribbons, cables or composite materials (Vigolo et al. 2000).
One way of solving this problem could be the creation of stable bonds
between neighbouring tubes, for example, by electron beam irradiation
(Kis et al. 2004).

Young’s modulus is of the order of 1 TPa for both isolated SWNTs and
MWNTs, which do not show any dependence of the mechanical response on
the tube diameter (figure 7b). Different synthesis methods can result in
widely varying Young’s modulus of CNTs, due to degradation of the graphitic
structure with the introduction of defects during production. An average value
of Eyvoung =870 GPa was found for the arc-discharge grown tubes, while the
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Figure 8. (a) An SEM image of a MWNT mounted between two opposing AFM tips. (b) A close-up
of the region indicated by a rectangle in (a). (¢) Plot of stress versus strain curves for different
individual MWNTs (Yu et al. 2000a). Reprinted with permission from Yu et al. (2000a). Copyright
© AAAS.

catalytically grown MWNTs, known to include a high concentration of defects, can
have a Young’s modulus as low as 12 GPa (Salvetat et al. 1999qa; Luki¢ et al.
2005a), demonstrating the use of this measurement method in choosing the
optimal synthesis conditions for producing CNTs with favourable mechanical
properties (Luki¢ et al. 2005b).

(iv) Tensile loading

The first direct measurements of the elastic properties of CNTs that have
not relied on the bending beam or stretching string set-up involved deforming
MWNTSs (Yu et al. 2000a) and SWNT ropes (Yu et al. 20000) under axial
strain. This was achieved by identifying and attaching opposite ends of
MWNTs or SWNT ropes to two AFM tips, all inside a scanning electron
microscope (SEM).

One tip was integrated with a rigid cantilever with a spring constant
above 20 N m ™' and the other was compliant (0.1 N m™'; figure 8). The rigid
lever was then driven using a linear piezomotor. On the other end, the compliant
lever bent under the applied tensile load. The deflection of the compliant
cantilever—corresponding to the force applied on the nanotube—and the strain
of the nanotube were simultaneously measured.

From stress—strain curves obtained in this fashion (figure 8c), Fyoung ranging
from 270 to 950 GPa were found. Examination of broken tubes inside a TEM
revealed that nanotubes break with the ‘sword-in-sheath’ mechanism, where only
the outer layer appears to have carried the load. After failure, pull-out of inner
shells follows. An average bending strength of 14 GPa and axial strengths up to
63 GPa were found. Firm attachment of nanotubes to AFM tips was ensured by
a deposition of carbonaceous material induced by the electron beam concentrated
in the contact area (Fujii et al. 1991).

(¢) Mechanical measurements: interlayer force

In analogy with graphite, the van der Waals interaction between concentric
shells of MWNTSs could act as a form of lubrication and allow a host of potentially
useful applications with MWNTs as building blocks of nanoelectromechanical
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Figure 9. (a) TEM image of a collapsed nanotube; A and B point to flat regions of the ribbon,
twisted with respect to each other. (b) Schematic collapsed single- and multiwalled tubes together
with geometric parameters used to describe these structures (Chopra et al. 1995). Adapted with
permission from Chopra et al. (1995). Copyright © Macmillan Publishers Ltd.

devices, such as nanoscale motors (Fennimore et al. 2003), springs (Cumings &
Zettl 2000), variable resistors (Cumings & Zettl 2004) or switches (Forré 2000).

Charlier & Michenaud (1993) first quantified this easy interlayer sliding and
rotation in MWNTSs using DFT calculations. Kolmogorov & Crespi (2000)
introduced a new registry-dependent potential that takes into account the
chiralities of interacting layers, their relative orientation and separation, and
predicted that geometrically perfect MWNTs could be the ‘smoothest bearings’
(Kolmogorov & Crespi 2000), with vanishingly small interlayer friction that
would not scale with the tube size in the case of incommensurate tube pairs. Such
behaviour would be similar to experimentally observed ultralow friction in
graphite (Dienwiebel et al. 2004). Other theoretical models predict friction due to
interaction between the core’s end and the casing in various scenarios (Zhao et al.
2003; Tangney et al. 2004; Xia & Curtin 2004) or thermally induced fluctuations
(Servantie & Gaspard 2003). Some of these models predict extensive friction,
proportional to the size of the system. This wealth of somewhat contradicting
theoretical models clearly demonstrates that CNTs could also be an interesting
system for studying friction at the nanoscale.

First measurements of interlayer cohesive energy in MWNTs are based on
TEM observations by Chopra et al. (1995) who discovered that in certain cases
MWNTSs can collapse, forming ribbons (figure 9).

