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The small size of NEMS resonators combined with their physical attributes make NEMS quite at-
tractive and suitable for a wide range of technological applications such as ultrasensitive force and mass
sensing, narrow band filtering, and time keeping. However, at this size regime, nonlinearities occur
sooner which reduce the NEMS dynamic range [1]. Consequently, a nonlinear multiphysics model is
needed as a tool of performances optimization in resonant sensors for MEMS and NEMS designers.

To this end, the nonlinear behavior of resonators remains yet to be explored, and numerous models
have been presented. Some models are purely analytical [2, 3] but they include coarse assumptions con-
cerning nonlinearities. Other models [4, 5] are more complicated and use numerical simulations which
make them less interesting for MEMS designers. In the present paper, a compact and analytical model
including the main sources of nonlinearities (mechanical and electrostatic) is presented and validated
thanks to the fabrication of a resonant accelerometer and the characterization of its sensing element, an
electrostatically doubly clamped beam. A perturbation technique, the averaging method [6], has been
used to obtain two first-order-nonlinear-ordinary-differential equations which describe the amplitude and
phase modulation of the response and allows the computation of its stability. This analytical approach
proves to be a powerful and quick tool for the sensor design, enabling the description of the competition
between the hardening and the softening behavior (Figure 1), and thus the capture of all possible dy-
namic behaviors, particularly, the mixed behavior characterized by four bifurcation points. Furthermore,
the model may be used as a tool to enhance the dynamic range of the resonator, i.e. its detectability.

On the way from MEMS to NEMS, a "small" MEMS resonant accelerometer [1] shown in Figure 2a
has been fabricated. The sensor structure has not been designed to display high inertial performances,
but rather is a way to validate process [7], characterization and model choices. In order to electrically
characterize its sensitive part (the resonator described in Figure 2b), the device was placed in a vacuum
chamber (down to 1 mTorr), and the 2-port electrical measurements were performed at room temperature
using a low noise lock-in amplifier (Signal Recovery 7280). The drive voltage is Vac = 0.5V and the beam
is polarized with Vdc = 10V . This ensures a mixed behavior as shown in Figure 3. The quality factor
obtained with this polarization voltage and in a linear regime is 4000. The critical amplitude [7] is then
Ac = 53nm, i.e. Vc = 25µV . The peak obtained is then far beyond Ac, up to 75% of the gap. The mixed
behavior is fully identified with its four bifurcation points using a sweep up frequency to capture the
points P and 2 as well as a sweep down frequency for points 1 and 3. Moreover, we experimentally track
the point P (mixed behavior initiation point) while varying the drive and the bias voltage and we show
that this bifurcation point is fixed by the design parameters. Then, the mixed behavior can be retarded
and avoided by designing resonators for which the P point amplitude is close to the gap.

Further measurements are under work to validate the dynamic range enhancement based on the com-
pensation of the nonlinearities shown by the model.
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Figure 1: Predicted forced frequency responses for several set of parameters. Wmax is the displacement
of the beam normalized by the gap gd at its middle point l
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Figure 2: (a): SEM image of the resonant accelerometer. (b): Schema of an electrostatically clamped-
clamped resonator.

Figure 3: Analytical and experimental forced frequency responses showing a mixed behavior.
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