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We demonstrate the transition of a coupled electron shuttle from a stable to a strongly nonlinear

response at room temperature. Within this transition we observe the coupled shuttle’s response to change

from Coulomb controlled to conventional field emission. This parametric process is fully reversible and

occurs within a broad frequency range. In combination, the large current and wide frequency band enable

energy harvesting applications. The experimental data and the numerical calculations both indicate that

the source of the nonlinearity is given by the electromechanical coupling of electron shuttling.
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Vibration energy harvesting is attracting considerable
attention, in devices where replacement of exhausted bat-
teries is not an option. A crucial limitation of resonant
vibration energy harvesters is that the best performance of
the devices is limited to a very narrow bandwidth around
the fundamental resonance frequency. If the excitation
frequency deviates slightly from the resonance condition,
the power output is drastically reduced, preventing most
cantilever-based energy harvesters from practical applica-
tions [1]. This limitation has motivated extensive research
in microelectromechanical and nanoelectromechanical
systems (NEMS), where nonlinear, bistable oscillators
are believed to provide the best performance [2]. In par-
ticular, arrays of nanopillars are being extensively studied
for their potential applications as energy harvesters [3]
apart from conventional solar cells ideas [4].

In this Letter, we investigate the most fundamental
component for the realization of bistable oscillators: a
coupled pendula, consisting of metallic islands on top of
two silicon nanopillars. Such structures form mechanical
resonators—also coined electron shuttles. Since the origi-
nal suggestion of the shuttle phenomenon [5], there has
been increasing interest due to the rich new physics
phenomena as the electronic and mechanical degrees of
freedom combine [6–9]. Electron shuttles are leading can-
didates to many functionalities in future industry, as they
operate at radio frequencies (rf), possess a set of resonance
frequencies, and reveal Coulomb blockade even at room
temperature [10]. Spontaneous symmetry breaking has
also been observed in these systems [11], revealing
Arnol’d tongues in the frequency domain [12].

Here, we focus on weak rf excitation of a coupled
nanopillar shuttle. We show that the coupled oscillators
can be parametrically driven into a highly nonlinear

regime greatly affecting the motion of the shuttle. In
this nonlinear regime, field emission amplifies the response
by several orders of magnitude. Such a large current
then has the potential to form the basis for energy harvest-
ing via nanomechanical shuttles. The effect is observed
over an extremely broadband of excitation frequencies,
highly desirable for energy harvesters [13]. Moreover, the
system presents the great advantage of being operated at
room temperature and is scalable, in contrast to other
NEMS-based approaches [14].
A scanning electron microscope image of a coupled

nanomechanical pendula is shown in Fig. 1(a): the diam-
eters of the gold islands are around 50 and 64 nm, respec-
tively. They are placed on top of the nanopillars etched
out of a silicon-on-insulator substrate, with a top silicon
layer of 190 nm thinness and an insulating layer of 350 nm.
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FIG. 1 (color online). (a) Two coupled nanomechanical
shuttles: the metallic islands on top provide the conduction
path for the electrons between source S and drain D contacts.
(b) The flexural modes drive a mechanically assisted direct
current—the shuttling current—where the center of mass re-
mains at rest. (c) Circuit diagram with the mechanically tunable
tunneling barriers between the leads and electron islands
(see text for details).
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The 50 nm top gold layer serves as the electrical conduc-
tion path as well as an etch mask in the dry etch step to mill
out the surrounding silicon-on-insulator material. To
ensure electron transport only via the metallic islands,
the substrate is etched down to the insulating layer.
A schematic circuit diagram of the measurement setup is
shown in Fig. 1(c). The three junctions are characterized by
a resistance RjðxÞ, j ¼ 1, 2, 3, where x ¼ x1 � x2 accounts

for the relative displacement of the islands.
All measurements are performed under vacuum

(p� 10�5 mbar) at room temperature. External rf signals
are applied via impedance matched transmission lines in
order to minimize signal losses along the line. The dc
output current reveals the resonance spectrum as expected
and demonstrated before [11], where dynamical symmetry
breaking causes parametric instability [15]. The low fre-
quency regime containing the enhanced current response is
shown in Fig. 2(a) at three different power levels. Peaks
rise when increasing the rf power level from 0 to 15 dBm.
The current-voltage characteristics at three frequencies—
at 68 MHz (square), 72 MHz (dot), and 92 MHz
(triangle)—are shown in Fig. 2(b). The inset of Fig. 2(b)
gives the average number of electrons transferred per cycle
in the low bias regime (Vac � 0:45 V), where a steplike
structure due to Coulomb blockade is apparent.

