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Optimal Design of Support for Planoconvex Quartz Resonator
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In this paper, we report the optimal design of a support for a fundamental planoconvex AT-
cut quartz resonator fabricated using our newly developed etching process. We established a
three-dimensional finite element model and carried out eigen-frequency analysis. To describe
quantitatively the energy trapping performance of the resonator, we introduced a parameter
called the energy trapping rate, which is defined by the ratio of the vibration energy inside to
that outside of the electrode region. Two types of our new designs were evaluated in this work,
and the optimal one for providing a large energy-trapping rate was determined. On the basis of
the calculated results, we fabricated resonators and measured their O-factors. The calculated
and experimental results show an improvement in the efficiency of resonator performance.
High Q-factors were also obtained.

1. Introduction

Currently, high-frequency AT-cut quartz resonators with high performance are in increasing
demand for use in frequency generators and frequency control devices in telecommunication
systems. The performance of the high-frequency quartz resonators is mainly influenced
by energy trapping and the decoupling characteristic.’ Upon electrode mass loading, the
resonance frequency of the excitation electrode region is lower than that of other regions.a)
This results in the thickness-shear (TS) vibration mode being excited in the excitation electrode
region, and the corresponding vibration decays exponentially outside. To achieve a high
QO-factor for a high-frequency resonator, the resonator structure should be optimized to confine
vibration energy in the excitation electrode region efficiently. On the other hand, ideally, high-
frequency TS resonators vibrate in the pure fundamental TS mode. However, because of the
boundary and the elastic constant of quartz, the fundamental TS mode inevitably couples with
unwanted vibration modes.®) To achieve a high O-factor for resonators, the resonator structure
should be optimized to reduce unwanted mode couplings.

Dimensions seriously affect energy trapping and vibration coupling of resonators. Ever
since Mindlin ef al. began to optimize the rectangular resonator applying plate theory,*"
many research works have sought to determine the optimal excitation electrode shape and size
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to improve energy trapping®1?

and to find the optimal excitation electrode size to improve
decoupling.(”’lz) Many theories on new and different shapes of excitation electrodes, including
convex, circular, and nonuniform thickness, have been published. Recently, there has been
growing research interest in using FEM programs to study the effect of electrodes. Many
efficient results of electrode optimization have been obtained using 2D FEM!*¥ and 3D
FEM (15-17)

Besides the vibration portion, the support structure is another factor seriously affecting
energy trapping and vibration coupling of resonators. Current research of support mainly
discussed the effect on energy loss, which is a result of stress waves carrying energy away
from the vibration portion of the resonator. Many rewarding approaches for reducing the
transmission of energy to the substrate, such as selecting a good vibration mode"™ and using
special structural designs,(lg’zo) have been proposed.

However, previous work still leaves us with the following situation. 1) Studies have focused
on overtone-type resonators, which are not as good as fundamental-type resonators. 2) The
optimization of the supports to improve energy trapping and decoupling performance have
rarely been discussed.

In 2013, we reported work on support optimization for a fundamental-type rectangular
quartz resonator.?") Because a convex quartz resonator can confine vibrational energy
more efficiently than a rectangular quartz resonator, the convex quartz resonators, including
planoconvex and biconvex resonators, can achieve higher O-factors than resonators with other
shapes.(zz) To further improve the performance of a resonator, we present herein new research
findings regarding support optimization for a high-frequency planoconvex quartz resonator
fabricated by our new etching process.

Two kinds of support structures were designed and discussed in this work: one is a
cantilever type, the other a mesa type. The cantilever-type structure is shown in top, bottom,
and sectional views in Fig. 1. The quartz substrate (shown in blue) consists of two parts: a
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Fig. 1. (Color online) Profile of resonator structure with cantilever-type support. (a) Top view, (b) bottom view, and (c)
sectional view.
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planoconvex vibration portion and a support. The vibration portion is partially covered by
an upper planoconvex excitation electrode and fully covered by a lower rectangular electrode
connected to the ground. The electrodes are Cr/Au two-layer types (shown in yellow). The
central vibration part is partially separated from the support. The mesa-type structure is also
shown in top, bottom, and sectional views in Fig. 2. The quartz substrate consists of two parts:
a central planoconvex vibration portion and a surrounding support. The central vibration part is
connected with the support, but they have a height difference.