This collapse is driven by a decrease in energy due to interlayer attraction that
is balanced by an increase in curvature at the edges of the collapsed nanotube
(figure 9b). The same authors then used an elastic model that allowed them to
establish the critical radius above which tubes collapse due to van der Waals
interaction between the layers and estimated that the magnitude of interlayer
cohesive energy in MWNTs is 0.035 eV per atom.

The first nanomechanical experiment that highlights the easy interlayer
sliding in MWNTSs was carried out by Cumings & Zettl (2000) who succeeded in
attaching a MWNT onto a piezoelectrically driven nanomanipulator operated

Phil. Trans. R. Soc. A (2008)
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Figure 10. Schematic accompanying TEM images of the experiment performed by Cumings & Zettl
(2000). (a) A carbon nanotube attached to a contact was opened at one end by applying a voltage
pulse. (b) The mobile probe was attached to the protruding core and moved in the axial direction.
(¢) After the core had been released, it completely retracted into the tube due to van der Waals
cohesion. Reprinted with permission from Cumings & Zettl (2000). Copyright © AAAS.

inside a TEM, opening the other end of the nanotube (figure 10a) and
mechanically manipulating the protruding core (figure 10b). After approximately
20 cycles, no wear was observed on TEM images of the telescoping nanotube.
Furthermore, after the core was released, it had fully retracted into the nanotube
(figure 10¢) due to the attractive interlayer van der Waals potential.

This restoring force due to interlayer van der Waals force is given by
(Benedict 1998)

d
Foaw = T U(x) =—vyC =-0.16C, (2.8)

where U(z) is the van der Waals potential energy; v the interlayer cohesive
energy density for a single MWNT layer; C the circumference of the ‘active’
nanotube bearing cylinder; and z the length of the overlap between the core
section and the outer layer. It is interesting to note that the interlayer force is
independent of the overlap length. For the nanotube in figure 10, the van der
Waals force was estimated to be 9 nN. Based on the observation that complete
retraction occurred between two frames of the video recording (At=33 ms),
Cumings & Zettl estimated limits on the static friction force f,<23 fN per atom
and the dynamic friction force f; <15 fN per atom.

As these limits were based on estimates, it was however unclear at this point
what the magnitude of interlayer force and friction would be, if the interlayer
friction would scale with the length of the moving segment, and how it would
evolve during prolonged actuation and damage to the nanotube. The magnitude of
the surface energy was also based on an estimate. In order to clarify these points,
Kis et al. performed precise force measurements on telescoping nanotubes using a
TEM in situ manipulator with an AFM cantilever acting as a force sensor (Kis
et al. 2006) in a geometry similar to the one shown in figure 10. Cycling telescoping
motion was induced by the piezo-driven actuator while the force was measured as
the deflection of the AFM cantilever. From force measurements, the interlayer
cohesive energy density y was found to be in the 0.14-0.2J m~? range,
corresponding to the interlayer cohesive energies between 23 and 33 meV per atom.

The measured force (figure 11a) did not show any detectable sign of periodic
oscillation due to the interlayer corrugation. It was instead dominated by force
fluctuations of the order of 100 pN, presumably due to stable defects like the
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Figure 11. (a) Force acting on the telescoping core during cyclic actuation. (b) Greyscale force map
for 14 cycles of motion for both telescoping directions (a(i),b(i) inward, a(ii),b(il) outward).
Dark and bright horizontal streaks indicate short-lived occurrence of mechanical dissipation.
(¢) A detailed plot of the last six sequential cycles of telescoping motion from (b). Solid and dashed
lines represent inward and outward motions of the core with respect to the outer casing. First two
cycles show virtually no hysteresis, indicating movement with no observable friction. Mechanical
dissipation with irregular stick—slip-like features can spontaneously occur (curves in the middle);
however, the smooth motion is rapidly restored, demonstrating the self-repairing behaviour of
carbon nanotube-based linear bearings (Kis et al. 2006).

Stone-Wales defect (Stone & Wales 1986). The majority of observed force
traces were virtually free of mechanical hysteresis, implying the absence of
friction larger than 1.4fN per atom, based on the precision of the
instrumentation. Mechanical dissipation was found to spontaneously appear,
manifested as streaks in the force image shown in figure 115. Such hysteretic
behaviour turns out to be short lived and generally disappears after several
cycles of motion. This was attributed to the formation of reactive defects on
the telescoping interface, due to electron beam irradiation followed by
healing that optimizes the atomic structure and restores the original force
signature (figure 11c¢).

Together with the ultralow friction, this self-repairing mechanism makes
MWNTs even more attractive as constitutive elements in nanoelectromechanical
systems (NEMS), and much more suitable for this purpose than, for example,
silicon (Tanner et al. 2000).