As a first step, we want to model Coulomb blockade.
This also serves as a test for our modeling of the nonlinear
properties of the circuit. For this, we focus on the tunneling
process across junction ‘‘1’’ [see Fig. 1(c)]. The energy an
electron needs to overcome reads [16]

�
! 
1 ðx; nL; VÞ ’

e2

C�1
ðxÞ

�
1� 2nL � V=V1

th

1� x=d

�
;

where V is the bias voltage, C�1
is a capacitance constant

determined by the geometry of the system, d ’ 15 nm is
the interdot distance, with jx=dj< 1=2, nL is the number of
excess electrons in the left island, and the arrow labels the
direction of the movement of the electron. Here, we
have defined the static (x ¼ 0) threshold voltage, V1

th.

The criterion for a tunneling event to occur is that the

free energy is lowered after the process, �
! 
1 < 0. If the

magnitude of the voltage is just below the threshold, say,
jVj ¼ Vth1 � " with " > 0, then �!1 < 0 (� 1 < 0)
requires V < 0 (V > 0) and x > "=Vth1 ; i.e., tunneling is
only possible when the island separates from the electrode
(x > 0). Basically, a decrease in the Coulomb blockade
threshold occurs as the islands move away from the
electrodes, due to the mutual capacitance dependence on
relative distance [17]. However, the tunneling process is
exponentially suppressed as the tunneling distance
increases.
On the contrary, just above the threshold jVj ¼ Vth1 þ ",

tunneling processes become energetically favorable, as

�
! 
1 < 0 even at x < 0, with a consequent enhancement

of the tunneling current. Due to the integer nature of the
charge, a steplike current is to be expected as a function of
the voltage in the shuttling regime [5]. The blue curve of
the inset of Fig. 2(b) shows the average number of trans-
ferred electrons per cycle, hniT as a function of Vac, where
current steps are apparent. The red curve is a theoretical fit,
obtained by solving the master equation self-consistently
with the mechanical equation [18]. We note an overall
linear increase of the current with Vac, due to thermal
broadening.
We now superimpose a dc bias voltage Vdc ¼ �0:1 V

on the rf signals using a bias-tee: VðtÞ ¼ V0½sinðftÞ þ ��.
An anomalously large nonlinear response is observed
at a low rf level (� 3–5 dBm). Figure 3(a) shows stro-
boscopic traces at 3.1, 4, and 5.4 dBm. Dramatic changes
in the response are apparent [note the logarithmic scale
in Fig. 3(a)], expressed by extremely large field emis-
sion currents. In this region, mechanically assisted
self-enhanced oscillations appear as a consequence of the
parametric instability induced by a pitchfork bifurcation.
A subsequent drastic enhancement of the direct current

occurs—key for energy harvesting—when the Fowler-
Nordheim tunneling limit is reached [19]. This results in
a current 2 orders of magnitude larger than the one
observed in the Arnol’d tongues. Figure 3(b) shows the
high-power rf regime, where Arnol’d tongues are visible at
a signal power of�10–15 dBm. This is similar to the case
with only the rf signal applied, see Fig. 2(a). The whole
structure in the frequency domain is summarized in the
color scale in Fig. 3(c). Note that the color scale is linear up
to 10 pA and logarithmic thereafter.
Apart from strongly enhanced current levels, we can also

state that the resonance width or active bandwidth (BW)
for energy harvesting is increased by roughly 1 order of
magnitude. This is the second key ingredient for harvesting
applications. Comparing Figs. 3(a) and 3(b), the linear
response’s BW at about 75 MHz is a bit above 5 MHz,
while the nonlinear response’s BW spans the entire data
range shown of 50 MHz. Hence, entering the nonlinear
regime of the coupled electromechanical shuttles truly
improves the BW.

FIG. 2 (color online). (a) Output current with external rf signal
of 0, 5, 10, and 15 dBm. (b) IV characteristics at three different
frequencies 68 MHz (square), 72 MHz (dot), and 92 MHz
(triangle). The inset shows a steplike current in the low bias limit
due to the mechanically enhanced Coulomb blockade (see text).
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In order to quantify this nonlinear behavior further, we
model it in terms of mechanical instabilities. We describe
the electrodynamics of the coupled shuttle with a varying
relative charge n ¼ nL � nR, subject to a force produced
by the electric field �VðtÞ=L,

€xþ xþ �

fp
_x ¼ � eVðtÞnðt; xÞ

mf2pL�
; (1)

where L is the source-drain distance, x is conveniently
expressed in units of the tunneling distance, �. � is the
dynamic damping and fp is the oscillator’s eigenfre-

quency. The last term of Eq. (1) determines the response
of the system, as we describe it below. In the limit of small
oscillations (linear regime), the amplitude of the relative
displacement of the nanoislands is comparable to the
tunneling distance, �. Moreover, in the adiabatic limit,
the charge follows the excitation, and thus, multipliers
can be encountered nðt; xÞ / VðtÞ�ðxÞ.

