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Feedback controlled nanocantilever device
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A switchable carbon-nanotube-based nanoelectromechanical sy$MEMS) 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 then der Waaldorce. 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 devi2@94GAmerican
Institute of Physics[DOI: 10.1063/1.1767606

Nanoelectromechanical systerlSEMS) are attracting and changes the direction of motion. This decreases the tun-
significant attention because of their properties to enable sureling current and the electrical field recovers. If there is
perior electronic components and sensors. By exploitinglamping in the system, the kinetic energy of the CNT is
nanoscale effects, NEMS present interesting and uniquéissipated and the CNT stays at the position where the elec-
characteristics. For instance, NEMS-based devices can hat&®static force is equal to the elastic force and a stable tun-
an extreme|y h|gh fundamental frequeh‘c‘yand preserve neling current is established in the device. This is the
Very h|gh mechanical responsivﬁﬁeverzﬂ NEMS devices “IOWer" equilibrium pOSition fOI’ the CNT Cantilever. At th|S
have been reported, such as mass sefis@fs,resonator, Point, if the applied voltagé) decreases, the cantilever starts
field-effect transistor$, and electrometefs.Carbon nano- retracting. Wherl decreases to a certain value, calpdl-
tubes (CNT9 have long been considered ideal building OUt voltage Vpo, the CNT cantilever is released from its
blocks for NEMS devices due to their superior electrical and®Wer equilibrium position and returns back to its upper equi-
mechanical properties. CNT-based NEMS devices reporte brium position. At the same time, the current in the device
in literature include nanotweezets? nonvolatile random diminishes substantially. Basically thull-in and pull-out
access memory elemerlfs nanorelayd? and rotational Processes follow a hysteretic loop for the applied voltage and
actuator<3 the current in the device. The upper and lower eqwhbpum

In this letter, a CNT-based NEMS device with feedbackpos't'on.S correspond to ‘.‘ON” and "OFF statgs of a switch,
control is investigated. The device, schematically shown i respectively. Also the existence of the tunneling current and

: . . "eedback resistor make the lower equilibrium states very ro-
Fig. 1, is made of a multiwalled carbon nanotub#w/NT) bust, which is key to some applications of interest.

placed as a cantilever over a microfabricated step. A bottom A quantification of the phenomenon previously de-
electrode, a resistor, and a power supply are parts of thg; e is made here by means of electromechanical model-
device circuit. When the applied voltadé<Vp, (pull-in = jnq of the device. The carbon nanotube considered here is a
voltage, the electrostatic force is balanced by the eIaSt'%omogeneous, perfect conductor of lengthwith outer and
force from the deflection of the CNT cantilever. The CNT j,qer radii Ry, and Ry, respectively.

cantilever remains in the “upper” equilibrium position. The The capacitance per unit length along the nanotube can
deflection is controlled by the applied voltage. When thepe gpproximated 4%

applied voltage exceeds ull-in voltage, the system be- _ 2 3¢

comes unstable. With any increase in the applied voltage C=Cy(n{1 +0.83(H + Rex) " Rexa| "z~ L)}, @)

the electrostatic force becomes larger than the elastic foroghere the first term in the bracket accounts for the uniform
and the CNT accelerates towards the bottom electrode. Wheatharge along the side surface of the tube and the second term
the tip of the CNT is very close to the electrodes., gap ENT

A=0.7 nm as shown in Fig. 1, substantial tunneling current
Il i

passes between the tip of the CNT and the bottom electrode.

V7222222

Due to the existence of the resisRiin the circuit, the volt-
age applied to the CNT drops, weakening the electric field. U
Because of the kinetic energy of the CNT, it continues to
deflect downward and the tunneling current increases, weak- i#0
ening the electric field further. In this case, the elastic force is
larger than the electrostatic force and the CNT decelerates

FIG. 1. Schematic of CNT based device with tunneling contadts the
dauthor to whom correspondence should be addressed; electronic mainitial step height and\ is the gap between the deflected tip and bottom
espinosa@northwestern.edu conductive substrat® is the feedback resistor.
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accounts for the concentrated charge at the end of the tube:0.7 nm), a tunneling current is established in the device. In
d(z) is the Dirac distribution function and is the axial co- regard to the electron transport inside the MWNT, both
ordinate of the nanotub&(r) is the distributed capacitance ballistic®® and diffusivé’~>* results have been reported and
along the side surface per unit length for an infinitely longthe difference is infered to be related to the preparation of the
tube, which is given b¥’ sample and measurement techniq{}ds. the analysis of our
device, we regard the resistance of the nanofbhgas part