3. Practical applications of CNTs in NEMS

The superior mechanical properties of CNTs, together with the prospect of
realizing practically frictionless bearings prompted a very vigorous effort into
realizing long-dreamt-of practical applications of CNTs as constitutive elements
in NEMS, such as nanomotors, switches and high-frequency oscillators. Some of
these will be reviewed in the following subsections.
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Figure 12. (a) Schematic of the nanomotor based on MWNTs realized by Fennimore et al. (2003).
The rotor plate R is attached to a MWNT that acts as a support shaft. It is electrically contacted
through A1l and A2 anchor electrodes. Stator electrodes S1, S2 and the bottom gate S3 are used to
electrostatically induce rotor deflections. (b) SEM image of the MWNT-based nanomotor
(Fennimore et al. 2003).

(a) Nanomotors

The weak van der Waals interlayer interaction in MWNTs (Charlier &
Michenaud 1993) together with the rigid structure and theoretically predicted
low resistance to rotational motion prompted Fennimore et al. (2003) to construct
the first electrical motor using CNTs as the rotational element (figure 12). Their
NEMS actuator was constructed using electron beam lithography starting from
arc-discharge grown MWNTSs deposited on an electrically conductive substrate
covered with 1 pm of SiO,. The actuator components (figure 12b)—rotor plate
(R), stator electrodes (S1 and S2) and anchor leads (Al and A2)—were patterned
using e-beam lithography followed by the deposition of Cr/Au metallic layers. HF
etching was employed to remove roughly 500 nm of SiO, and thus suspend the
whole structure, providing clearance for the rotor (R).

In order to complete the nanomotor construction, outer MWNT shells were
removed in the region between rotor (R) and anchor electrodes (A1, A2). This
was achieved by applying a relatively large electrical voltage (of the order
of 80 V) to stator electrodes, resulting in large torsional deformation and
eventual mechanical failure of outer shells. After this fabrication step,
the rotor and the small MWNT segment attached to it were free to rotate
on the inner shells of the MWNT axle (figure 12b). The authors were then
able to drive the motor inside a scanning electron microscope for many
thousands of cycles without apparent wear or decrease in performance. The
authors later improved this fabrication technique by combining it with
controlled deposition and microfluidic alignment of MWNTs, allowing the
fabrication of arrays of aligned torsional NEMS devices based on MWNTs
(Yuzvinsky 2006).

(b) Nanotube-based switches

The first nanotube-based switch demonstrated by Ruecks et al. (2000) was in a
crosshar geometry. The device is a proof of concept for a non-volatile random
access memory and consists of suspended CNTs that act as bistable switches
(figure 13). Bistability in this device arises from the interplay of the elastic
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Figure 13. Conceptual drawing of the nanotube-based memory proposed by Rueckes et al. (2000).
The device consists of an array of suspended nanotube crossbars. Reprinted with permission from
Rueckes et al. (2000). Copyright © AAAS.
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Figure 14. (a) Current—voltage characteristic of the suspended MWNT during voltage ramp leading
to breakdown. The inset (i) shows the device geometry with attached electrodes and back gate. Inset
(ii) is an SEM image with the gap caused by electrical breakdown. (b) Switching characteristic of
the device. (i) At a sufficiently high source—drain voltage, the nanotube’s cores are electrostatically
attracted thereby closing the switch. The device can be cycled by applying a sufficiently high
gate voltage that causes the nanotube to bend and the cores to separate and retract. Inset (ii) shows
the same device as in the inset of (@) in the closed state (Deshpande et al. 2006). Reprinted with
permission from Deshpande et al. (2006). Copyright © American Chemical Society.

energy in the bent nanotube and the van der Waals attraction between tubes
forming the crossbar junction. The device can be switched by applying voltages
between nanotubes that result in electrostatic forces. Once in the ON state, the
device can be ‘read’ using a small bias voltage and ‘reset’ using a larger voltage to
produce repulsive electrostatic forces.

A commercial product based on this concept could soon be available as an
alternative to flash memory.