Using classical electrodynamics we find �ðxÞ [15,16],
and we express the last term of Eq. (1) with the explicit x
dependency,

eVðtÞnðt; xÞ
mf2pL�

’ �½sinðftÞ þ ��2
�
x� 2�

d
x2 � 3

16
x3
�
; (2)

where we have defined the dimensionless parameter
� ¼ 3CV2

0=4mL�f2p that quantifies the strength of the rf

excitation. � is the ratio of the electric (� CV2
0=L) and

mechanical forces (�m�f2p). The modified Mathieu equa-

tion is then obtained within the weak electromechanical
coupling limit, where � is arbitrarily small.
We finally solve Eq. (1) using the Poincaré-Lindstedt

method within the weak electromechanical coupling limit.
Evaluation routines [20] allow us to numerically find
unstable regions and the associated bifurcation diagrams.
Figure 4 represents such a bifurcation diagram in the
parameter space spanned by � and f. Instabilities are
expected in the solid regions, where self-sustained
oscillations in the Fowler-Nordheim limit can occur.
The insets show, schematically, two different phase

portraits associated with the solid-colored regions. In the
red-colored region the origin is unstable, in the sense that
even if the pillars are initially at rest, the electrostatic field
creates oscillations in the stationary limit. As the red phase
portraits of the insets illustrate, the associated trajectories
start near the origin and converge to either of the two
oscillatory stable solutions. Hence, an increase in fre-
quency leads to two nontrivial stable nodes, which coexist
in phase space. This scenario is termed a supercritical
pitchfork bifurcation in the field of nonlinear dynamics,
due to the semblance with the corresponding stroboscopic
plot (lower right inset of Fig. 4).
In the green region, the origin becomes stable again, but

two additional nontrivial stable nodes appear. This implies
that only if the shuttling regime described above has been

FIG. 4 (color online). Bifurcation diagram showing unstable
regions where self-sustained oscillations are expected. The two
upper insets show corresponding phase portraits: In the pitchfork
bifurcation (red or dark gray) the origin is unstable, whereas in
the green (gray) region, the attractor at the origin coexists with
another two nontrivial stable nodes. The lower inset shows the
amplitude xm of the relative deflection for the stable solution
along the black broken trace, � ’ 3� 10�3.
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FIG. 3 (color online). Output direct currents with different
external rf signal powers: (a) 3.1, 4, and 5.4 dBm superimposed
on a bias voltage of �100 mV. (b) The conventional periodic
responses are recovered above a certain rf signal power level of
�6 dBm. (c) Color-scale graph of output current via coupled
nanoscale pendula in the frequency domain with continuous ac
power P increase. Thin dashed lines indicate the line plots shown
in (a) and (b). Note that the scale is logarithmic for direct current
larger than 10 pA, and linear otherwise.
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reached, the oscillations are kept throughout the light green
region of Fig. 4. A band of strong nonlinear response is
then observed for a wide range of frequencies.

The instability is known to be parametric, as it is caused
by a smooth change in the electromechanical coupling �.
The mechanical vibrations of the nanopillars perturb the
charge balance on the islands, causing accelerations that
further enhance the displacements of the shuttles. Those
nonlinear modes are the ones to exploit for energy
harvesting.

In the shuttling regime the number of electrons is
nðt; xÞ ’ nðtÞ, i.e., a square wave synchronized with the
excitation VðtÞ [16,21,22]. The last term of Eq. (1) would
then read,

eVðtÞnðtÞ
mf2pL�

’ eV0ðsinftþ �Þðnav þ n0 cosftþ � � �Þ
mf2pL�

: (3)

Now, solving Eq. (1) analytically, we find nontrivial
stable points at any frequency f. In other words, once the
adiabatic self-oscillatory regime is reached, the transition
into the shuttling regime follows. Making use of [16], we
find that a positive energy can be pumped into the system
when eV0�n0=Lmf2p� 	 �xm. The Fowler-Nordheim

limit will then follow, with a consequent enhancement of
the response. Given the parameters of Table I, we can
estimate that this occurs when n0 	 4.

We match the experimental results, identifying the theo-
retically encountered band of instability with the experi-
mental one, as noted in the right and top axis of Fig. 4
(� and f have arbitrary units on the left and bottom axes).
This involves the parameters given in Table I. Based on this
data, we can state that an array of coupled nanopillar
shuttles with attainable dimensions, i.e., diameters around
50 nm, tuned into a slightly nonlinear state, will be an
excellent nanomechanical energy harvester.

In summary, we have shown that the mechanical
response of a coupled electron shuttle leads to steplike
current, showing the imprints of the Coulomb blockade
at room temperature. We observe parametrically driven
bifurcations, where a smooth change in the electrome-
chanical coupling leads to an oscillatory adiabatic regime,
followed by a self-oscillatory scenario within the shuttling

limit, and ending with a nonlinear response. The resulting
field emission current is then dramatically enhanced by 2
orders of magnitude as compared to the conventionally
recorded shuttling currents. In addition the effective band-
width of the mechanical system is enhanced by 1 order of
magnitude.
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