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“Design and Fabrication of a Micro Electrostatic Vibration-to-Electricity Energy Converter”
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Micro-Electro-Mechanical System (MEMS) is
a technology platform based on the planar
fabrication process in the IC industry. In

applications such as wireless sensor networks,

highly integrated portable or remote devices
need independent power supply. Due to recent
advances in low power VLSI technology, the
power consumption is reduced to a few tens of
microwatts. Therefore, it becomes feasible to
power the portable devices by scavenging the
ambient energy.

The objective of this project is to develop an
electrostatic MEMS vibration-to-electric energy
converter with no external mass attachment on
an area of 1 cm” and auxiliary power supply of
300mV. The targeted energy source is the 120
Hz, 2.25 m/s® vibration measured in household
appliances. The device was designed to generate
an output power of 0.51uW. Mechanical
switches are integrated with the transducer unit
to provide accurate energy conversion timing
control. Furthermore, the previous design will be
improved for better performance in this project.
The device was fabricated in SOI wafers by deep
silicon etching technology. Measurements of the
energy converter were also conducted. Without
the external mass, the measured AC output
power was 0.42 uW with a load of 5 MQ at 1730
Hz. AC output power measurement of the
devices with external mass attached and
subsequent mechanical switches measurement is

in progress.
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Due to the advance of CMOS VLSI
technology, the power consumption of electronic
devices has been reduced considerably. The low
power technology enables the development of
such applications as wireless sensor networks [1]
or personal health monitoring [2], where remote
or independent power supply is critical for more
compact or longer-life-time systems. In
particular, energy scavenging from ambient
natural sources, such as vibration [3],
radioisotope [4] and ambient heat [5], is
attracting many recent interests as the
self-sustainable power sources. Among various
approaches, electrostatic vibration-to-electricity
conversion is chosen in this study due to its
compatibility to IC processes and the ubiquity of

the energy source in nature.

The output power of a vibration driven
converter is related to the characteristics of the
vibration source. A typical vibration found in
many household appliances has a peak
acceleration of about 2.25 m/s” at about 120 Hz.
Therefore, this vibration is used as the energy

source for the design of the optimal converter.
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1 Design

The operation circuit of the converter is
shown in Fig.1 [6]. The circuit composed of a
300mV  auxiliary power supply Vi, a
vibration-driven variable capacitor C, and an
output storage capacitor Cgor connected with the
load Ry. C, is charged by Vi, through SW1 at its
maximum Cpayx, and discharged to Cg, through
SW2 at its minimum C,;, when the terminal

voltage is at its maximum V. To achieve high

conversion efficiency, the charge-discharge
cycles must be timed precisely with the change

of the capacitance.
SW1 SW2
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Fig. 1: Operation of the electrostatic energy

converter

The variable capacitor C, is formed by an
in-plane gap-closing comb structure [7], as
shown in Fig. 2(a). Silicon nitride dielectric
coating (& = 7) on finger sidewalls is applied to
prevent shortage. The comb fingers are designed
to have special “bumps” to maintain minimum
air gap even under etching process inaccuracy,

as shown in Fig. 2(b).
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Fig. 2: (a) In-plane gap-closing comb structured
variable capacitor schematic, (b) bumps on comb

fingers

1.1 Static analysis

In the symmetric design with no external mass
attached in the Fig. 3, the mass of the movable

electrode and output power are

m= ph[2N W, (L, +d)+8W W, + (L, —2W,)W,]

P, = fC, V.. [exp( )-1] (1)
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where the WW; is width of the electrode region in
the x-direction, > is the distance between two
sets of electrodes in the y-direction, L, is overlap
length of fingers, d is initial gap between fingers,
and f is vibration frequency. Vi, is output
voltage which is related primarily to the variable

maximum capacitor value Cyy.
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Fig. 3 Schematic of the energy converter

A number of free parameters must be
considered to acquire the optimum output power
in the schematic of Fig.3. The guideline of the
optimization of parameters was presented in [8]
and [9]. Thus, the output power is a function of
initial finger gap distance d and overlap length of
finger L¢, as shown in Fig. 4. Fig. 5 shows the
maximum electrostatic spring constant caused by
the constant charge Q on the variable capacitor
C,. It has great effects on the dynamic behaviour
of the system since it will alter the mechanical
spring constant of the system. According to the
dynamic analysis, the spring constant can be

presented as follow:

2 r2
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where k is mechanical spring constant and rq is
the ratio between k and be max. It 1s chiefly
concerned with the maximum displacement
between fingers. The detail will be discussed
in the next section. Fig. 5 shows the maximum
electrostatic spring constant limitation be max 1im
and be max. The electrostatic force and the
electrostatic spring effect can be ignored if be max
is small than be max 1im, Shown as the available
design region. According to the constraint for the
electrostatic spring constant, the maximum
output power is 0.51 uW with the initial gap of
37 um and fingers overlap length of 535 um in

our device.
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Fig. 4 Output power versus initial gap and
fingers overlap length
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1.2 Dynamic analysis