A ) of the feedback resistandin the circuit. In our approach,

T R.nt<<R, thus, the change in the electrostatic force along the
cosh (_> nanotube due to the voltage drop on the nanotube itself is
neglected. In the model, we assume the potential along the
wherer is the distance between the axis of the cylinder anchanotube is constant, and that the voltage drop takes place at
the substrate, and, is the permittivity of vacuum(eo  the tunneling gap and feedback resiskosnly.° The relation

2
Cqy(r) = 0

Xt

=8.854x 10712 C2 Nt m™). between the voltage dropacross the gap and the gap sive
Thus, the electrostatic force per unit length is giveﬁaby can be described as
1 ,/dC
Celec™ Evz(d_d){l +0.89(H + Rext)zRext]1/35(Z_ L)}. V R Vv
r ——exp(—AN)=1-—. (5)
3) URy U

The corresponding tunneling currenti is(V/Rgp)exp(—A/\).
From Eq.(5), we can see that the voltage drop across the
gap,V, is not only dependent on gap size, but also dependent

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

d*'w on the feedback resistanée
EIE = Getec™* Gvaw: ) By solving Egs.(4) and(5) simultaneously, the voltage-
) ) gap relation for the lower equilibrium position is obtained.
whereE is the CNT Young's modulus and is the deflec- In regard to the selection of the device geometry, we

tion. I is the moment of inertia of the nanotube crossectionconsider current available techniques for positioning carbon
i.e., | =m(Re,—Ri) /4. Gy is thevan der Waalgorce (per  nanotubes, such as nanomanipulafi®ff, Chemical vapor
unit length) between the nanotube and the substrate and cadisposition selective growth and dc/ac dielectrophoretic
be evaluated using the method reported originallf/ by Retrapping?®*° An initial step heightH in the range of
uckeset al* and later employed by Dequesnessal,”’ as- 100 nm—1.5um seems realistic and consistent with demon-
suming that the substrate consists of 30 graphite layers.  strated experimental techniques. For an examination of the

Numerical integration of Eq4) provides the tip deflec- device performance, we used the following paramters: mul-
tion, as a function of applied voltage, as well as thal-in tiwall CNT with E=1.2 T Pa,R,,;=6 nm and ten layer@n-
voltage. tralayer distance is assumed 0.335)nin=500 nm andH

To examine théower equilibrium configurationthe cur- =100 nm. ResistanceR,=1 K Q and R=1 G Q are also
rent flow in the system needs to be included. The resistanc@mployed. By numerically solving Eq$4) and (5) using
of the tunneling contact between of the nanotube and thgytegration method' we identify a pull-in voltage Vp,
bottom electrode can be describedRybA]=R, exp(A/N).°  =22.48V and apull-out voltage Vpo=2.57 V. Figure 2
HereR, is the contact resistance between the nanotube anshows the plots of thé\—U and i-U characteristic signa-
the bottom electrode and can be evaluted from experimentaires. It is clearly seen that there is a hysteresis loop on each
results:® N\ is a material constant defined by}  of the two characteristic curves shown in Fig. 2, which de-
=1.02)®(eV)A™L, with ® being the work function(for  scribes the lower and upper equlibrium stable positions and
MWNT ®=5.0 eW)."* Hence A1~ 2.28 AL, which implies  thepull-in andpull-out processes. The hysteresis loop can be
that the contact resistance increases by nearly one order obntrolled by appropriate selection of geomertic and electric
magnitude for every 1 A increase of the gap size. parameters. This hysteretic behavior can be exploited to

When the gap between the free end of the carbon nandsuild NEMS switches or random access memory elements

tube and the substrate becomes very smalg., A operating at gigahertz frequencies.
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whereV andA are obtained by solving Eq4). ®Here we consider the deflection of the carbon nanotube cantilever to be
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R=> va— VRO exp(A/N), (6)
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