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ABSTRACT

We discuss the potential use of the electromechanical shuttle instability in suspended nanostructures (e.g., nanotubes or nanowires) for
nanomechanical sensing. The tunneling-assisted (shuttle-like) electron transport mechanism is addressed from a mechanical and
electromechanical point of view, showing strong dependencies on the fundamental frequency, the mechanical restoring and damping force,
and the electromechanical charging of the suspended nanostructure. We propose to use these nonlinear dependencies to sense minute mass
(and tension) changes. Therefore, we introduce a conceptual sensing device and investigate its operation in the frame of a simple model
system. Finally, we discuss different measurement techniques and report on high sensitivities (e.g., 1 nA/zeptogram (zg), or 1 mV/zg depending
on the measurement technique) and potential resolutions in the range of 10 zg (10 -23 kg).

The ongoing advances in nanotechnology, nanoscience, and
nanobiotechnology make ultrafast, high-sensitivity, nanosized
sensor systems increasingly important. Nanoelectromechani-
cal systems (NEMS),1-3 which are not just downscaled
microelectromechanical systems (MEMS),4,5 have been
proven to be very promising candidates for such devices.6

Moreover, NEMS devices may enable novel methods to
probe physical processes, chemical reactions, and nanobio-
logical implications at the nanoscale level.

Here, we focus on the high sensitivity detection of a minute
mass, which attracts increasing interest in nanotechnology
from both an application and fundamental point of view.
State-of-the-art minute mass measurement techniques en-
counter difficulties when (i) investigating dynamic processes,
(ii) scaling them down, or (iii) heading toward integration.
For example, the time-of-flight mass spectrography7 can
hardly be used to measure reactant mass changes before and
after chemical reactions. Moreover, these techniques can
hardly be integrated in solid-state M/NEMS. On the other
hand, mass detection methods based on the mass-dependent
resonant-frequency shift of an oscillator are well suited for
fast, highly sensitive detection of single molecules.8-10

Additionally, these methods can be integrated in solid-state
circuits and enable a repeatable, nondestructive technique
to measure small mass changes. However, because the
resonant frequency shift depends on the relative mass change,
the miniaturization of the oscillator toward ultralightweight
structures is crucial for highly sensitive mass detection at
nanoscale.9

Carbon nanotubes,11,12one of the most studied nanostruc-
tures today, are extremely light, have high aspect ratios, and

possess extraordinary mechanical properties, making them
a promising material for nanoscaled oscillators13,14 and
nanosensor systems.15,16Poncharal et al.17 showed femtogram
mass detection via nanotube cantilevers by using a transmis-
sion electron microscope (to track the resonant frequency).
Nishio et al.9 reported zeptogram detection by analyzing
secondary electron intensities induced by a focused electron
beam of a scanning electron microscope in terms of the
oscillation amplitude of a nanotube cantilever. However,
these methods (including the optical techniques) share
challenging oscillation detection schemes and difficulties for
integration in (solid state) micro- or nanoscale systems, which
is a major prerequisite for useful future autonomous systems
for mass detection at the nanoscale level.

Here, we introduce a transducer concept for mass sensing
at the nanoscale based on the tunneling-assisted electron-
shuttle instability18 of a carbon nanotube oscillator.13,14 The
phenomenon of the tunneling-assisted electron shuttle was
predicted by Gorelik et al.19 and has been investigated over
the last years.20 A typical electron-shuttle system includes a
movable conducting metal grain clamped in an elastic
medium between two metal electrodes. By applying a dc
bias, electrons start to tunnel from one electrode to the metal
grain, and when exceeding a certain threshold voltage (the
system exhibits a bifurcation at some threshold bias), an
electromechanical instability occurs, resulting in large-
amplitude mechanical oscillations and a shuttle current
depending on these oscillations of the grain.

Jonsson et al.18 showed that such an electromechanical
instability can also occur in suspended carbon nanotubes if
the bias voltage exceeds a threshold value that depends on
theQ-factor of the system. In contrast to their work, we focus
here on the potential use of the electromechanical instability
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for nanomechanical sensing. Accordingly, we introduce in
the following a model for the proposed sensing device and
discuss the influence of several parameters (e.g., coupling
strengths, mass variations, mechanical tension) on the shuttle
instability. Finally, a few operating modes are proposed and
analyzed in terms of typical sensing performance metrics
such as, e.g., sensitivity, resolution, and response times.

