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ABSTRACT

This paper reports the proof of concept of a non-
linear detection scheme for Nanoelectromechanical
(NEMS) resonators for sensing applications. This set-up
increases the dynamic range of a resonant sensor by
operating it at amplitudes beyond its limit of linearity.
Unlike other works in non-linear sensing, this method
allows the tracking of the resonance frequency in real
time, while being suitable for multi-mode operation and
hence, single-particle detection for example.

INTRODUCTION

Nanomechanical resonators have demonstrated their
potential for a range of sensing applications, exhibiting
unparalleled performance in mass or force sensing [1], [2]
thanks to the miniaturization of the resonator. Up to now,
in most works the resonators are operated in the linear
regime, where the sensing resolution is limited by the
dynamic range of the resonator [3]. Therefore, the
dynamic range becomes a limiting factor of this
technology, especially because the reduction of the
resonators’ dimensions implies a decrease of their
dynamic range [4].

In order to avoid this limitation, it has been proposed
to operate the resonator in the non-linear regime [5]-[7].
However, the complexity of the resonator’s response in
this regime presents a challenge: up to now, all proposed
systems have to be “re-set” after each sensing event. This
poses a serious limitation for real-time applications,
where continuous detection within a specified bandwidth
is required.

Nguyen et al. have recently proposed a theoretical
detection technique in the nonlinear regime in real time
[8]. Here we demonstrate the experimental feasibility of
this method, based on the bifurcation of the response of
the resonator when operated in non-linear regime.

MEASUREMENT PRINCIPLE
NEMS resonators

The experiments have been performed using
crystalline silicon clamped-clamped beams, fabricated
with hybrid DUV/e-beam lithography [9]. They feature a
length of 10 um, a width of 300 nm and a thickness of
160 nm (Figure 1). They are actuated electrostatically
through a drive electrode, and their resonance frequency
can be slightly tuned by applying a DC voltage to a
second electrode nearby (labeled “shift” in Figure 1). The
readout of the motion is piezoresistive, through two
differential nanogauges located close to the clamping.
Their resonance frequencies are typically 26 MHz for the

Figure 1: Crystalline silicon NEMS resonators. Clamped-
clamped beams with electrostatic —actuation and
piezoresistive detection.

first mode of resonance.

The resonators are measured using a down-mixing
technique, in order to reduce the frequency of the readout
signal. When the resonator is excited at a frequency fy
using the drive electrode, the resistance of the nano-
gauges oscillates at the same frequency. Then, a voltage is
introduced though the Bias electrodes at frequency fy+Af.
The output signal is generated by the mixing between this
voltage and the resistance producing a signal at frequency
Af, which can be arbitrarily low (typically in the range of
tens of kHz).

In terms of linearity, the resonators are limited by the
stiffening of the beam at large amplitudes of motion,
caused by the axial stretching of the resonator. This
causes a so-called “hardening” non-linear behavior, with
the resonance frequency increasing for large amplitudes
of motion.

Real-time non-linear measurement principle

The non-linear measurement principle used here is
discussed in detail in reference [8]. We operate the
resonator in the nonlinear regime at specific points of its
frequency response, close enough to the bifurcation point,
with clear bistability. In the case of our resonators with
hardening non-linearity, this means at the upper branch of
the response, at frequencies higher than the linear
resonance frequency. Then, a small shift down in
resonance frequency brings about a large and abrupt
jump-down in amplitude and causes the resonator to be
operated in the monostable regime, as shown in Fig. 2a
(in resonators with the softening non-linearity, the
scenario for the jump should be adapted as described in
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Figure 2: Real-time non-linear measurement principle. a)
Non-linear measurement principle. Near the bifurcation
point, small frequency shift causes an important change of
the response of the resonator. b) Real-time measurement
method, based on frequency-modulation.

reference [8]). The main disadvantage of this method is
that it requires re-setting the resonator after each
measurement: moving the measurement frequency down
to the monostable regime, and up again to the initial
position.

In order to avoid this issue, we propose to use a
Frequency Modulation measurement method, similar to
the ones used previously to electrically transduce the
mechanical response of carbon nanotubes [10] or silicon
nanowires [11]. With this set-up we continuously sweep
up and down the response of the resonator, as shown in
Figure 2b. Therefore, we obtain a real time measurement
of the response of the resonator, both in a mono-stable
(Figure 2b, left) or bi-stable (Figure 2b, right) regime,
without a need to change the measurement conditions.

The implementation of this set-up is shown in Figure
3. The FM drive signal consists in a sweep signal ¢xu(?) at
frequency fuop, which modulates the resonance frequency
of the resonator fy. In parallel, the same FM signal
modulates the bias frequency fy+A4f. The result is a down-
mixed signal independent of the modulation, appearing at
frequency Af, which can be chosen to be arbitrarily small.
The output signal is then measured with a lock-in
amplifier. In practice, we employ a low-frequency source
to generate the FM-modulated signal, which is then fed to
the RF sources generating the drive and bias signal:
therefore, the complexity of this set-up is very similar to
other down-mixing set-ups. Moreover, this measurement
principle is adaptable to homodyne or heterodyne
measurement techniques.

Multi-mode operation

Multi-mode operation is a requirement for NEMS-
mass spectrometry applications: the measurement of a
single mode does not allow to deduce the mass and the
position of a single particle deposited on the resonator.
For clamped-clamped beams, the simultaneous
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Figure 3: Frequency modulation measurement set-up. The
same signal ¢ru(t) is used to modulate the frequency of
the drive and bias signals. The result is a down-mixed
measurement signal, independent of the modulation and
at an arbitrary frequency Af. Ma is the modulation index,
which determines the span of the FM sweep.

cos(2mfyopt)

measurement of the first and second resonance modes is
necessary to deduce both parameters [12], [13]. At the
same time, the simultaneous driving of the two modes
implies a reduced dynamic range with respect to single-
mode operation: the stretching of the resonator comes in
this case from the addition of the stretching of both
modes, and therefore the maximum linear amplitude of
motion of each individual mode is decreased.

