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A switchable carbon-nanotube-based nanoelectromechanical systemssNEMSd with close-loop
feedback is examined. The device consists of a cantilever carbon nanotube clamped to a top
electrode and actuated by a bottom electrode. The actuation circuit includes a source and a feedback
resistor. Thepull-in/pull-out and tunneling characteristics of the system are investigated by means
of an electromechanical analysis. The model includes the concentration of electrical charge, at the
end of the nanocantilever, and thevan der Waalsforce. The analysis shows that the device has two
well-defined stable equilibrium positions as a result of tunneling and the incorporation of a feedback
resistor to the circuit. Potential applications of the device include NEMS switches, random-access
memory elements, logic devices, electron counters, and gap sensing devices. ©2004 American
Institute of Physics. [DOI: 10.1063/1.1767606]

Nanoelectromechanical systemssNEMSd are attracting
significant attention because of their properties to enable su-
perior electronic components and sensors. By exploiting
nanoscale effects, NEMS present interesting and unique
characteristics. For instance, NEMS-based devices can have
an extremely high fundamental frequency1–4 and preserve
very high mechanical responsivity.5 Several NEMS devices
have been reported, such as mass sensors,6 RF resonators,6

field-effect transistors,7 and electrometers.8 Carbon nano-
tubes sCNTsd have long been considered ideal building
blocks for NEMS devices due to their superior electrical and
mechanical properties. CNT-based NEMS devices reported
in literature include nanotweezers,9,10 nonvolatile random
access memory elements,11 nanorelays,12 and rotational
actuators.13

In this letter, a CNT-based NEMS device with feedback
control is investigated. The device, schematically shown in
Fig. 1, is made of a multiwalled carbon nanotubesMWNTd
placed as a cantilever over a microfabricated step. A bottom
electrode, a resistor, and a power supply are parts of the
device circuit. When the applied voltageU,VPI (pull-in
voltage), the electrostatic force is balanced by the elastic
force from the deflection of the CNT cantilever. The CNT
cantilever remains in the “upper” equilibrium position. The
deflection is controlled by the applied voltage. When the
applied voltage exceeds apull-in voltage, the system be-
comes unstable. With any increase in the applied voltageU,
the electrostatic force becomes larger than the elastic force
and the CNT accelerates towards the bottom electrode. When
the tip of the CNT is very close to the electrode(i.e., gap
D<0.7 nm) as shown in Fig. 1, substantial tunneling current
passes between the tip of the CNT and the bottom electrode.
Due to the existence of the resistorR in the circuit, the volt-
age applied to the CNT drops, weakening the electric field.
Because of the kinetic energy of the CNT, it continues to
deflect downward and the tunneling current increases, weak-
ening the electric field further. In this case, the elastic force is
larger than the electrostatic force and the CNT decelerates

and changes the direction of motion. This decreases the tun-
neling current and the electrical field recovers. If there is
damping in the system, the kinetic energy of the CNT is
dissipated and the CNT stays at the position where the elec-
trostatic force is equal to the elastic force and a stable tun-
neling current is established in the device. This is the
“lower” equilibrium position for the CNT cantilever. At this
point, if the applied voltageU decreases, the cantilever starts
retracting. WhenU decreases to a certain value, calledpull-
out voltage VPO, the CNT cantilever is released from its
lower equilibrium position and returns back to its upper equi-
librium position. At the same time, the current in the device
diminishes substantially. Basically thepull-in and pull-out
processes follow a hysteretic loop for the applied voltage and
the current in the device. The upper and lower equilibrium
positions correspond to “ON” and “OFF” states of a switch,
respectively. Also the existence of the tunneling current and
feedback resistor make the lower equilibrium states very ro-
bust, which is key to some applications of interest.

A quantification of the phenomenon previously de-
scribed is made here by means of electromechanical model-
ing of the device. The carbon nanotube considered here is a
homogeneous, perfect conductor of lengthL, with outer and
inner radiiRext andRint, respectively.

The capacitance per unit length along the nanotube can
be approximated as14

C = Cdsrdh1 + 0.85fsH + Rextd2Rextg1/3dsz− Ldj, s1d

where the first term in the bracket accounts for the uniform
charge along the side surface of the tube and the second term
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FIG. 1. Schematic of CNT based device with tunneling contacts.H is the
initial step height andD is the gap between the deflected tip and bottom
conductive substrate.R is the feedback resistor.
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accounts for the concentrated charge at the end of the tube.
dszd is the Dirac distribution function andz is the axial co-
ordinate of the nanotube.Cdsrd is the distributed capacitance
along the side surface per unit length for an infinitely long
tube, which is given by15

Cdsrd =
2p«0

cosh−1S r

Rext
D , s2d

wherer is the distance between the axis of the cylinder and
the substrate, and«0 is the permittivity of vacuums«0

=8.854310−12 C2 N−1 m−2d.
Thus, the electrostatic force per unit length is given by16

qelec=
1

2
V2SdCd

dr
Dh1 + 0.85fsH + Rextd2Rextg1/3dsz− Ldj.

s3d

The upper equilibrium equation for the CNT cantilever,
based on a continuum model, is given by

EI
d4W

dz4 = qelec+ qvdw, s4d

whereE is the CNT Young’s modulus andw is the deflec-
tion. I is the moment of inertia of the nanotube crossection,
i.e., I =psRext

4 −Rint
4 d /4. qvdw is the van der Waalsforce (per

unit length) between the nanotube and the substrate and can
be evaluated using the method reported originally by Re-
uckeset al.11 and later employed by Dequesneset al.,17 as-
suming that the substrate consists of 30 graphite layers.

Numerical integration of Eq.(4) provides the tip deflec-
tion, as a function of applied voltage, as well as thepull-in
voltage.

