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ABSTRACT The potential size and power benefits of resonant NEMS devices are frequently mitigated by the need for relatively large,
high-frequency, high-power electronics. Here we demonstrate controllable, sustained self-oscillations in singly clamped carbon
nanotubes operating with a single dc voltage supply, and we develop a model that predicts the required voltage on the basis of the
material properties and device geometry. Using this model, we demonstrate for the first time top-down, self-oscillating NEMS devices
suitable for large-scale integration.
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Nanoelectromechanical systems1 (NEMS) based on
vibrating mechanical elements have demonstrated
excellent performance for many applications in-

cluding chemical sensing,2-4 mass sensing,5 and high-
frequency signal generation.6 Although the mechanical el-
ement in these systems is on the nanoscale, significantly
larger external components, typically high-frequency signal
sources,7,8 amplifiers, and integrated circuits,6 are needed
to drive the oscillations. An important step toward realizing
truly nanoscale integrated systems is the reduction of the
dependence on such external components. We report the
achievement of controllable self-oscillations in isolated,
singly clamped field-emitting carbon nanotubes (CNTs) driven
only by a single dc bias voltage. A model is developed that
correctly predicts the onset of self-oscillations in terms of
device geometry and material properties. Using the model,
we design and construct top-down, low-voltage, self-oscil-
lating NEMS devices suitable for large-scale integration.

Passive resonators, by definition, require high-frequency
signal sources to drive oscillations. Active oscillators do not
necessitate a high-frequency signal source, but they do
require active feedback circuitry to achieve oscillations. In
the case of resonant NEMS devices, the desired size and
power benefits are invariably offset by the bulky control
electronics required for oscillation. A number of self-oscil-
lation approaches have been explored.6,9,10 Recent observa-
tions of oscillations in nanowires11 are encouraging, but
there is unfortunately neither a clear understanding of the
underlying drive mechanism nor the requisite geometry to
enable reliable, self-oscillation-based NEMS devices. We here
elucidate the requisite geometry for NEMS self-oscillators,
and our quantitative model establishes comprehensive de-
sign parameters for scalable devices.

We employ a singly clamped, cantilevered field-emit-
ting5,11,12 carbon nanotube in vacuum as a prototypical
oscillator element, as shown schematically in Figure 1. When
a sufficiently high dc bias is applied between the nanotube
and a nearby counterelectrode, self-oscillations are initiated.
A critical feature in achieving reliable self-oscillations is the
angle between the nanotube’s longitudinal axis and the
counterelectrode: a nanotube oriented parallel to the surface
can self-oscillate whereas one oriented perpendicular to the
surface cannot. A transmission electron microscope (TEM)
image of a multiwalled carbon nanotube attached to a
conducting atomic force microscope tip and oriented parallel
to an electrode surface is shown in Figure 2. As the bias
voltage is increased from zero, the nanotube bends toward
the counter electrode (Figure 2a,b) and field emission13,14

occurs. Subsequent increases in the bias voltage result in an
increase in the field emission current (∼0.1-1 µA), and
above a critical, device-specific bias threshold or onset
voltage Vo, sustained self-oscillations occur. Figure 2c shows
a TEM image of a vibrating nanotube biased beyond Vo into
the continuous self-oscillation mode. Because of the high
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FIGURE 1. Schematic of the setup used to test self-oscillations in
carbon nanotubes. A dc bias voltage is applied between the nano-
tube and the counter electrode, causing field emission from the
nanotube to the counter electrode. An ammeter is used to measure
the field-emission current.
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frequency of the vibrations (∼4 MHz), the image of the
nanotube is blurred and only the oscillation envelope (high-
lighted for clarity) is observable. (A movie showing the onset
of sustained self-oscillations can be found in the Supporting
Information.) A plot of field-emission current and applied
voltage over time for the same device driven through Vo ()
65 V) is shown in Figure 2d. These data illustrate an
important and consistent observation in our experiments:
the onset of self-oscillations is associated with a current spike
at Vo. We remark that the data in Figure 2d have been
acquired using a low sampling rate; hence the response
signal is coarse-grained and does not directly reflect the
oscillatory response for Vt > Vo. In addition, confirmation of
the oscillation was achieved visually in the transmission

electron microscope. It is expected that the field-emission
current would contain a substantial ac signal generated by
the vibrating nanotube. However, bandwidth constraints,
because of the large parasitic capacitance in our experimen-
tal setup, limited direct electrical detection. To experimen-
tally determine the resonance frequency, the nanotube was
biased just below Vo and the resonance frequency was found
by applying an external ac signal.