For this reason, the development of non-linear
measurement techniques is especially important for
NEMS mass spectrometry applications. The method that
we show is adaptable to multi-mode operation by
doubling each signal of the system: two different pairs of
drive and bias voltages (one for each mode, at different fy)
are then needed. In this case, the information of each of
the modes will be carried by two different measurement
frequencies Af, and therefore can be measured
simultaneously with several lock-in amplifier channels.

RESULTS

In order to implement a proof of concept of the
measurement technique, we first characterize the non-
linear behavior of the resonators. We measure a device
setting the FM signal to ¢r(?)=0, and we find that a drive
voltage with Ap = 0.2 V and Vpc = 0.1 V represents the
limit of linearity of the resonator. We then set Vpc= 0.6 V
in order to be in a strongly non-linear regime (Figure 4).
The non-linear response of the resonator can be modelled
as a duffing oscillator under these conditions. In order to
simulate frequency shifts induced by mass deposition
events, we introduce a DC signal to the “shift” electrode
near the resonator (Figure 3). This DC voltage does not
change the amplitude of motion of the resonator, but it
changes its stiffness and therefore induces a decrease of
its resonance frequency (Figure 4). This effect is very
similar to that of a mass landing on the resonator. By
changing this voltage from 0 to 0.8 V, we induce
frequency shifts up to 2 kHz (Figure 4, inset), which is
equivalent to a mass of ~ 150 ag (1.5x107¢ g) deposited at
the center of the beam.
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Figure 4: Non-linear response of the resonator.
Frequency spectrum as a function of a DC voltage in the
Vs electrode. Inset: resonance frequency shift as a
function of DC voltage. A shift of 2 kHz corresponds to a
mass or 150 ag deposited at the center of the resonator.

Real-time measurement of the resonance frequency

The FM measurement set-up is configured as follows.
First, we set the FM modulation signal ¢u(?) to 0, and we
measure the response of the resonator. The range of the
FM sweep is configured at frequencies below the
bifurcation point, but close to it. Then we switch on
éru(t), and start recording the magnitude of the output
signal in real time (Figure 5a). The span of the frequency
modulation sweep is a threshold limiting the minimum
and maximum detectable resonance frequency shifts, and
here it is typically few kHz.

In Figure 5a we observe the effect of a resonance
frequency shift in the output signal. In the initial
conditions (Vs = 0.4 V) the output signal does not reach
the bifurcation point, and the output shows a smooth
response. When a frequency shift is induced (Vnn = 0.6
V) the sweep covers the bistable response of the resonator
(Figure 2, blue curve): on its way up, is goes through the
upper branch of the bistability until it reaches the
bifurcation point (B/ in Figure 5a) and the monostable
regime. On its way down, it goes through the lower
branch of the response, until it reaches the other
bifurcation point (B2 in Figure 5a) and the monostable
regime again. Each bifurcation point represents a point of
infinite slope in the response, and therefore a jump in the
magnitude of the measured signal. We observe this
process as a function of time in Figure 5a.

In order to use this measurement technique in mass
sensing, it is important to be able to precisely quantify the
frequency shift in real time. In Figure 5b we measure the
response as a function of different frequency shifts
induced every ~300 milliseconds by changing the DC
voltage Vinn. We observe that the shape of the response
changes in real time as a function of Vg More
concretely, we can define a parameter AW, which
corresponds to the difference between the two minima of
the response (shown in Figure 5a). From the measurement
of this parameter on each cycle of the FM sweep we can
deduce the resonance frequency shift, as observed in
Figure 5b. We demonstrated the detection of frequency
shifts of 200 Hz, corresponding to the deposition of a
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Figure 5: Real-time measurement of resonance frequency
shifts: magnitude of the measurement signal at frequency
Af as a function of time. a) Shape of the response as a
function of a frequency shift induced by the Vg voltage.
After the frequency shift the response goes through the
two bifurcation points Bl and B2, resulting in abrupt
shifts in the output signal. AW represents the difference
between the two minima of the response, and can be used
to quantify the frequency shift. b) Output signal as a
function of frequency shifts induced every 300 ms, with
fuwop = 100 Hz.

mass of roughly 15 ag at the center of the beam, with a
modulation frequency fiuop of 89 Hz.

The temporal resolution of the measurement
technique is limited by the frequency of the FM signal,
fuop. With the current configuration, this frequency is
limited by the measurement set-up to roughly 250 Hz,
corresponding to a temporal resolution of 4 ms. This is
more than adequate for mass sensing applications, where
the measurement time is usually in the range of tens of
milliseconds to seconds [13]. Moreover, as usual, there is
a trade-off between the response time of the system and
its resolution: a faster fyop requires a shorter measurement
time, and therefore provokes an increased uncertainty in
the measurement.

CONCLUSIONS

We showed a new mass sensing technique in real-
time for NEMS resonators using their non-linear
behavior. This scheme allows an increased signal level



with respect to operation in the linear regime. In contrast
to other non-linear methods, it does not require re-setting
the system after each sensing event, therefore providing
real-time measurement capabilities. Moreover, the set-up
is adaptable to multi-mode operation. Both characteristics
are important requirements for NEMS mass spectrometry
applications.

We implemented this technique and demonstrated
that it is suitable to track the resonance frequency in real
time. The current set-up presents a response time of 4 ms,
while we demonstrated the detection of frequency shifts
of 200 Hz, corresponding to a deposited mass of 15 ag.
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