A schematic illustration of the investigated device is shown
in Figure 1a. A metallic carbon nanotube or nanowire21 of
length L is suspended over a trench and clamped by two
metal electrodes (e.g., ref 22). The suspended nanostructure
can be electrostatically driven by an electrode tip positioned
at a distancel of a few nm to the center of the tube. A DC
bias voltage Vb is symmetrically applied between the
resonator and this electrode, which leads to an electrostatic
force Fe attracting the nanostructures. If the redistribution
of charge in the nanotube is fast compared to other time
constants (e.g., shuttling rates) in the system, the nanotube
can be treated as a metallic island with excess chargeq and
electrostatic potentialφ. The tip electrode-tube contact (and
the nanotube-metal junction) is modeled (Figure 1b) as a
tunnel junction characterized by resistanceR1(x) [R2] and
capacitanceC1(x) [C2].

From a mechanical point of view, the time-dependent
bending profile of a suspended doubly clamped nanotube
under a driving force distributionf(x,t) is modeled by,23

andx(0) ) x(L) ) xz(0) ) xz(L) ) 0, whereA is the cross-
sectional area,F is the mass density,I the moment of inertia,
and E is the Young’s modulus. The bracket term in eq 1
describes the stress force in the nanotube, whereT is the
sum of the residual tensions.24 Because eq 1 cannot be solved
analytically, we make use of the Galerkin discretization
procedure25 to approximate it, leading to a Duffing-type
equation of motion. By including a phenomenological
damping termx̆ω0/Q, whereQ is the mechanical quality
factor, and restricting to the linear regime (neglectingO(x3)
terms26) and the fundamental flexural mode, we obtain

meff is the effective mass (meff ) k/ω2), andx(t) is a shorthand
notation for x(L/2,t), the deflection at the center of the
nanotube. The electrostatic forceFe(x) ) -∂We(x)/∂x acts
between nanotube and tunnel electrode, whereWe(x) is the
free electrostatic energy of the system consisting of two
tunneling junctions (Figure 1b). The free energy of this
system is given byWe(x,q) ) (q2 - 2qC1(x)V - C1(x)C2V2)/
(2C1(x) + 2C2).24 To derive the electrostatic forceFe(x), we
follow ref 18 and consider a simple plate capacitor model
C1(x) ) C0(1 - x/l′), where l′ ) l - d/2.27 Thus, the
electrostatic force is then given by,28

Finally, we assume that the chargeq can be treated as a
continuum variable. This assumption is justified because the
charging energyEc ) e2/C0 is belowkBT at room tempera-
ture.29 Coulomb blockade is smeared out in these conditions,
and a differential equation for the chargeq on the nanotube
can be written as

whereG1,2 ) 1/R1,2 is the conductance,R1(x) ) R0 e-x/λ is
the nanotube-tip resistance, andC((x) ) C1(x) ( C2

[G((x) ) G1(x) ( G2] are the sum and difference of the
junction capacitances [conductances]. The averaged current
can be divided into (i) a tunneling currentIht ) T-1∫t0

t0+T

VG+ [x(t)] dt, and (ii) a mechanical shuttle current,Ihs. The
average shuttle current is given by the total amount of charge
(mechanically) shuttled in one periodT, which is ap-
proximated by the difference between the maximum and
minimum charge on the mechanical shuttle,Ihs ≈ T-1(qmax -
qmin).

Figure 2 shows steady-stateI-V characteristics of the
discussed model system. The shuttling currentIhs and the total
currentIh ) Iht + Ihs are plotted as a function of the bias voltage

Figure 1. (a) Schematic illustration of the nanoelectromechanical
mass sensing device and (b) equivalent circuit of the model system.
A suspended nanotube (or nanowire) of lengthL is clamped by
two partially anchored metal electrodes. The nanostructure can be
electrostatically displaced by applying a dc-bias voltageVb at an
electrode tip with distancel to the center of the nanostructure.
x(L/2,t) measures the deflection of the center of the tube from its
equilibrium position. The nanostructure is modeled as a metallic
“island” with excess chargeq and electrostatic potentialφ. The
electrode-tube contact (and the contact between nanotube and metal
electrodes (MEs)) is a tunnel junction characterized by resistance
R1(x) [R2] and capacitanceC1(x) [C2].
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Vb for two different sets of parameters.29 Note the qualitative
difference between the so-calledsoft-transition (Figure 2a)
and thehard-transition (Figure 2b) regimes,18 which, at least
technically, only differ in the resistancesR0 and R2 (soft-
transition: R0 ) R2 ) 2 MΩ and hard-transition:R0 )
2 GΩ, R2 ) 20 MΩ). From an electromechanically charging
point of view, however, these two regimes differ significantly
because, for the soft-transition regime, small deflections (see
inset in Figure 2a)sresulting in a fairly constantR1(x), ∆R1