We first examine the fundamental mechanism of self-
oscillations in cantilevered, field-emitting nanotubes (or
similar nanostructures). We then develop a detailed model
that takes nanotube and electrode geometry into account.
Using the predictive power of the model, we design and
fabricate, using a top-down approach, scalable self-oscilla-

FIGURE 2. TEM images and experimental data during self-oscillation experiments. (a) TEM image of the nanotube with zero bias voltage. (The
scale bar is 0.5 µm.) The nanotube is approximately 2.8 µm long. (b) TEM image of the nanotube with a bias voltage. The nanotube is charged
and the electrostatic force draws the nanotube closer to the counter electrode. (c) TEM image of a self-oscillating nanotube. The nanotube is
not easily visible while it is vibrating; the dashed lines, which delineate the vibrational amplitude, have been added for clarity. Although the
nanotube appears to touch the counter electrode, it does not. The vibrational plane is located behind the visible edge of the counter electrode.
(d) Field-emission current and applied bias voltage shown as a function of time. The nanotube begins sustained self-oscillations when the
voltage is raised to 66 V. At this point, a large current spike starts continuous self-oscillations.
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tion NEMS devices with an engineered oscillation frequency
and turn-on voltage.

The nature of the self-oscillations can be understood
qualitatively by examining the forces acting on the nanotube
and the effect of these forces on the field-emission current.
When the nanotube is biased below Vo, it is attracted to the
counter electrode by the electrostatic force resulting from
charge accumulations on the nanotube and the counter
electrode. This attractive force is balanced by the repulsive
mechanical restoring force of the bent nanotube cantilever.
As is observed experimentally, vibrations begin when a burst
of electrons discharges from the nanotube. This rapid dis-
charge temporarily reduces the attractive electrostatic force;
consequently, the mechanical restoring force suddenly domi-
nates. Because of the significant resistance and capacitance
of the system, there is a time delay in recharging the
nanotube, and thus the nanotube is quickly pulled away
from the counter electrode. The steplike forcing function
initiates nanotube mechanical vibrations. The rapid dis-
charge of electrons is analogous to the plucking of a guitar
string. However, in the case of the nanotube, the vibrations
are sustained indefinitely because the cycle of rapid dis-
charge and repulsion (i.e., the plucking) repeats itself, much
like the continuous strumming of a guitar string.

Another important aspect of sustained oscillators, such
as more traditional inductor-capacitor based oscillators, is

the presence of a limit cycle. Regardless of the initial
condition, an oscillator with a limit cycle will converge to
the same amplitude and frequency. In this work, the experi-
mental evidence suggests that the nanotube oscillator does
have a limit cycle. The frequency of oscillation is determined
by the flexural resonance of the nanotube, which is a
function of the material properties and the tension. The
amplitude is a function of the field-emission current and the
discharging times, suggesting a well-defined amplitude,
which is in agreement with the experimental results.

We now turn to a closer examination of field emission
from cantilevered and mechanically flexed nanotubes. This
serves to explain the origin of the current spike that initiates
self-oscillations and allows us, on the basis of geometrical
device parameters alone, to predict the onset voltage for self-
oscillations. Field emission occurs when electrons tunnel
through the potential barrier near an object’s surface into a
nearby vacuum.13,14 The tunneling current is greatly en-
hanced in 1D structures, such as nanotubes15 because of
higher local electric fields found at their tips. Figure 3a shows
a finite-element simulation of the field of a straight nanotube
near a flat, conducting electrode. The increased field at the
tip is clearly evident. Figure 3b shows the field of the same
nanotube bent toward the counter electrode. The field near
the tip significantly increases as the distance to the counter
electrode is reduced. This increased field leads to a reduced

