
ANALYTICAL MODELING AND NUMERICAL SIMULATION OF
CAPACITIVE SILICON BULK ACOUSTIC RESONATORS

C. Casinovi, X Gao, and F. Ayazi
School of Electrical and Computer Engineering

Georgia Institute of Technology, Atlanta, Georgia, USA

ABSTRACT
This paper introduces two newly developed models

of capacitive silicon bulk acoustic resonators (SiBARs).
The first model is analytical and is obtained from an
approximate solution of the linear elastodynamics
equations for the SiBAR geometry. The second is
numerical and is based on finite-element, multi-physics
simulation of both acoustic wave propagation in the
resonator and electromechanical transduction in the
capacitive gaps of the device. This latter model makes it
possible to compute SiBAR performance parameters that
cannot be obtained from the analytical model, e.g. the
relationship between transduction area and insertion loss.
Comparisons with measurements taken on a set of silicon
resonators fabricated using electron-beam lithography
show that both models can predict the resonant frequen-
cies of SiBARs with a relative error smaller than 100.

INTRODUCTION
Much research activity in recent years has been

directed at the development of bulk acoustic resonators
that are compatible with standard integrated circuit
technologies. In this respect, capacitive resonators
[1-3] offer a particularly attractive option, since they can
be made entirely of materials that are used routinely in IC
fabrication processes, resulting in significant advantages
in terms of ease of integration and cost savings.

Disk resonators were among the first examples of
devices of this type [1], but more recently width-
extensional-mode resonators based on an alternative,
rectangular-bar geometry were demonstrated [2], [3],
which are referred to as silicon bulk acoustic resonators,
or SiBARs. The basic structure of a SiBAR is
schematically shown in Figure 1: the resonating bar
element is placed between two electrodes, supported by
two thin tethers. A DC polarization voltage applied
between the resonator and the electrodes generates an
electrostatic field in the capacitive gaps. When an AC
voltage is applied to the drive electrode, the electrostatic
force applied to the corresponding face of the resonator
induces an acoustic wave that propagates through the bar.

Figure 1. Structure ofa SiBAR.

Small changes in the size of the capacitive gap on the
other side of the device induce a voltage on the sense
electrode, whose amplitude peaks near the mechanical
resonant frequencies of the bar.

SiBARs offer several potential advantages over their
disk-shaped counterparts, the most important of which is
that the electrostatic transduction area can be increased
without changing the main frequency-setting dimension,
resulting in significantly lower motional resistance while
maintaining high Q values [3].

While the behavior of SiBARs is well understood in
broad, qualitative terms, a major obstacle to the design of
high performance devices is a lack of sufficiently accurate
analytical or numerical models. For example, to the
authors' best knowledge there is currently no quantitative
analysis of how exactly the dimensions of a SiBAR affect
its insertion loss. Even the computation of the resonant
frequencies is based on approximate formulae that, as will
be shown in this paper, can be quite inaccurate, especially
in the case of an anisotropic material such as single-
crystal silicon.

This paper presents two newly developed SiBAR
models, one analytical and the other numerical, that are
significantly more accurate than currently available
models. The analytical model is obtained from an
approximate solution to the linear elastodynamics
equations that satisfies the boundary conditions imposed
by the SiBAR geometry. The second model is based on
numerical multi-physics simulations of the device,
performed, in ANSYS. Comparisons with measurements
taken on a set of devices fabricated using electron-beam
lithography show that both models can predict the
resonant frequencies of SiBARs of varying dimensions
with a relative error of less than 100.

ANALYTICAL MODEL
This section presents an analysis of acoustic wave

propagation in a SiBAR, modeled as a bar of rectangular
cross-section and made of a single, homogeneous,
orthotropic material. The objective of this analysis is to
obtain a quantitative model of the mechanical behavior of
the resonator, which can then be used to compute the
values of the resonant frequencies based on the
resonator's dimensions and material properties.

From a mathematical point of view, an acoustic wave
propagating through the resonator is represented by a
vector u =[us, uY, ujT, describing the displacement of a
generic point in the device with respect to its position in
the undeformed structure. In the analysis that follows, the
x axis corresponds to the direction of the resonator's
length (L), the y axis to the direction of its thickness (th),
and the z axis to the direction of its width (W).

To simplify the analysis, the resonator length will be
assumed to be infinite. Numerical simulation results and
experimental measurements, presented later in this paper,
show that this assumption does not result in a significant
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