, R1sare sufficient to shift the nanotube potential in order
to overcome the damping losses. In contrast, the hard-
transition regime requires large deflections (inset in
Figure 2b) to provide sufficient charging energy in order to
overcome dissipation. Large deflections lead to a strongly
nonlinearR1(x), ∆R1 ∼ R1, triggering the onset of the highly
nonlinearI-V characteristic (Figure 2b).30 Additionally, the
quasilinear and highly nonlinearI-V characteristic signifi-
cantly affects the transient behavior to tune the electron
shuttle (insets in Figure 2). For example, the soft-transition
configuration takes approximately 0.4µs for setting up the
quasisteady current for a bias voltageVb ) 0.29 V. The inset
in Figure 2b shows the much faster, transient phenomena
for the hard excitation, where the shuttle current is dominat-
ing, Ihs > Iht. The quasisteady current (forVb ) 0.8 V) is
reached in less than 10 ns.

We now focus on the influence of minute mass changes,
δm, or applied external tensions,δT, on the electron shuttle.
It is assumed (i) that the electrical properties of the nanotube
itself are not altered and (ii) that the additional massδm is
homogeneously distributed along the nanotube, which can
be replaced by a change in mass densityδF. Both, changes
in mass and tension are influencing the fundamental resonant
frequency of the electron shuttle (eq 2). The frequency shift
affects (i) the shuttling rate (increased shuttling current for
higher frequencies), (ii) the mechanical force (damping plus
restoring) Fm ) meffω0/Q‚x̆(t) + meffω0

2‚x(t), leading to
decreased amplitudes for increasing frequencies, and finally,

(iii) the charging in dependence of the time constantsτ1(x)
) R1(x)C1(x) andτ2 ) R2C2. Because the nature of the time
constants strongly reflects the soft- or hard-excitation mode,
the frequency-dependent charging shows a qualitative dif-
ference between the soft- and the hard-transition regimes.

In Figure 3, the currentIh is plotted as function of the
tension T for different bias voltagesVb. For the hard
transition, the current increases with external stressδT along
the nanotube axis until the mechanical restoring force
suppresses the amplitude∆x to that point, where the charging
energy does not compensate dissipation. This leads to the
breakdown of the shuttle current. The threshold tension is a
monotonic function ofVb. Less effect is seen for the soft
transition, as depicted in Figure 3a. Here, again, the me-
chanical restoring force dominates over the tension-enhanced
charging and leads to the breakdown of the oscillation,
resulting in pure tunneling current. The insets of Figure 3
show the time evolution of the mechanical forceFm and the
electrical forceFe as a function of the deflection. The
restoring force increases for increasing tension at a given
deflection and the qualitative difference between soft transi-
tion (∆τ1 , τ1)squasilinear electrical forceFe (inset in
Figure 3a)sand hard transition (∆τ1 ∼ τ1)shighly nonlinear
Fe evolution (inset in Figure 3b)scan be identified. Please
note that, in both regimes, forT ) 40EI/L2 (no. 2), dissipation
is clearly exceeding the driving energy, leading to damped
oscillations (e.g., inset in Figure 4a).

The mass sensor characteristic is shown in Figure 4.
Because mass changes do only slightly affect the mechanical
restoring force because the stiffnessmeffω0

2 is mass inde-
pendent, the breakdown of the instability is dominated by
the frequency-dependent charging. This has the interesting
consequence that the sensor response differs significantly
between soft- and hard-transition regimes (Figure 4a,b).