To examine thelower equilibrium configuration, the cur-
rent flow in the system needs to be included. The resistance
of the tunneling contact between of the nanotube and the
bottom electrode can be described asRTfDg=R0 expsD /ld.3

Here R0 is the contact resistance between the nanotube and
the bottom electrode and can be evaluted from experimental
results.18 l is a material constant defined byl−1

=1.02ÎFseVdÅ−1, with F being the work function(for
MWNT F<5.0 eV).19 Hence,l−1<2.28 Å-1, which implies
that the contact resistance increases by nearly one order of
magnitude for every 1 Å increase of the gap size.

When the gap between the free end of the carbon nano-
tube and the substrate becomes very small(e.g., D

<0.7 nm), a tunneling current is established in the device. In
regard to the electron transport inside the MWNT, both
ballistic20 and diffusive21–24 results have been reported and
the difference is infered to be related to the preparation of the
sample and measurement techniques.21 In the analysis of our
device, we regard the resistance of the nanotubeRcnt as part
of the feedback resistanceR in the circuit. In our approach,
Rcnt!R, thus, the change in the electrostatic force along the
nanotube due to the voltage drop on the nanotube itself is
neglected. In the model, we assume the potential along the
nanotube is constant, and that the voltage drop takes place at
the tunneling gap and feedback resistorR only.25 The relation
between the voltage dropV across the gap and the gap sizeD
can be described as

V

U

R

R0
exps− D/ld = 1 −

V

U
. s5d

The corresponding tunneling current isi =sV/R0dexps−D /ld.
From Eq. (5), we can see that the voltage drop across the
gap,V, is not only dependent on gap size, but also dependent
on the feedback resistanceR.

By solving Eqs.(4) and(5) simultaneously, the voltage-
gap relation for the lower equilibrium position is obtained.

In regard to the selection of the device geometry, we
consider current available techniques for positioning carbon
nanotubes, such as nanomanipulation,26,27 Chemical vapor
disposition selective growth28 and dc/ac dielectrophoretic
trapping.29,30 An initial step height H in the range of
100 nm–1.5mm seems realistic and consistent with demon-
strated experimental techniques. For an examination of the
device performance, we used the following paramters: mul-
tiwall CNT with E=1.2 T Pa,Rint=6 nm and ten layers(in-
tralayer distance is assumed 0.335 nm), L=500 nm andH
=100 nm. ResistancesR0=1 K V and R=1 G V are also
employed. By numerically solving Eqs.(4) and (5) using
integration method,31 we identify a pull-in voltage VPI
=22.48 V and apull-out voltage VPO=2.57 V. Figure 2
shows the plots of theD−U and i-U characteristic signa-
tures. It is clearly seen that there is a hysteresis loop on each
of the two characteristic curves shown in Fig. 2, which de-
scribes the lower and upper equlibrium stable positions and
thepull-in andpull-out processes. The hysteresis loop can be
controlled by appropriate selection of geomertic and electric
parameters. This hysteretic behavior can be exploited to
build NEMS switches or random access memory elements
operating at gigahertz frequencies.

FIG. 2. Characteristic ofpull-in and
pull-out processes for a device with
Rext=9.015 nm, Rint=6 nm, L
=500 nm,H=100 nm,R0=1 KV, and
R=1 GV. (a) shows the relation be-
tween the gapD and the applied volt-
ageU. (b) shows the relation between
the current i in the circuit and the ap-
plied voltageU.
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The simulation result shows that thevan der Waals
svdwd force is important in the design and optimization of
the device. As expected, the vdw force becomes substantial
when the deflected tip almost touches the substrate. If the
vdw force is large enough to balance the elastic force, “stic-
tion” occurs, which means that the nanotube cantilever will
be held at the lower stable equilibrium position. For ex-
ample, for the device considered above, if the length of the
nanotube increases to 1mm, stiction will take place. For
some applications, this effect could be desirable, while for
others such as switches in memory elements, it should be
avoided.

The function of the resistorR in the device is to adjust
the voltage applied to the carbon nanotube,V, as a function
of its configuration. When there is tunneling,VøU. From
Eq. (5), it is clear thatR has to satisfy the following relation
in order to result in a device with a hysteretic characteristic,
namely:

Rù
VPI − V

V
R0 expsD/ld, s6d

whereV andD are obtained by solving Eq.(4).
In order to assess the effect of thermal vibrations on the

device performance, the vibration of the nanotube is approxi-
mated by the model reported by Treacyet al.32 According to
this model, the CNT tip vibration amplitude isA
=Î0.4243fL3kT/EsRext

4 −Rint
4 dg, wherek is the Boltzmann’s

constants1.38310−23 J/Kd and T is the temperature in de-
grees Kelvin. For the nanocantilever with the earlier-
considered parameters, this equation gives a vibration ampli-
tude of 1.86 Å at room temperatures300 Kd and 0.2 Å at
4.2 K. It is noted that the tunneling current will vary with
temperature. However, the overall characteristics of the de-
vice will not change, i.e., the thermal effects can not switch
the CNT cantilever from the lower equilibrium position to
the upper equilibrium position or vice versa.

In summary, in this letter, a feedback-controlled switch-
able CNT-based NEMS device is proposed. Although the
discussion is based on CNT cantilevers, other possibilities
include doped Si nanowires and other materials, which could
be more easily integrated to current microelectronics tech-
nology. The electrical-mechanical characteristics of the de-
vice were examined, and some key issues in its design were
highlighted. Future work would focus on the micro/
nanofabrication of the device and its dynamic analysis. Po-
tential applications for the device include: NEMS switches,
nonvolatile random access memory elements, electron
counters, logic devices, and gap sensing devices.
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