FIGURE 3. Simulations of the electrostatic properties of a 3-µm-long, 5-nm-radius carbon nanotube biased at 50 V. The nanotube is 1.5 µm
from the counter electrode, shown in gray. (a) Electric field of a straight carbon nanotube. The electric field is enhanced at the tip of the
nanotube by the increased curvature. (b) Electric field of the nanotube as it is bent close to the counter electrode. Notice that electric field at
the tip is significantly larger than the field at the tip of the straight tube. (c) Electrostatic potential energy landscape near the tip of the
nanotube. The barrier for field emission is substantially smaller for the bent tube, indicating that the field-emission current will be larger. (d)
Surface charge density showing the distribution of charge over the length of the nanotube. The charge can be approximated as that of an
infinitely long cylinder, shown by the dotted line, and a concentrated tip charge.
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potential barrier at the tip, as shown in Figure 3c, which in
turn causes the field-emission current to increase as the tube
nears the counter electrode. The current spike associated
with the onset of self-oscillations is caused by the nanotube
quickly moving closer to the counter electrode. This rapid
movement can be quantified by analyzing in greater detail
the total force acting on the nanotube.

The electrostatic forces acting on the nanotube are pri-
marily capacitive in nature. To model the capacitive force
accurately, we employ finite element methods to simulate
the surface charge density of a biased nanotube (Figure 3d.)
Guided by this simulation, we approximate the total charge
as the combination of a sidewall charge and a tip charge.
We approximate the sidewall charge as that of an infinitely
long cylinder (dashed curve in Figure 3d) and use standard
techniques16 to solve for the capacitive sidewall force.17,18

Here, x is the displacement of the nanotube tip, d0 is the
initial distance (i.e., when Vt ) 0) from the tip to the counter
electrode, L is the length of the nanotube, r is the nanotube
radius, Vt is the voltage of the nanotube with respect to the
counter electrode, θ is the initial angle that the longitudinal
axis of the tube makes with the normal to the ground plane,
and ε0 is the permittivity of vacuum. The tip charge is
approximated with a parametrically derived expression for
flat-end nanocylinders19 modified to account for the closed
end of the nanotube,20 resulting in the electrostatic force
acting on the tip of the nanotube:

The elastic response of the nanotube is given by two
components corresponding to the applied sidewall and tip
forces. The resulting spring constants associated with the
electrostatic sidewall and the tip forces are, respectively, ks

) (8EI)/(L3)) (8πEr4)/(4L3) and kt ) (3EI)/(L3)) (3πEr4)/(4L3),
where E is the Young’s modulus (E ≈ 1 TPa21 for a carbon
nanotube) and I ≈ πr4/4 is the areal moment of inertia.

Equations 1 and 2 govern the rapid nanotube deflection
that initiates self-oscillations. The equilibrium tip deflection
x)(Fs)/(ks)+ (Ft)/(kt) is plotted in Figure 4a for selected values
of initial tip-counter electrode separation do. The plots
reveal that the tip position becomes unstable at a critical
voltage, identified by the vertical lines in Figure 4a. At this

critical voltage Vo, the attractive electrostatic force over-
whelms the repulsive elastic force and the nanotube is
rapidly drawn to the counter electrode. This runaway deflec-
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FIGURE 4. Electromechanical modeling of self-oscillating carbon
nanotubes. (a) Equilibrium deflection of a 10-nm-radius nanotube
tip as a function of the bias voltage shown for a tube of 3 µm length
at various initial tip-surface distances (1, 2, 3, and 4 µm.) The
vertical lines for each curve represent the voltage at which no
equilibrium deflection exists for the tube and the tube becomes
unstable. (b) Sum of the electrostatic and elastic forces as a function
of the nanotube tip position for varying bias voltages (5-60 at 5 V
intervals). Stable equilibrium positions are given by the first zero of
each curve and increase, as expected, with increasing voltage but
do not exist for the 55 and 60 V curves. (c) Nanotube instability
voltages for varying tube lengths and initial tip-surface distances
(1, 2, 3, and 4 µm). The inset shows how the instability voltage
increases with tube radius for a tube with a length and an initial
tip-surface distance of 3 µm. θ ) 90° in all cases.
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tion has been previously observed in NEMS switches,22,23

but here the nanotube is positioned such that it cannot reach
the counter electrode.

