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Nanoelectromechanical systems are considered as ultrasensitive devices for mass and force detection.
Capacitive actuation is widely used in these devices but is known to degrade the quality factor of the
resonator due to dc electrostatic damping. We report the enhancement of the quality factor of SiC vibrating
nanowires detected nano-optomechanically and electrically by applying an ac capacitive driving at a
frequency above both the resonance frequency and the electrical cutoff frequency. Self-oscillations are
demonstrated for optimal conditions. We develop an analytical model of the phenomenon and show that it

can lead to an improvement of the force sensitivity.
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I. INTRODUCTION

Nanoelectromechanical systems (NEMSs) [1], where
electrons are coupled to mechanical motion, have generated
tremendous interest over the past years, as they are
promising candidates for testing macroscopic quantum
physics [2—4], nonlinear dynamics at the nanoscale [5,6],
and for their capability in sensor applications. These
systems have shown record limits of detection reaching
yoctogram mass resolution [7] and a sensitivity of
12 zZN/ VvHz [8]. In these electromechanical devices, the
continuous improvement of the electrostatic transduction
and the elimination of different sources of damping will
ultimately be limited by the electrostatic damping [9], as is
already the case for some single-electron devices [10,11] or
semiconducting nanowire cantilevers [12]. It is possible to
reduce this damping by lowering the device resistance [12]
or by applying a dc offset to compensate for residual
voltages originating from work function differences and
contact potentials [13], but such solutions are not always
convenient. Recently, it has been theoretically proposed
[14] that electrostatic coupling can also lead to a decrease
of damping and to self-oscillations by simply applying an
ac signal to a suspended electromechanical graphene
resonator and taking into account nonlinear effects. The
driving frequency is not related to the resonance frequency
but just needs to be higher than the inverse of the charge
relaxation time.

This method is appealing as (i) the operating frequency
range is much less stringent than for systems coupled to a
cavity [15] or a resonator [16—18], (ii) it needs no additional
elements than the already present coupling capacitor and
NEMS resistance, (iii) it works for single- and double-
clamped geometries, and (iv) it gives a simple means to
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tune the damping and to improve the signal-to-noise ratio
for force sensing [19] as already demonstrated, for instance,
for magnetometers [20,21]. In this article, an experimental
proof of this capacitively induced decrease of a NEMS
mechanical damping is presented. We demonstrate that this
effect can be large enough to induce self-oscillations in a
mechanical resonator. The model of Eriksson et al. [14] is
then extended, as this effect raises interesting questions
about the influence of the electrostatic actuation itself to
perform an accurate measurement of the damping in NEMS
and about the noise it induces for cooling and sensing
applications.

II. RESULTS

We study two different SiC nanowires (samples NW1,
length L = 34 um, radius r = 75 nm; NW2, L = 86 um,
r = 90 nm) fixed at one end to W rigid tips and submitted
to ac and dc capacitive forces [see Fig. 1(a)]. The
measurements are performed in two different ultrahigh
vacuum chambers, one equipped with a scanning-electron-
microscope (SEM) column and the other equipped with a
nano-optomechanical setup. Piezoinertial nanomanipulators
are used to position the sample close to a counterelectrode
and in the focal point of the electron or light beam.

In the electron chamber, the mechanical motion of the
nanowire can be imaged as in standard electron microscopy
or measured by recording the secondary electron signal in
spot mode [12]. Figure 1(b) is a SEM image of NW2 close
to the counterelectrode. The resonance frequencies of NW2
are measured with a lock-in amplifier for an applied ac
voltage of 50 mV. The first transverse-mechanical eigen-
mode shows two polarizations at 39.83 and 40.01 kHz
where the degeneracy is lifted by either the clamping
condition or the nanowire asymmetry. The second and third
eigenmodes are at 230 and 620 kHz. The width of the
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FIG. 1. (a)Schematic of a vibrating SiC nanowire on a tungsten
tip submitted to an ac voltage V. or a dc voltage V.. (b) SEM
image of the silicon carbide nanowire NW2 close to a gold
counter electrode for V,. = V4. = 0 V. (c) SEM image of NW2
in self-oscillation for V,, =19V, V4. =0V, and a driving
frequency Q/27 = 810 kHz well above the resonance frequency
of 40 kHz.