The dynamic analysis is used to decide the
appropriate mechanical spring constant k and
proof mass m in order to assure adequate
displacement under the target vibration source
during resonance. The equation can be described
by

mz+tb, (z)+b, (z,2)tkz=-my, 3)

Where z is the displacement of the shuttle mass
with respect to the device frame, y is the
displacement of the device frame caused by
vibration, b _(z,z) is the mechanical damping
force, and be(z) is the electrostatic force acting
on the MEMS structure.

The electrostatic force be(z) acting on the
structure is equivalent to a spring force with
spring constant be, which alters its value during
the charge-discharge cycles. The total equivalent
spring constant of the system is k> = k + be max.
In order to maintain steady resonance, the
mechanical spring constant k should be larger
than b.. Fig. 6 shows the relation of the k/be ratio
and the desired maximum displacement. The
phenomenon also is discussed in [10]. The
theoretical value is compared with simulation
value from the Simulink model. It is also used to

calculate the be max 1im graph in Fig 5..
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Fig. 6 k/be max ratio versus desired maximum

displacement

Timing control of the switches is also

important for the energy conversion efficiency.
When the variable capacitor moves to the middle
position, SW2 should be turned on at the same
time. If not, energy stored in the variable
capacitor can not be fully transferred to Cgor and
the output power is reduced. The simulated
output power loss versus timing error is shown

in Fig. 7.
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Fig.7 Output power loss versus timing error

2 Fabrication

The  device is  fabricated in a
silicon-on-insulator  (SOI) wafer with a
200-um-thick low-resistance device layer.
Device structure is defined by ICP (Inductively
Coupled Plasma) etching. Nitride is deposited by
LPCVD (Low Pressure Chemical Vapor
Deposition). The back side handle layer is then
removed by ICP etching to reduce parasitic
capacitance. The structure is released by HF
vapor. Sputtering of gold or aluminium with the

shadow mask is done for metallic contact.

Compared to last year, the primary goal of this
year is to reduce the overlap areas between the
springs and mechanical switches to avoid the
parasitic resistance. LPCVD was adapted due to

good step coverage and insulation.

Fig. 8 shows the SEM micrograph of the



device after the ICP process. Fig. 9 shows the
overview of whole device. The tungsten ball is

attached to the center plate and positioned by the

center hole on the device.

Fig. 8: (a) Device overview, including comb
fingers, spring, SW1 and SW2, (b) close-up view
of fingers and spring,

o«
Fig. 9 Device with the external mass attached

3 Measurements

3.1 Mechanical measurement

The relative displacement of the device with a
4 gram tungsten ball was measured using the
MMA (MEMS Motion Analyser). As shown in
Fig. 10, the amplitude response has a resonant
frequency around 120 Hz, which is the expected
value. The 3dB bandwidth is about Aw = 25
Hz, and the quality factor is 4.8. Such a low
value quality factor indicates unpredicted

damping which is currently under investigation.

3.2 Electrical measurement

The measured capacitance of the device is
from 105 pF to about 655 pF. The results shows
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Fig.10 MMA measurement of the device with

external mass

a parasitic capacitance of about 45 pF in the
device. For V1 = 9 V and Rr = 10 MQ, the
output voltage was 230 mV, indicating a
parasitic resistance of about 381 MQ .

AC power measurement circuit is shown in
Fig. 12. Two additional 10 pF capacitors Ct are
used to block the DC path of the variable
capacitor. Thus, the DC bias level of the output
voltage is reduced to zero, eliminating the static
power consumption of the device. A 9 V battery

supply is used for Vr in this measurement.
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Fig. 12 Measured AC output power versus load

resistance Rt

The measured output power versus Rt with no
attached mass is plotted in Fig. 12. The vibration
amplitude is maintained at about 6.25 m/s>. The
resonant frequency is 1730 Hz .The device has a
relative displacement of about 18.2 um, and Cpax
is estimated as 225 pF. The maximum output
power is 0.42 uW when the load resistance Ry is
about 5 MQ. The power is lower than the



theoretical value due to the unstable vibration

source.
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Fig. 12 Measured AC output power versus load

resistance Ry

The design and analysis of a micro
vibration-to-electricity energy converter with no
external mass are accomplished. The modified
device was successfully fabricated in the SOI
wafer. By removing the overlap area and using
LPCVD nitride, the parasitic resistance in the
device was reduced. Timing can be controlled by
adjusting parameter of the mechanical switch
structure. Fabrication was successful and

measurement is in progress.
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