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ABSTRACT 

In this study, an electret based energy harvester with a 
single silicon structure that shares harvesting counter 
electrodes and charging grid is demonstrated. The shared 
electrode provide the batch fabrication process that can 
avoid the charge leakage from the charged electret. The 
mass structure supported by the thin Si spring has 
resonant frequency of 40 Hz. The harvesting 
demonstration showed the 0.23 μW at 10 Hz,  0.1 G with 
load resistance of 1 MΩ. 
 
KEYWORDS 

Energy harvesting, Electret, Si grid electrode,  
 
INTRODUCTION 

Recently, network-sensing systems have a lot of 
attention in various applications [1]. They required the 
small sized and the autonomous power source for their 
continuous operation. Thus the energy harvesting power 
source is most important and critical device for the system 
[2]. 

In our group, the wearable and patchable 
autonomous sensor network system for human 
monitoring has developed [3]. This system needs power 
source that is less influenced by external factors like 
place, time, weather, and supply long-term electricity. To 
obtain the electricity from the human body, the electret 
based vibratory energy harvester is known as one of the 
most suitable candidate. Generally, the electret harvesters 
are fabricated by combining an electret structure and an 
opposite electrode structure after the electret-charging 
step [4]. However, the charged electret can be easily 
discharged during thermal treatment in the MEMS 
process.  In order to improve the fabrication capability 
and harvesting performance, we developed the selective 
charging method by using buried grid electrode (BGE) [5] 
and Si grid electrode [6]. The Si grids with fine slits act as 
not only grid electrodes in the charging process, but also 
harvesting opposite electrodes in the harvesting operation. 
In this study, we report the design and harvesting result of 
the shared grid energy harvester. 

 
ELECTRET BASED ENERGY HARVESTER 

Our electret based energy harvester consists of an 
electret film, base electrodes (BEs) and moving counter 
electrodes (CEs). The electret on the BE and the CE are 
required to be fine slit pattern in order to harvest large 
electric power [5]. The mass plate movement induces the 
charge transferring on the CE via a load resistance of RL, 
which generates the voltage.  

Figure 1 shows the structure of our harvester. It 

consists of three layers; the electret part with movable 
structure, the Si grid and the cover glass layer. The 
electret film was made of a polymer CYTOP, which 
shows good compatibility to the MEMS fabrication 
process.  The CYTOP act as not only good electret 
material but also good adhesive material for the inter layer 
bonding [7]. 
 

 
Figure 1:  Schematic of the electret-based harvester 
 
SI GRID STRUCTURE SHARED BY 
CHARGING- AND COUNTER-ELECTRODES 

We focused on the CE and the grid electrode that 
have similar shape of fine patterned electrode. Figure 2 
shows the structural diagram of our energy harvester that 
has Si grid structure acting as the CE for energy 
harvesting. Figure 3 shows a schematic of a electret 
charging setup by using Si grid electrode.  
 

 
 
 
 
 
 
 
 

Figure 2: Novel energy harvester with dual purpose Si grid 
structure for charging and counter electrode. 
 

 
Figure 3: Electret charging by using Si grid electrode. 
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In the charging process, the same Si grid structure can act 
as the grid electrode to generate an electric field for 
charge implantation. Compared to the conventional 
device, the novel method uses the fabricated CE for the 
grid electrodes, so that it can charge the electret after the 
fabrication. 
 
STRUCTURE DESIGN 

We aim at the realization of the energy harvesting 
from the human motions, so the moving structure requires 
soft springs to achieve a long-range displacement at low 
frequency. It also needs to keep the gap between the 
surface of the electret and the opposite electrodes in order 
to prevent the contact. The structure was designed by 
using a FEM analysis software (Intellisute 8.6). The chip 
size is 12 × 13 mm2 with the moveable mass size of 10 × 
10 × 0.5 mm3 was supported by the single bended double 
springs with width of 20 µm. The aspect ratio of the 
spring is 25. The movements of the structure for the X, Y 
and Z direction with applied acceleration of 1 G are 48 
μm, 0.5 μm and 0.4 μm, respectively. The resonant 
frequency for the X direction (i.e. harvesting vibration 
direction) is 71 Hz. The spring shows the maximum stress 
of 62.1 MPa at the maximum displacement position, 
which is sufficiently lower than the breaking stress of the 
Si. 

The generated power from the electret type harvester 
is proportional to the capacitance change of the 
electrodes. So the decision of the width and the gap of 
electrodes is most important issue [8]. We have optimized 
the electrodes configuration by using the FEM analysis 
with consideration of the fringe effect. When the BEs and 
the CEs are assumed as Fig. 4 (a), the A is a half width of 
the each electrode, and the B is a horizontal distance 
between BE and CE. With the relative displacement of 
100 μmp-p,  A and B are calculated by the equation of 
“2A+B=100 μm”. Figure 4 (b) shows the capacitance 
changes as a function of the width of the electrodes, 2A. 
Because of the fabrication reasons, the air gap was chosen 
for 40 μm. Then the optimized width of the BE, CE, and 
BGE are 86 μm, 86 μm, and 94 μm respectively. 
 
 
       
 
 
 
 
 
 
 
 
 
 
Figure 4: Capacitance change vs. electrode width. (a)analysis 
condition, (b) the capacitance changes as a function of the gap. 

