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Figure 3 | Tuning and parametric transduction of the
nanoelectromechanical resonator. a, Power response of the resonator at
V..r. = =2 mV sampled around the resonance. To minimize long-term drifts,
traces are taken with increasing absolute value of d.c. bias reversing sign
between consecutive traces (see Supplementary Information). b and

¢, Interferometric versus dielectric detection. b, Interferometrically
measured power response subject to parametric actuation around 2f, at
V... = 3 V. The resonance frequency is modulated at 2f with the r.f. power
plotted on the y axis, while the detection frequency fis plotted along the x
axis. ¢, Power response of a parametrically excited resonator using dielectric
detection at V. = 20V. As in b, the resonator was driven by a frequency
modulation at twice the detection frequency as a function of modulation
power and detection frequency. The response reproduces the
interferometrically measured data from b, even though a sample with a
different electrical environment was used.

tongue’ indicates the region of instability and self-oscillation as experi-
mental evidence of parametric actuation. In particular, when the
resonance frequency f; is modulated at exactly twice its value with

Sf (1) =0f x cos (2 (21th) t), theory predicts the transition to occur

when 8f > f,/Q. For the case shown in Fig. 3a, the transition is
expected for a driving power of —25 dBm, which is in good agreement
with the data. However, we note that there is some ambiguity in
defining the onset of spontaneous oscillation'".

Reversing the actuation principle, we can also electrically detect the
motion of the resonator locally. Therefore, on a different sample, a
second pair of biased electrodes is introduced, which had previously
been shunted with the driving electrodes (see Fig. 1a). The oscillating
motion of the polarized resonator modulates the mutual capacitance
of these electrodes, thereby creating an electrical signal. To avoid cross-
talk from a resonant drive signal, the beam was parametrically excited
around 2fy, as discussed above. The dielectric detection scheme uses an
impedance converter near the sample and is demonstrated in Fig. 3c.
To estimate the achieved sensitivity, the response amplitudes of Fig. 3b
and c are compared when the resonator is driven 10dB beyond the
onset of spontancous oscillation. An amplitude of 10 nm results in
an electrical signal power of approximately —80dBm. As the noise
level is about —100dBm when measuring at 50 Hz bandwidth, the
sensitivity is approximately 20 pm Hz '’ for the unoptimized device.
An estimate of the limits of this detection scheme using a more
advanced set-up can be found in the Supplementary Information.

Although other electrical displacement sensors have obtained higher
sensitivities'***, the integration with a highly efficient, material-
independent drive makes our dielectric scheme an interesting candidate
for nanomechanical transduction.

In conclusion, by taking advantage of dielectric gradient forces, we
realize and quantitatively validate a new and widely applicable actuation
and readout scheme for nanoelectromechanical systerns. It is on-chip
and scalable to large arrays, broadband potentially beyond the gigahertz
regime, and imposes no restrictions on the choice of resonator material.
It thus enables the optimization of mechanical quality factors of the
resonator without being bound by specific material requirements. The
sensitivity of mechanical sensors scales with the quality factor®, so we
anticipate the scheme to be of interest in the fast-developing field of
sensing’®. Capable of locally addressing individual resonators, it is
particularly relevant for bio-sensing, where large arrays of individually
addressable resonators are desirable to analyse multiple constituents.
Because the driven mechanical element can be fabricated separately
from the actuating capacitor, it will also permit bottom-up fabrica-
tion””. Using this actuation scheme we demonstrate strong electrical
field-effect tuning of both the resonance amplitude and frequency. This
facilitates parametric excitation of the resonator at 2f, thus allowing
decoupled detection of its oscillation at f. The large frequency tuning
range can, for example, be used for in-situ tuning of several mechanical
elements into resonance™ or coupling to external elements, Moreover,
the combination of parametric excitation and (even weak) signal
extraction enables digital signal processing based on mechanical ele-
ments, as has recently been demonstrated for microelectromechanical
resonators'?, With additional tuning, an almost ideal electromechanical
bandpass filter has been suggested’. Whereas we already achieve highly
efficient actuation, as reflected by the low driving voltages in the micro-
volt regime, the sensitivity of our detection scheme can be significantly
enhanced by, for example, using a microwave tank circuit®. This also
opens a pathway to cooling the mechanical eigenmodes™*’.
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