resonance peaks is about 5 Hz, and outside these peaks no
mechanical signal can be measured or observed with the
SEM imaging. However, when a higher ac signal above
18 V is applied, spontaneous mechanical vibrations are
observed for driving frequencies ranging from 750 to
850 kHz. The excitation of higher eigenmodes can be
ruled out because the imaging of the mode does not show
any nodes, as observed in Fig. 1(c). Nonlinear high-order
parametric excitation of the first mode and parametric
coupling between the first mode and high-order mechanical
mode [18] seem dubious because of the discrepancy
between the theoretical expected frequency and the
observed frequency range for spontaneous oscillations.
For this type of sample, the resistance is of the order of
1 GQ and the capacitance in the femtofarad range [12,22].
This corresponds to an inverse of the charge relaxation time

of the order of hundreds of kilohertz, so our observations
are in agreement with the model of Eriksson er al. [14]
predicting self-oscillations for a driving frequency higher
than the charge relaxation time.

We perform additional measurements with NW1 in our
UHV optical setup in order to get a more quantitative
agreement with theory. In the optical chamber, a 35-uW
and 633-nm laser beam is strongly focused on the free end
of the nanowire, and the transmitted light is collected using
a differential measurement based on a dual quadrant
photodiode [23,24] giving access to the thermomechanical
motion of the resonator with high signal-to-noise ratio. So,
in this experimental setup, no ac probe signal is required to
measure the mechanical motion, and electron-beam-
induced self-sustained oscillations [25] will not interfere
with our measurements. The first transverse-mechanical
eigenmode shows two polarizations at 113.434 and
114.071 kHz. In the rest of the text, we focus only on
the low-frequency polarization, as the high-frequency
polarization shows the same behavior. An ac signal of
10 V is applied to the nanowire and swept back and forth
between 150 kHz and 2 MHz in 25-kHz increments while
recording the power-spectrum density of the thermome-
chanical motion as plotted in Fig. 2(a). A shift in frequency
and an increase in vibration amplitude is observed when the
frequency increases. The resonance peaks are fitted with a
Lorentzian (see Fig. 1 in Ref. [26]). Figure 2(b) shows the
variation of the quality factor defined as w,/I',, where
wy/2x is the resonance frequency and I',. the resonance
width. The dashed line indicates the initial quality factor
Qo = 30600 in the absence of ac or dc voltages. At low
driving frequencies, the quality factor is strongly reduced
but increases with the frequency until it reaches a maximum
above 40000 around 650 kHz. This maximum is signifi-
cantly higher than the initial quality factor. At higher
frequencies, Q tends to Q.

At first sight, this effect seems rather counterintuitive as the
electrostatic interaction usually induces an increase in damp-
ing when a dc voltage is applied, and ac actuation is very often
used as a reliable means to drive NEMS. Furthermore, the
possibility to increase or decrease the damping is reminiscent
of coupling with a blue-detuned or red-detuned cavity,
whereas no cavity is involved in this system. The mechanical

Frequency (kHz)
ise power (dBm)

No

FIG. 2. (a) Evolution of the dis-
placement noise spectrum of NW1
as a function of the driving fre-
quency Q/2x for V,. = 10 V and
V4e =0 V. (b) Evolution of the
quality factor Q as a function of
the driving frequency. The solid
line is a fit of the quality factor
with Eq. (4). The dashed line is
the quality factor without an ac
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system can be modeled as a mechanical resonator capacitively
connected to its environment

