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Abstract

I. Introduction

This paper presents the first results obtained with devices fabricated on the inaugural run of the
new PiezoMUMPS process [1]. This process has been introduced to the market in Autumn 2013 by
MEMSCAP INC. as a response to the increasing research and commercial interest in piezoelectric
MEMS devices. Using the well-known SOIMUMPS process as the baseline, this new standard
technology offers a reliable, low cost and low temperature process that allows deposition and
patterning of a 0.5 um Aluminum Nitride (AIN) active piezoelectric film on top of a Silicon-on-
insulator (SOI) layer.

In our case, this technology was used to design, fabricate and test a number of structures that are
intended for future use in several different research purposes, including resonators for sensing
applications based on Pulsed-Digital-Oscillators (PDO) [2-4], low-cost power efficient resonant
sensors and devices for energy harvesting [5,6]. Since the expected uses of these devices is mainly in
oscillation-based applications, in this paper we focus on the analysis and comparison of the expected
mechanical vibration modes and those excited and observed experimentally.

1. Device design and simulation results

The PiezoMUMPS process starts with a SOI wafer, which consists of a stack of, from bottom to
top, handle wafer (400 um), buried oxide (1 um) and SOI device layer (10 um). Using a
photolithography step on each side of the wafer, the SOI-device and handle wafer layers can be
patterned and etched down to the buried oxide. Two metals layers, one for bond pads and another one
for piezoelectric layer contacts, plus and an isolation oxide layer are also included in the process. The
minimum feature size is 2um. Let us also remark that this process allows fabrication of devices with
full-thickness (400 um) suspended structures.

The set of devices designed includes rectangular, triangular and trapezoidal cantilevers,
cantilevers with suspended (full-thickness) masses, bridges and membranes, all of them with various
sizes and piezo-layer shapes. A microscope photograph of a die with the complete set of devices
designed is shown in Figure 1. As an example, Figure 2 shows a close-view of three rectangular
cantilevers of 100 um wide x 1200 um long x 10 um thick and with (full-thickness) proof masses at
the tip ends. The AIN piezo layer is deposited on top of the whole area of the two outer cantilevers,
and as two inter-digitized areas for the one in the middle. Note also that SOI-hole and trench features
are used to electrically isolate neighboring devices.

Among others, one of the key features of PDO-based structures is their ability to selectively excite
different mechanical vibration modes of the MEMS resonator. This is easily done in practice through
real-time reconfiguration of the digital loop parameters of the circuit [3,4]. Thus, a first aim was to
check what vibration modes could be actuated with the new PiezoMUMPS devices. Moreover, the
suitability of the process for the design of piezoelectric vibration energy harvesters was validated by
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investigating the strain formulation of rectangular, trapezoidal and triangular cantilevers. Similar
approaches have been used in the past to provide the theoretical principles of device geometry design,
namely the use of trapezoidal and triangular cantilevers to improve the strain distribution across the
material and thus generate more voltage [7,8]. In addition, mixed length cantilevers with fixed-mass
proof masses have been designed to achieve lower frequency devices. Here again, our first aim was to
test structures to check what vibration modes could be actuated.

According to these purposes, numerical simulations have been carried out using COMSOL and
Coventor finite-element method (FEM) software packages. Such simulations included mechanical
eigen modes simulations, time-independent (steady-state) and time-dependent (non-stationary)
analysis of the devices. As an example, Figure 3 shows the deformation profiles corresponding to the
first mechanical vibration mode for rectangular, triangular and rectangular with proof mass cantilever
structures obtained from the eigen mode FEM analysis.

I11. Experimental results and discussion

A first test was performed in order to check that electrical isolations between different devices and
between different active layers worked fairly. Next and according to their abovementioned use as
resonators for various applications, we used a probe station and an Agilent precision impedance
analyzer to extensively check the mechanical vibration frequencies of the devices. All these
measurements were made at low pressure (around 10 mbar) and room conditions of temperature and
humidity. Fair oscillation waveforms and good quality factors have been obtained for most devices.
As an example, Figure 4 shows experimental plots of module and phase around the first three resonant
frequencies detected in a rectangular cantilever, marked as ‘CC5’ in Table 1.

The experimental results have been compared with the ones obtained previously from modal
analysis using FEM simulations. Table 1 compares these results for the frequencies of the first
vibration modes of several devices of different shapes. Let us remark that a nice matching between the
simulated resonant frequencies and the experimental ones was found in most cases.

The cells in Table 1 marked with “X” denote either resonance modes that were not found in the
experiments or resonant behavior of poor quality. Based on a large number of FEM simulations, we
have established that not all possible mechanical eigenmodes can be actuated in these devices. Since
these devices operate in 31 mode, it is easier to actuate out-of-plane “bending” type of mechanical
modes (as shown in fig. 3 and fig. 5a) than eigemodes involving rotation and torque of the resonators
(fig. 5c). Therefore, many of “rotation” vibration modes are not visible. We also note that it is
impossible to actuate in-plane bending mode (as shown in fig. 5b) since there is no transfer of
displacement in in-plane direction.
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Figure 2. Photograph of a set of cantilevers with proof
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masses at their tips.

Figure 3. FEM simulation results showing geometric deformations corresponding to the first vibration

mode of different cantilever structures.
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Figure 4. Module and phase of the first three resonances detected with cantilever CC5.



Device |Cantilever shape | Data origin | 1" mode | 2™ mode | 3“mode | 4" mode
FEM sims. 20.7 95.2 130 346
CcB4 Rectangular
Experimental 214 X 134.2 375
FEM sims. 9.26 58.02 80.36 162.5
CC5 Rectangular )
Experimental 9.55 60 X 168
oMe Rectangular FEM sims. 281 8.98 17.3 93.1
with proof mass | gxperimental 2.86 X 17.2 112.7
FEM sims. 53 287 456 770
ZC Trapezoidal )
Experimental 46.2 250 X X
FEM sims. 49.4 213 352 517
TC Triangular
Experimental 44 190.5 X 462

Table 1. Comparison of simulation results with experimental data for the first four frequency

modes in several devices. All frequency values are in kHz.
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Figure 5. Three different typéé of mechnical eigemodes: their‘s«hapes (upper row) and the tensor XZ
component of deformation gradient (lower row). There are two types on bending modes (out-of-plane XZ and
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in-plane XY bending) and rotation/torque modes.
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