Similar to the current-tension characteristics (Figure 3),
the onset of the instable behavior of the hard transition is
related to a decreasing frequency (increasing mass), however,

Figure 2. I-V characteristics of the model system corresponding to (a) the soft and (b) the hard transition. For both regimes, the current
Ih (solid line) and the purely mechanical shuttle currentIhs (dashed line) are plotted. The insets depict the transient phenomena for setting up
the quasisteady state for two different bias voltages (see dotted line). Please note the different time and amplitude scales for the soft and
hard transition.
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it is caused here by the enlarged charging time. Above the
threshold value (sufficient mass on the nanotube), the current
Ih decreases very slowly due to the decreased shuttling rate.
For the soft-transition regime, a completely differentI -
δm/m0 characteristic is observed where a decreasing fre-
quency leads to decreasing current and finally to the shuttle
breakdown (see kinks in Figure 4a). This is mainly due to
the stronger attraction to the electrostatic equilibrium (dashed
line in Figure 4c) of a decelerated electron shuttle. In
Figures 4c,d, the time evolution of the electrical forceFe

for a certain time interval∆t at a givenVb is shown for
different mass densitiesF0,1. For both the soft- and hard-
transition regime, the decreasing shuttle velocityx̆(t) leads
to the instability in theI - δm/m0 characteristic (Figure 4a,b).
For the hard excitation, the increased charging time, due to
the decelerated shuttle (increase in mass; gray curve in
Figure 4d), results in an increasedFe and consequently in
increasing amplitude∆x and currentIh. Within the soft-
transition regime, the equilibrium of the potential divider
(Figure 1b) is reached for both frequenciesω0,1 at the
extremes due to the minor tunnel resistancesR1, R2. Thus,
the difference in mass density only manifests at higher shuttle
velocity (arrows in Figure 4c), where the shuttle potential
of the decelerated shuttle is closer to the voltage divider
equilibrium than the faster shuttle, resulting in less electron
shuttling and consequently in damped oscillation. An ex-
ample of a mass-induced damped oscillation is shown in the
inset of Figure 4a. Note that the system has reached the
quasistable oscillation state before a relative mass of 8.8%
(which corresponds to 3 attograms, 10-18g) has been added
and the oscillation has been damped out after≈ 1.2µs. This
corresponds to a change in currentIh of ≈ 4.7% (bullets in
Figure 4a).

We now turn our attention to the different measurement
techniques and perform a brief analysis of each technique

in terms of a few standard sensing performance metrics. Four
techniques have been identified for the shuttling transducer,
three of which can be easily explained with the help of
Figures 3,4. The first measurement technique (M1) relies
on the monotonic regions of the current-mass (or current-
tension) characteristic at constant bias voltageVb, e.g.,Ih(T)
for T ∈ [-10,9]EI/L2 at Vb ) 0.74 V in Figure 3b, orIh(δm/
m0) for δm/m0 ∈ [0,0.06] atVb ) 0.2915 V in Figure 4a.
The second measurement technique (M2) involves continu-
ousVb loop-sweeps while monitoring for a sharp transition
(discontinuity) in the output currentIh (either increasing or
decreasing). In this case, the value of the bias voltage at the
discontinuity, the so-called threshold voltageVb,th, yields the
mass of (or tension in) the nanotube. The third technique
(M3) is a variation of M2 in which the current through the
device is kept constant somewhere between the saturated
minimum and maximum values (e.g.,Ih ) 10 nA in
Figure 4b) by inserting the shuttle in the negative feedback
loop of an operational amplifier and forcing the reference
current through it. Modifications of the mass (or tension)
will directly translate into a variation of the amplifier’s
output, which corresponds to the threshold biasVb,th for which
Ih remains constant at a given mass value. Again,δm/m0 (or
T) can be derived fromVb,th. Finally, the fourth measurement
technique (M4) exploits a significant difference in the noise
levels of the device in the tunneling and shuttling regimes.
As for M2, M4 also requires sweepingVb while monitoring
the noise level inIh. M4 in turn admits several variations
depending on the frequency band of the monitored noise,
discussed below in the context of noise performance of
shuttling devices. For practical reasons, we include a
discussion of the critical performance parameters of each
proposed measurement technique. We focus here on the most
important parameters, namely sensitivity, response time, and
resolution (limit of detection) and leave aside dynamical