/

. C
mx + mlox + madx :?(Umt)2 + Fr(1), (1)

where x is the position in the transverse direction of the free
end of the nanowire, m is the effective mass of the mechanical
resonator, the dot refers to the derivative versus time ¢, [ is
the intrinsic mechanical damping, F7(¢) is the Langevin force
coming from the thermal bath, C’ is the space derivative of the
capacitance C formed between the resonator and the electro-
static environment, and U, is the total voltage difference
between the point x and the ground [see Fig. 1(a)]. This
voltage is provided by a transmission line that can be roughly
described by the following equation:

RCUy + Uy = —RC'Upt — RC'Ugyx + Vo cOs Q1,
(2)

where R is the resistance of the resonator including the contact
resistance, and V. is the applied ac voltage at frequency
Q/2x. The important terms are those related to the change in
capacitance when the nanowire moves and changes its
distance from the counterelectrode. This motion induces a
motional current C'U,yx 4+ C'U.x. These nonlinear terms
mix the driving voltage at angular frequency Q with the
nanowire motion at angular frequency @. A redshifted
(Stokes) electromagnetic wave at w_ = Q — » and a blue-
shifted (anti-Stokes) electromagnetic wave at @, = Q +
are then produced and down-mixed by the squared term of the

i

electrostatic actuation in Eq. (1) (see Fig. 3 and Ref. [26]).
This induces a feedback mechanism that modifies the damp-
ing and resonance frequency of the nanowire. At low driving
frequencies, the electrical circuit should behave as if a dc
voltage is applied, and so an increase in damping is expected.
The electrical actuation is a low-pass filter, so for frequencies
beyond the inverse of the charge relaxation time z = RC (i.e.,
the cutoff frequency), the effect of the applied voltage on the
apex of the nanowire should vanish and the initial damping
should be recovered. However, in the intermediate regime of
frequency, the actuation is dephased compared to the dc
actuation, and the amplitude of the electromagnetic actuation
although smaller can still influence the resonator. This
dephasing allows a decrease of damping for a wide frequency
range. The effective mechanical equation is then

¥+ ook + 02x =0 (3)
with
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where g is the electrostatic coupling strength for an applied
voltage of 1 V. It characterizes the strength of the electrostatic
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(a) Evolution of the displacement noise spectrum of NW1 after annealing as a function of the driving frequency Q/2x for

Va. = 10 Vand V4. = 0 V. Satellite peaks related to self-oscillation appear between 650 and 850 kHz. (b) Evolution of w,/T",. (Which
corresponds to the quality factor Q outside the self-oscillation region) as a function of the driving frequency after annealing. The solid
line is a fit of the quality factor with Eq. (4). The dashed line is the quality factor without an ac voltage. (c) Evolution of the vibration

amplitude at resonance as a function of the driving frequency.

coupling. The blueshifted term J“+ always leads to an
increase in damping, whereas the redshifted term 3®- reduces
the damping as long as @ < Q. So this mechanism cannot
lead to a reduction in damping for a driving lower than the
resonance frequency. For @ <« Q, the damping can be
approximated by

1-—
Lo Ty + g%VgCTW' (5)

For Qz > 1, the ac driving starts to decrease the damping. The
quality-factor enhancement is maximum for Q = /2/z
where the damping decreases by ¢?V2.7/27. The data in
Fig. 2(b) are fitted with Eq. (5). A very good agreement is
observed between theory and experiment. It gives a charge
relaxation time of 347 ns corresponding to a cutoff frequency
of 460 kHz, a maximum quality-factor enhancement at
650.5 kHz, and a coupling strength of 2098.5 rad/s/V
corresponding to 333.98 Hz/V. Thus, our system is in the
weak coupling regime g, V.7 = 0.007 < 1, and this explains
why arather important voltage of 10 V is necessary to observe
this effect. A much more spectacular effect should be
expected in the strong coupling regime. As a comparison,
we perform a measurement of the resonance width as a
function of the dc voltage without an ac voltage. As expected
[12], a square dependence in voltage is observed [26] and
fitted. From this fit and using a value of 7 = 347 ns as
determined previously, the coupling strength is estimated at
1622.5 rad/s/V in agreement with the g; value obtained
from the ac experiment.