Another interesting example of a carbon nanotube-based switch was presented
by Deshpande et al. (2006). The operation of this switch is based on weak
interlayer interaction in telescoping nanotubes (Cumings & Zettl 2000). The
device consists of a MWNT suspended between source and drain electrodes.
Initially the nanotube shorts these two contacts. Electrical breakdown is used
to form a gap in the nanotube and open the switch (figure 14a). The switch can
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Figure 15. (a) Device geometry of the carbon nanotube oscillator developed by Sazonova et al.
A nanotube is grown using CVD on a SiO, surface and suspended above a trench. The scale bar is
300 nm long. (b) Frequency response of the source-drain current through the oscillating nanotube.
The solid line is a Lorentzian fit to the data yielding a resonant frequency of 55 MHz and quality
factor @=80. (¢) Calculated predictions for the dependence of vibration frequency on gate voltage,
for different amounts of slack in the suspended tube (Sazonova et al. 2004). Adapted with
permission from Sazonova et al. (2004). Copyright © Macmillan Publishers Ltd.

then be closed by applying a source—drain voltage. The electrostatic force at
one point causes the cores to slide out of the two nanotube segments, join
in the middle through van der Waals interaction and close the electrical circuit.
The switch is then cycled by applying a sufficiently high gate voltage that
causes the nanotube to bend and the cores to separate and retract into the two
nanotube segments.

(¢) Oscillators

Owing to their low mass, nanoscale physical dimensions and Young’s modulus
that can be in the TPa range, CNTs are also excellent candidates for
electromechanical oscillators, with operating frequencies that could be in the
GHz range. Furthermore, nanotubes can act as transistors and provide an
electrical read-out of their motion. Their chemical inertness should avoid
problems associated with roughness and defects, which in lithographically
prepared NEMS invariably lead to high mechanical dissipation.

These exciting properties of nanotubes led several research groups to study
potential applications of CNTs in NEMS oscillators. The first self-sensing
nanotube oscillator was reported by Sazonova et al. (2004) and was based on
catalytically grown CNTs suspended over trenches in SiO, between two metal
electrodes (figure 15a).
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Figure 16. (a) Schematic of the tunable oscillator introduced by Jensen et al. A MWNT is
suspended between a stationary wire and a mobile piezo-driven electrode. The device is operated in
the TEM objective’s magnetic field B via the Lorentz force. The resonant frequency can be tuned
by varying the length of the telescoping nanotube. (b) TEM images of the oscillating nanotube off
resonance (sharp, (i) and (iii)) and at resonance ((ii) and (iv); Jensen et al. 2006).

Nanotube oscillation is excited by applying a voltage signal at frequency w to
the gate, via electrostatic interaction with the bottom gate electrode. The
nanotube is used as a mixer (Knobel & Cleland 2003) allowing the motion to be
detected by simply measuring the amplitude of the source—drain current
(figure 15b). The device can also be tuned by applying a DC voltage to the
gate, which produces an electrostatic force that changes the tension in the
nanotube (figure 15¢). Sazonova et al. achieved resonant frequencies up to
200 MHz. Their device was however operated in vacuum and no resonance was
detectable at pressures above 10 torr (1333 Pa).

This serious problem was solved by Peng et al. (2006) in the next generation of
nanotube-based oscillators that used shorter nanotubes, with lengths of the order
of 200 nm, local self-aligned gates and more importantly a new detection
technique that they referred to as the ‘2w’ method. In this method, the actuation
signal is applied to the gate at frequency w, while the carrier signal is applied to
the drain at 2w — Aw instead of w— Aw. This allowed the operating frequency to
be pushed above the 1 GHz barrier and allowed device operation in air at
1.3 GHz, with quality factor =10, due to the much improved sensitivity of the
2w method.

The intershell coupling was also employed by Jensen et al. who used the
telescoping nanotube geometry (Cumings & Zettl 2000) to realize tunable
MWNT oscillators (Jensen et al. 2006). They suspended MWNTs between a
stationary electrical contact and a piezo-driven electrode in an in situ TEM
nanomanipulator (figure 16). Oscillations were excited by applying an AC
voltage to the nanotube which resulted in the Lorentz force due to the TEM
objective’s magnetic field. By changing the length of the telescoping nanotube,
they were able to tune the resonant frequency of the nanotube oscillator up to
300 MHz with relatively high quality factors, up to 1000. Furthermore, Jensen
et al. used this geometry to study the influence of nanotube length on dissipation
and found that the dissipation (1/@Q) is proportional to the length of the
nanotube resonator.
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4. Conclusion

Superior mechanical properties of CNTs were one of the main driving
forces behind the effort to explore properties and practical applications of
this fascinating material. Nanotubes can today be grown with very high
qualities and at precisely determined locations with lengths already reaching
several millimetres. As a consequence of these advances, the focus of
experimental work is now slowly shifting towards exploring practical
applications and device architectures that would be able to fully profit from
the extremely high Young’s modulus and flexibility of CNTs, most notably in
the fabrication of electromechanical switches and oscillators operating at ever
higher frequencies.

This work was in part supported by the Director, Office of Energy Research, Office of Basic Energy
Science, Division of Materials Sciences, of the US Department of Energy under contract no.
DE-AC-03-76SF00098.
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