The critical voltage Vo at which the nanotube position
becomes unstable and self-oscillations commence can be
evaluated directly from geometric device parameters (r, L,
d0, and θ). A plot of the total force (sum of eqs 1 and 2 and
an effective spring force based on kt and ks) is shown in
Figure 4b as a function of nanotube length L and for bias
voltages Vt ranging from 5 to 60 at 5 V intervals. The first
zero of each curve corresponds to the stable equilibrium
deflection of the nanotube for a given Vt; this equilibrium
deflection increases with increasing voltage. The instability
voltage, Vo, of the system is given by the lowest voltage for
which no zero exists and can be calculated by finding a Vt

such that F(x, Vt) > 0 for all x. Such calculations were
performed numerically on a 10-nm-radius tube, and the
results are shown in Figure 4c for continuous values of tube
length and several fixed initial tip-counter electrode dis-
tances. The inset of Figure 4c illustrates the behavior of the
instability voltage with varying nanotube radius. In general,
Vo increases for shorter tubes, larger tube radii, and larger
initial tip- counter electrode distances. As an example, for
the device geometry shown in Figure 3, the model predicts
Vo ≈ 55 V, which, given the uncertainty in the position of
our bottom-up devices and the approximations of the model,
is in excellent agreement with the experimentally observed
Vo ) 66 V.

Sustained self-oscillations will occur for applied bias
voltage Vt > Vo but only if the decay time for mechanical
oscillations, given by 2Q/ω0 where Q is the quality factor and
ω0 is the natural frequency of oscillation, is greater than or
on the order of the recharging time, given by the RC time
constant of the circuit. For the experiments described above,
we estimate 2Q/ω0 ≈ 10-4 and RC ≈ 10-5, consistent with
our interpretation of the model. We note further that if the
system is biased very close to but just below Vo then
fluctuations (such as those associated with field-emission

current noise) can temporarily kick the system into self-
oscillation mode. Although such oscillations may last for
several seconds, they are not sustainable.

Bottom-up fabricated self-oscillating devices such as those
described above are extremely useful test structures, but
their tedious serial assembly process gives them limited
practical value. Because our model explicitly outlines the role
that geometric parameters play in self-oscillations, it facili-
tates the engineering of self-sustaining NEMS oscillators
amenable to large-scale fabrication. Figure 5a summarizes
the geometric requirements (assuming L ) d0) for designing
self-oscillating cantilevered devices that operate within a
certain desired dc bias voltage range. For example, the graph
indicates that a 10-µm-long carbon nanotube will self-
oscillate for an applied bias Vt g 10 V if r < 7 nm whereas a
1-µm-long tube will oscillate for similar values of Vt if r < 2.5
nm.

We now employ scalable methods to fabricate fully
integrated self-oscillating NEMS structures with predeter-
mined performance characteristics. We use standard optical
and electron-beam lithography, microfabrication processing,
and simple nanotube deposition techniques (spin casting)
to produce fully suspended nanotube-based oscillators with
well-defined L, d0, r, and θ. The inset of Figure 5b shows a
TEM micrograph of an unbiased device composed of a
suspended multiwalled carbon nanotube and a lithographi-
cally defined counter electrode. Figure 5b shows the same
device biased into self-oscillations. For this device, Vo was
determined experimentally to be 40 V, which agrees to
within 10% of model predictions. The device architecture
shown in Figure 5b was chosen to facilitate TEM character-
ization and was realized by performing all processing on a
thin Si3N4 membrane that was then etched to produce the
suspended structure. Of course, much simpler membrane-
free approaches are possible that suspend nanotubes over
trenches24 and that exploit techniques for the controlled
placement of highly aligned SWCNTs25 or MWCNTs.26

FIGURE 5. Geometric design landscape and fabrication of carbon nanotube NEMS oscillators. (a) Contour plot of the self-oscillation onset
voltage given for L ) d0 ranging from 1 to 10 µm and for r between 1 and 10 nm. (b) Top-down carbon nanotube NEMS oscillator demonstrating
sustained self-oscillations at 40 V; the inset shows the nanotube at 0 V. (The scale bar is 1 µm.)
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In summary, we have demonstrated controllable, sus-
tained self-oscillations with carbon nanotube NEMS. Fur-
thermore, we have used an electromechanical model to
develop a comprehensive understanding of this behavior
and have described the parameters necessary for designing
proper device architectures. In addition, the model that we
presented is a general model that can be applied to other
materials such as nanowires and graphene and is likely
applicable to previous observations of self-oscillation.11 With
these design parameters, we have fabricated operational top-
down devices. The successful top-down fabrication of NEMS
self-oscillators has important implications for future highly
integrated, chip-based systems such as sensors,5 logic and
memory elements,6 and high-frequency NEMS switches,23

which can in principle be tailored to operate at dc bias
voltages of less than 10 V.
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