An annealing of the nanowire is performed in order to
remove surface adsorbates and increase the initial quality
factor up to 66 700. An ac signal of 10 V is applied to the
nanowire and swept back and forth between 200 kHz
and 1.5 MHz in 50-kHz increments while recording the
power-spectrum density of the thermomechanical motion
as plotted in Fig. 4(a). Figure 4(b) shows a quality factor
above 150 000 between 650 and 850 kHz. The peak width
cannot be measured accurately in this frequency range due

to the 1-Hz limitation of the spectrum analyzer bandwidth.
If these points are excluded, a fit is still possible and gives
similar values for g; and 7z as before the annealing. The
clear departure of the quality factor from the fit between
650 and 850 kHz indicates that the nanowire self-oscillates
and the quality factor is no longer defined. It can be pointed
out here that this is a true self-oscillation where the phase is
free, contrary to the instability of the parametric oscillator
where the phase is fixed by the ac generator. Indeed, we
observe that the enhancement of the quality factor is
improved when the system is driven by two independent
frequency generators. Furthermore, in our model, adding a
phase in the driving does not modify the final dynamical
equation for x and the expression of the effective damping.
This phase independence comes from the fact that the
driving frequency does not need to be commensurate with
the resonance frequency, contrary to a parametric oscillator.

I11. DISCUSSION

An interesting point concerning our derivation of Eq. (4)
is that it gives a simple expression of the damping valid
for any Q (except for Q =0 where a slight correction
is needed). In particular, it appears from Eq. (4) that when
Q is close to the resonance frequency, the damping
obtained with a capacitive ac driving is overestimated by
@V21/[1 + (twy)*]. This overestimation can be even
higher when mixing techniques are used. So, in the strong
coupling regime and in the study of nonlinear effects like
the Duffing regime, the change in damping might have to
be taken into account. Then, it can be expected that a
change in quality factor with temperature can be simply
related to, for instance, a change in the contact resistance.
This can have implications also for the study of NEMS
frequency noise by applying a capacitive driving close to
the resonance and measuring the vibration noise spectrum
as proposed by Zhang et al. [27].

In our particular experiment at room temperature,
although the transduction is improved, this does not lead
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to an improvement in the force sensitivity as the signal and
thermal vibrations are amplified by an equal amount (see,
for instance, Ref. [19] p. 701). Nevertheless, at a lower
temperature or in systems where thermal vibrations are not
the dominant source of noise, a gain in sensitivity can be
expected as long as the Johnson noise from the resistance is
not too high. In Ref. [26], this additional force noise is
estimated to be of the same order as the thermal force noise
for NW1, and an example of an improvement of the
sensitivity is given. The effective temperature is also
calculated, and we show that, contrary to the dc electro-
static damping, the ac mechanism leads to heating of the
mechanical mode. This heating can be, in our case, as high
as 4 times the room temperature.

IV. CONCLUSION

In conclusion, we show experimentally that applying a
capacitive ac signal can improve the quality factor of a
nanowire mechanical resonator and lead to self-oscillations.
The enhancement of the quality factor is maximum for a

driving angular frequency at v/2 the inverse of the charge
relaxation time. We derive an analytical expression for this
effect valid on a wide frequency range and calculate the
influence of the ac driving on the force sensitivity of the
device. This enhancement is not limited to single-clamped
geometry or nanowires but is more suitable for a resistive
sample such as a semiconducting 2D sample like MoS, or
samples contacted by a tunneling resistance. The simplicity
of this mechanism opens up a new path for the simultaneous
driving and ultimately synchronization of NEMS array as a
single ac driving can lead to self-oscillations of all the
devices even when they are not perfectly identical. The
coupling mechanism can be of capacitive origin or through
the substrate. A demonstration of a synchronization state
can be provided by simply applying a capacitive ac signal
close to the resonance frequency as in Ref. [28]. This
technique can be seen also as a means to measure the charge
relaxation time of a NEMS in the case where cross talk
makes direct electrical detection difficult.
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