Figure 3. Current vs tension corresponding to (a) the soft and (b) the hard transition for different bias voltagesVb. Please note the different
scales for the current, primarilyIh ≈ 0 for higher tensions in the hard-transition regime. The insets show the time evolution of the mechanical
(restoring plus damping) forceFm and the electrostatic forceFe as function of the shuttle deflection for two different tensionsT (no. 1: T
) 0 and no. 2:T ) 40 EI/L2).
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range, linearity, drift, and other parameters. We also restrict
the discussion to mass sensing only. The sensitivity of the
mode M1 is given by the minimal slope of theI - δm/m0

characteristic for any given monotonic segment. For the soft-
transition regime (Figure 4a), the calculated sensitivity is
around 1 nA/zg for a free nanotube massm0 of ≈ 34 zg. In
the hard-transition regime, the sensitivity is ill-defined
because the derivative is singular. We note, however, that
in practice, due to finite temperature, the transition will
soften, leading to a finite slope and therefore high (but finite)
sensitivity. For the remaining measurement modes (M2-
4), the sensitivity is approximately the same, and given by
δVb,th/δm, yielding the value≈ 1.7 mV/zg for soft-transition
and≈ 1.0 mV/zg for hard-transition.

Regardless of the measurement mode, the response time33

is given by the stabilization of the deflection amplitude (an
example of the transient is displayed in the inset of
Figure 4a). This stabilization time is generally dependent on
the position in the phase space of the system at the moment
of the perturbation, the values of the system parameters (e.g.,
Vb), or, more generally, on the “curvature” of the basin of
attraction of the new limit cycle. For the hard-transition
regime, we have observed a singularity in the stabilization

time as a function of the added mass at the same location as
for the I - δm/m0 characteristic. In general, we found that
the transition time decreases with increasing mass.

The sensing resolution is limited by the noise level
quantifiable by the Fano factor, defined asF ) S(ω)/2eIh,
whereS(ω) is the power spectral density of the current noise.
Because of computational limitations, most of the calcula-
tions so far have relied on generalized master equations (e.g.,
ref 31) in the Coulomb blockade regime at low temperature
and small displacements such that the bosonic space could
be safely truncated.32 Therefore, only qualitative conclusions
can be transferred to our situation. Although, the Fano factor
at zero frequency depends strongly on the restoring force of
the nanotube, all studies concur thatF differs in the tunneling
and shuttling regimes. A second conclusion, evidenced by
Isacsson et al.32 and confirmed later in ref 34, is the presence
of a sharp (noise) peak in the Fano factor at the resonant
frequency of the nanotube in the shuttling regime only.
Therefore, using a low-pass filter or a narrow band-pass
around the resonant frequency and measuring the filtered
noise, can give information about the shuttling regime. These
are the two measurement variants of M4 mentioned before.

Figure 4. Current vs relative mass change corresponding to (a) the soft and (b) the hard transition for different bias voltagesVb. The inset
shows the transient behavior of the shuttle atVb ) 0.2915V if 8.8% ofm0 are added to the total mass. The steady state is reached again
after 1.2µs, where the oscillation has died out. The arrow marks this point in the current mass plot. (c,d) Evolution of the electrical force
for a time interval∆t as a function of the deflection for two different mass densities (F0,1) corresponding to (c) the soft and (d) the hard
transition. The density is given in units of kg/m3, and for more information, please see text.
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Finally, we estimate a potential resolution of the introduced
nanotransducer by conservatively assuming that the current
noise level∆Ih is at the same order of magnitude as the current
itself (∆Ih ∼ Ih). Because, for the soft transition (operating in
mode M1) the measurable current,Ih, is in the range of≈
10-100 nA, a resolution∆m in the range of approximately
10-100 zg can be estimated. Note that this is of the same
order of magnitude as the oscillating carbon nanotube
cantilever presented by Nisho et al.,9 where the oscillation
frequency is detected by an electron beam scanning electron
microscope.

In conclusion, we have presented a nanoelectromechanical
transducer concept to detect minute mass changes (or external
tensions) by making use of the electromechanical instability
of a nanotube (or nanowire) based electron shuttle. The
nonlinear model system has been discussed in detail, and
theI-V characteristic for different transport regimes has been
revisited. The potential for nanoelectromechanical sensing
has been investigated in terms of current-mass (or current-
tension) characteristic of the tunneling assisted electron
shuttle. We focused in detail on the mechanical implications
on the shuttling rate, the mechanical force, and the electro-
mechanical charging. The sensor performance and different
measurement techniques have been discussed, and finally,
high sensitivities and a resolution in the range of 10-
100 zg are estimated, proving the potential to measure minute
mass changes. This makes the presented device concept
interesting for nanoscaled autonomous mass sensing systems.
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