2. Optimization
The material constants that we used came from IEEE Standard on Piezoelectricity and

materials library of COMSOL MULTIPHYSICS™,
The elastic constant of AT-cut quartz is
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Fig. 2. (Color online) Profile of the resonator structure with mesa-type support. (a) Top view, (b) bottom view, and (c)
sectional view.
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The parameters of the Au and Cr electrodes are shown in Table 1. The constraint condition
in the boundary setting is free.

Firstly, we carry out an eigenfrequency analysis using linear free triangular elements to
establish 3D finite element modeling. The degrees of freedom are approximately 400000. The
meshing mode of a resonator with cantilever-type support is shown in Fig. 3.

Secondly, the main fundamental TS mode was selected from calculated vibration modes
including spurious ones. By drawing the displacement distributions for two kinds of support
structure, the energy trapping rate and decoupling performance were examined.

To achieve a high Q-factor, the dimensions of a resonator’s support should be optimized
to confine vibration energy to the excitation electrode region. To quantitatively describe the
energy trapping performance for these cases, an energy trapping rate was introduced:

E,
- Ee+E09 (4)

where E, denotes the vibration energy in the electrode region and E, denotes the vibration
energy outside in the fundamental TS mode.

Table 1

Parameters of electrodes.

Parameter Cr Au
Density (kg/m?) 719 x10°  19.30 x 10°
Young’s modulus (GPa) 279 79
Poisson’s ratio 0.21 0.42

Fig. 3.  Finite element modeling of cantilever-type support design.
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The calculated energy trapping rate for the cantilever-type support design was 87.1%
compared with 20.36% for the mesa-type support design; the improvement is significant.

The energy trapping performance was affected by the dimensions of the support because of
energy transmission. For the cantilever-type design, although the vibration part is separated
from the support, energy loss in the central excitation electrode should be decreased. Figure 4
gives the x-displacement surface distribution in the fundamental TS mode for resonators with
cantilever-type and mesa-type support. To enable a clear comparison, the x-displacement has
been normalized. From the normalized x-displacement surface distribution, we can find that
the cantilever-type design gives a smoother (less spurious vibration) and more concentrated
vibration energy distribution (better energy trapping performance).

3. Verification

According to the calculated results, for the cantilever-type resonator, vibrational energy
was much more efficiently confined in the central excitation region of the electrode than in the
mesa-type design, and with less spurious vibration. On the basis of these results, we fabricated
resonators including cantilever-type and mesa-type support structures (shown in Fig. 5), as well
as rectangular resonators.

We developed a new fabrication method for planoconvex electrodes in this work, which is
an improved version of the traditional dry etching method. Our method comprises reflow of
a thinner steam, deep reactive ion etching (DRIE), and wet etching. Firstly, we spin coat the
photoresist on the surface of a 100-pm-thick quartz wafer. After exposure and development,
photoresist remains only in the convex region. Secondly, reflow of a thinner stream is
performed. By blowing nitrogen gas containing a thinner stream onto the thick film photoresist,
the photoresist is softened and becomes fluid. Then the shape of photoresist film changes to
a convex lens shape because of surface tension. Thereafter, the softened resist is stiffened by
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Fig. 4. (Color online) Normalized x-displacement surface distribution for two kinds of support structure in the
fundamental TS mode. (a) Cantilever type and (b) mesa type.
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Fig. 5. (Color online) Optical micrographs of the fabricated resonators: (a) cantilever-type support design and (b)
mesa-type support design.

drying and baking. Thirdly, DRIE is performed under the following processing conditions:
process gas SF¢:CaFg 80%, pressure 0.26 Pa, RF power 100 W, and processing time up to 5 min.
Finally, the external shapes of the quartz and electrode are wet-etched.