FABRICATION 
Figure 5 shows the fabrication process of the 

harvester. The starting material for the electret part is 525 
μm-thick Si with a 1 μm-thick SiO2 film. At first, the 86 
μm-width BE and 94 μm-width BGE made of Aluminum 
were sputtered and patterned. Then the SiO2 film was 
patterned by CF4 plasma etching by the DRIE process. A 
3 μm-thick CYTOP film was spun on and patterned by O2 
plasma etching with resist mask. Then, the movable 
structure was formed by the DRIE. For the Si grid, SiO2 
mask for the 2nd DRIE process was patterned on a p-type 
Si substrate (< 0.1 Ω-cm, thickness of 300 μm). The slits 
of the Si grid and the air-gap between Si grid and the 
electret part were fabricated by the 1st and 2nd DRIE, 
respectively. The Al electrode was sputtered and 
patterned. After that, in order to improve the connectivity 
between Al and Si grid electrode sintering process at 
460ºC was performed. In the assembling process, each 
part was stacked and bonded by CYTOP heat-pressing 
method at 160ºC. Finally, the assembled device was 
charged by corona discharging with -8 kV for needle 
electrode and -70 V for the Si grid and the BGE. The 
BGEs set to the same voltage of the grid electrode prevent 
the electric field between the BGE and the grid. Then the 
CYTOP will be charged with fine slit pattern as an 
electret [9].  

This energy harvester is produced in a MEMS batch 
fabrication process at wafer level. The chips were 
processed on 4-inch wafers, it containing 26 chips (Fig.6).  
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Figure 5: Fabrication process flow. 

 

 

 

 

 
Figure 6: Fabricating chips on 4-inch wafer. 
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MECHANICAL RESPONSE 
Figure 7 shows the SEM photograph of the harvester 

and the close up view of the supported beam, respectively. 
Because of the over etching in the DRIE process, the 
beam width decrease from 20 μm to 12 μm for bottom 
side and 16 μm for top side of the trapezoid cross section. 
Thus, the simulated resonant frequency decreases from 71 
Hz to 31 Hz. 

Figure 8 shows the movement of the structure with 
applied vibration of 10Hz monitored by a high speed 
camera that has frame rate of 250 frame/sec. Each frame 
was captured with 4 msec intervals. The observed 
displacement of the movable mass was 400 μm peak to 
peak. The large displacement with uni-derectional 
movement was confirmed. 

Figure 9 shows the experimental setup for the 
measurement of the resonance frequency and Q factor of 
the movable mass. Electret part is fixed on the PZT 
actuator, and the in-plane amplitude of the mass is 
measured by laser Doppler vibrometer. The resonance 
frequency is observed at 40 Hz with mechanical Q factor 
of 42. This resonance frequency is lower than designed 
value of 71 Hz, because the beams became thinner during 
DRIE process.  
 
 
 
 
 
 
 
 
 
Figure 7: SEM photograph of the supported beam (top side) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: High speed camera photographs of the beam. 
 
 
 
 
 
 
 
Figure 9: Setup for the measurement of the frequency response 
of the movable mass. 

POWER GENERATION EXPERIMENT 
Figure 10 shows the fabricated harvester mounted on 

the printed circuit board (PCB). The electrodes of the 
harvester was wire-bonded to the PCB. The experimental 
setup of harvesting experiment is shown in Fig. 11. The 
energy harvester is fixed on a shaker, and the excitation 
amplitude and frequency are 200 µm peak-to-peak and 10 
Hz, respectively. The harvested voltage waveform with 
load resistance of 1 MΩ is shown in Fig 12. We obtained 
an output voltage of 2.01 V peak-to-peak, about 488 mV 
RMS, the harvested power of 0.23 μW.  

At the maximum vibration amplitude, the harvesting 
counter electrode crosses twice, because the mass 
traveling ranges of 200 μm and the electrode intervals of 
100 μm. Thus the output waveform shows 20 Hz that is 
twice of the excitation frequency of 10 Hz. However, we 
observed about 80 Hz instead of the excitation frequency 
of 10 Hz. This phenomenon might be caused by the 
contact with frame and moving mass. The contact induce 
the vibration with the natural frequency of the moving 
mass, 40 Hz so that the output waveform shows about 80 
Hz.  

We measured the mass vibration by the Doppler 
vibrometer for small and large excitation amplitude (Fig. 
13). At the small excitation amplitude, the mass 
frequency shows same frequency of the 10 Hz. When the 
mass was vibrated with large amplitude, the mass shows 
the resonance frequency 40 Hz regardless of driving 
frequency of 10Hz.  
 

 

 
 
Figure 10: Mounted device after wire bonding. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Experimental setup of power harvesting. 
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Figure12: Voltage waveform during power generation. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure13: Displacement waveform of the mass for small and 
large amplitude. 

CONCLUSIONS 
This study proposed the energy harvester using 

shared Si grid for harvesting electrodes and charging grid 
electrodes simultaneously. We fabricated the energy 
harvester with uni-directionally flexible Si spring which 
is suitable for converting low frequency vibration. The 
resonance frequency of the harvester is 40 Hz. Maximum 
output power of 0.23 μW is obtained with an acceleration 
of 0.1 G at 10 Hz.  
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