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Abstract

A micro energy harvesting device based on electrostatic transduction using Parylene-C as the electret layer and spring material of
an out-of-plane generator (OoPG) is presented. This approach is advantageous for three reasons. First the fabrication of the device
can be realized with simpler processing steps compared to in-plane configurations. Second, being unstructured the electret has a
larger area and can be charged more effectively by a corona discharge. As a consequence, thirdly, the output power is potentially
higher. In this paper the design, fabrication and characterization of such an OoPG are described.
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1. Introduction

Various electret-based micro energy harvesters have recently been proposed [1-3]. In a common approach, they
rely on an in-plane moving electrode with a comb-shaped electret layer helping to reduce the necessary oscillation
amplitudes and to increase the expected output power. However structured, narrow electret lines suffer from edge
effects when being charged and offer a smaller effective area. In contrast OoPGs can be fabricated with an unstructured
electret layer [4,5]. Thus, the area of the electret layer can be maximized and furthermore the charging process can be
performed more effectively. In this work, this geometry is combined with a simple fabrication process using the
polymer Parylene-C for the suspension of the moving electrode and as the electret layer to build an OoPG. We thus
exploit the mechanical and electret properties of this material.
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2. Design and Fabrication

The device consists of a base chip and a resonator chip both made of highly conducting 4-inch-silicon wafers, as
shown in Fig. 1. Two inductively coupled plasma (ICP) etching steps realize indentations in the base chip defining a
25-um-deep alignment structure for the resonator chip and the gap between the two electrodes with a depth of 50 um
(Fig. 1(a)). The top surface of the wafer is covered by an evaporated Cr/Au metallization and a structured SiOx/SiN
passivation deposited by plasma enhanced chemical vapor deposition (Fig. 1(b)).

The resonator chip is also covered by a Cr/Au stack, topped by a 7.5 um Parylene-C layer (Fig. 1(c)). The Parylene-
C layer is structured using reactive ion etching (RIE) with an oxygen plasma to define bonding pads. The circular
seismic mass with an area A = 4-36 mm? is released by rear ICP etching (Fig. 1(d)) which stops Cr layer of the
resonator metallization. A second 7.5-pum-thick Parylene-C layer deposited on the rear serves as the functional electret
layer and as electrical isolation (Fig.1 (e)). In summary, the flexural suspension is drng = 15 um thick and wring = 0.5-
1.5 mm wide.

For the assembly of the resonator and base chips, the corona-charged resonator chip is placed into the indentations
of the base-chip and fixed using a two-component epoxy (Fig.1 (f)). This assembly is performed at room temperature
(RT) to prevent a thermally induced discharge of the charged electret layer. A fabricated device is shown in Fig. 2.
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Figure 1: Schematic views of the fabrication of the base and resonator Figure 2: Photograph of a fabricated micro-generator with
chips and of their assembly. Wring= 1.5 mm, Aes = 16 mm? and dying = 15 wm in comparison with 1-
€-Cent coin.

3. Experimental
3.1. Mechanical Response

First, the mechanical response of the resonators was investigated using the TiraVib BAA-120 shaker from 7IRA
and the MSA-400 dynamic microsystem analyzer from Polytec serving for the mechanical excitation of the
microstructures and for measuring their frequency-dependent out-of-plane amplitudes, respectively. The results for an
exemplary device with an electret area of A.s =4 mm? and a suspension width of wing = 1 mm are shown in Fig. 3.
The excitation voltage Vgen was applied to the amplifier of the shaker. It was varied between 2 Vand 6 V in 2 V steps
where 1 V corresponds to an acceleration of 1 g. With this configuration, maximum amplitudes of about 10 pm, 20 pm
and 25 um at resonant frequencies fres of 3 kHz 3.055 kHz and 3.175 kHz where measured, respectively. Besides the
increasing resonant frequency, the bandwidth also increases due to spring hardening. The increasing non-linearity of
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the mechanical response at higher amplitudes is also indicated by the increasing hysteresis between the corresponding
upward and downward sweeps.
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Figure 3: Measured mechanical amplitudes of a resonant mass with Figure 4: Measured surface potential Us of the electret layer on the
Ares =4 mm? and wripe = 1 mm for three excitation accelerations. resonator chip. The dashed lines indicate the geometry of the

resonator chip.
3.2. Electret Charging

Furthermore, the electrical characterization of the device is performed. For this purpose, the electret layer on the
resonator is charged at RT for 3 min using a custom-made corona discharge setup [6,7]. Charge carriers are generated
at a sharp needle tip with the potential of —8 kV. Between the needle tip and the device at ground potential a second,
mesh-shaped electrode is set to a potential of =800 V to control the resulting surface potential Us of the electret layer.
As shown in Fig. 4, Us values exceeding —500 V are achieved in the area of the movable seismic mass outlined by the
central circle among the gray dashed lines corresponding to the geometry of the device under test.

3.3. Electrical Response

For the electrical output power values Poy reported in Figs. 5 and 6, a device with Aying = 4 mm? and wying = 1 mm
was excited at fies = 3 kHz. In Figure 5, the load resistor Ry is varied between 0.5 MQ and 5 MQ. For increasing values
of Ry, the generated output first increases before reaching a maximum point at the optimal value of 1.24 MQ for this
configuration. This optimal load is valid for all three excitations with a resulting output power of 0.07 nW, 0.34 nW
and 0.7 nW, respectively. The further increase of Ry, leads to a decreasing output power. The variation of Vgen in Fig.
6 is performed at the optimal Ry value of 1.24 MQ. Increasing Vge: from 0 V to 10 V generates Pou values with a
quadratic dependence on Vgen.

Other samples with different geometries were also investigated. Using a larger area Aring should result in higher Pou
values, theoretically. However, due to the larger area, the electrostatic forces are also increasing and a pull-in of the
moving electrode with the highly charged electret layer to counter-electrode occurred. As a consequence it was no
longer possible to excite the device and to extract any power from it. To avoid the pull-in effect, a mechanical stop-
mechanism using studs or bumpers should be implemented or the gap size and spring stiffness could be adjusted.
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Figure 5: Measured output power Py, as a function of the load resistor ~ Figure 6: Measured output power P, as a function of the excitation

Ry using different excitation accelerations. acceleration.
4. Conclusion

A particular appeal of the present solution stems from the fact that Parylene-C serves as a multi-functional material
with electrical and mechanical functions. Thereby the complexity of the device fabrication was reduced. Using
geometries of Ares =4 mm? and wiing = 1 mm, an optimal load of 1.24 MQ was determined to result in generated output
power values up to several nW. However, the design should be improved by including a mechanism preventing the
pull-in effect of the movable electrode with the charged electret layer to the counter-electrode to guarantee the
functionality of the device for a wider variety of design parameters. Furthermore, the design definitely leaves room
for improvement regarding fies, Pout and bandwidth. Higher Py values at lower frequencies frs with a large bandwidth
are desirable.
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