The measurement system we used comprises the impedance analyzer (Agilent 4396B, 100
kHz to 3 GHz), the transmission/reflection test set (§87512A, DC to 2 GHz), the high-frequency
probe (ESST coaxial probe arm A-C1, DC to 3 GHz), and the manual prober. Before measuring
the QO-factor of fabricated resonators, we examined frequency resolution. Using the span
value to represent the measurement range, for a 10 MHz span, the frequency resolution is 12.5
kHz; for 100 kHz, the frequency resolution is 125 Hz. For example, if the Q-factor is about
10000, the half-width of the peak Af can be calculated by the following equation with 10 kHz.
Therefore, the 10 MHz span is insufficient for measurement accuracy, but 100 kHz span is
enough.

_So__fo
=N TR L

)

Using the frequency response results, we calculated the O-factors for all our fabricated
resonators. All the O-factor values of our fabricated resonators are shown in Table 2. From
the frequency response, we can also find that spurious vibration is far away from the main TS
mode. From table 2, we see that the average measured Q-factors were 17455 for the mesa-type
and 18291 for the cantilever-type. The largest O-factors achieved were 39090 for the mesa-type
and 45682 for the cantilever-type. Compared with rectangular quartz resonators, which have
average Q-factors of about 7604 and the largest O-factor of about 17817, the two newly designed
planoconvex resonators demonstrated improved performance. Moreover, we found that the
cantilever-type structure is the optimal support design and has better Q-factors than those of the
mesa-type structure.
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Table 2
Measured Q-factors of fabricated resonators.
Planoconvex resonators Planoconvex resonators
Rectangular resonators . . .

with cantilever-type support ~ with mesa-type support
Samples 36 19 19
Average frequency (MHz) 90.6 86.6 87.1
Average Q-factor 7604 18291 17455
Maximum Q-factor 17817 45682 39090

4. Conclusions

In this work, we reported an optimal design for the support of a fundamental planoconvex
AT-cut quartz resonator. We concluded that the first improvement was to change our former
rectangular resonators into planoconvex ones. The second improvement was the determination
of the optimal support structure. Two kinds of support structure were designed and discussed.
A three-dimensional finite element model was established to carry out eigen-frequency
analysis. a parameter named the energy trapping rate was introduced to describe quantitatively
the energy trapping performance of a resonator. From the calculated results, the optimal
resonator with a large energy trapping rate and less spurious vibration was determined. Using
the simulation results, we fabricated resonators and measured their O-factors. The cantilever-
type support design showed significant improvement over the mesa-type. Our optimization
work was validated in this study.

The originality of this research can be concluded as follows. 1) The optimal design
is based on AT-cut quartz MEMS resonators with a high frequency value realized by the
fundamental TS vibration mode. 2) For the optimal design of the AT-cut high-frequency quartz
resonators, the influence of the support on improving the energy trapping effect and reducing
spurious couplings was examined. The optimal design of resonators simultaneously realized
the improvement of the energy trapping effect and the reduction of spurious couplings. To
quantitatively describe the energy trapping performance of the resonator, we defined an original
parameter named the energy trapping rate. 3) Two kinds of support structure were designed
and evaluated. The optimal one that provides a large energy trapping rate and less spurious
vibration was determined. Measured Q-factors of the fabricated resonators indicated an
improvement in the efficiency of resonator performance.

However, in this work, we mainly focused on studying the influence of the support on
the resonator performance on the basis of the prespecified dimensions of the vibrational
portion. If the dimensions of the planoconvex vibrational part, including the upper excitation
electrode, lower grounded electrode, and convex quartz part, are changed, the energy trapping
performance also changes. However, the optimization method in this work should be adaptable
to changes in the dimensions of the vibrational portion. Moreover, to ensure good performance
of planoconvex resonators, the optimal support structure should be determined by examining
spurious couplings. In the future, we will further focus on how to reduce coupling for different
kinds of spurious vibrations.
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Moreover, in the simulation process, for a different packaging method, the constraint
conditions changed. In this work, we measured the performance of resonators before they were
packaged. Therefore, the base surface was not fixed to the substrate. Strictly speaking, the
fixed area partially appeared where we set pins or leads. The remaining parts of the resonators
were connected to nothing. This is very similar to the idealized conditions of free setting.
At the same time, in order to carry out simulation efficiently and save calculation time, the
structure of resonators was simplified to some degree. For example, the pins and leads were not
considered in the current work. We will further focus these discussions in our future work.
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