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ABSTRACT
We present a MEMS-based unimorph silicon/PZT thick
film vibrational energy harvester with an integrated proof
mass. We have developed a process that allows fabrication
of high performance silicon based energy harvesters with a
yield higher than 90%. The process comprises a KOH etch
using a mechanical front side protection of an SOI wafer
with screen printed PZT thick film. The fabricated harvester
device produces 14.0 μW with an optimal resistive load of
100 kΩ from 1g (g=9.81 m s−2) input acceleration at its
resonant frequency of 235 Hz.

INTRODUCTION
With the development in low power electronics,
wireless sensor systems powered by batteries are now
applicable in monitoring of e.g. machine and structures.
However, the limited lifespan of electrochemical batteries
requires periodical replacement for long term operation. For
sensors located remotely or inaccessible, this might not be
an option, instead larger batteries can be used but this
severely compromises the total size of the sensor system. In
order to realize long term autonomous wireless sensor
systems, much effort has recently been put into the research
and development of small scale energy scavenging devices
that transforms excess ambient energy into electrical energy.
Among the most common ambient sources of energy are
thermal, mechanical or unused RF energy [1]. Harvesting of
mechanical energy from vibrations usually employs an
electrostatic, electromagnetic or piezoelectric transduction
mechanism [2]. A piezoelectric transduction device
normally consists of an elastic cantilever supporting a
piezoelectric layer with metal electrodes on either side. The
most common piezoelectric material used is PZT (lead
zirconate titanate). PZT can be integrated with an elastic
cantilever by either bulk processing or deposition.
Several energy harvesters with bulk PZT have been
presented in literature [3], [4]. These harvesters are
characterized by having large dimensions, since bulk
processing defines some lower limits of feasible processing,
hence compromising the incorporation in small sensor
systems. Piezoelectric films can also be deposited using
sputtering [5], plasma-enhanced chemical vapour deposition
(PECVD) [6], sol-gel spin-on [7] or screen printing [8].
Common for the deposition methods are that they can be
integrated with MEMS fabrication technologies, enabling
small scale devices, well proven fabrication processes, low
fabrication costs and high volume production. So far, the
majority of MEMS-based vibrational energy harvesters

presented [7], [9], have been fabricated using the sol-gel
spin-on method, limiting the PZT layer thickness to a few
µm. To obtain a sufficiently powerful energy harvester, it is
however desirable to use thicker PZT films [10], [11].
In this work we present a unimorph MEMS-based PZT
thick film vibrational energy harvester fabricated by
combining silicon etching in potassium hydroxide (KOH)
using a mechanical front side protection as proposed by [9],
a silicon-on-insulator (SOI) wafer to accurately define the
thickness of the silicon part of the cantilever also used by
[7] and the silicon compatible PZT thick film screenprinting technique presented by [8]. The developed process
allows fabrication of high performance silicon based energy
harvesters using standard MEMS processes with a yield
higher than 90%. The piezoelectric ceramic used is
InSensor® TF2100, which has a high coupling coefficient,
making it preferable for the MEMS based energy harvesters.

FABRICATION
The unimorph vibrational energy harvester is fabricated
using a four mask fabrication process on a 4 inch (100 mm)
silicon SOI wafer with a 20 μm device layer, a 1 μm buried
oxide layer and a 500 μm thick substrate (Figure 1(a)). A 1
μm silicon oxide layer is thermally grown followed by a
deposition of 170 nm stoichiometric LPCVD silicon nitride
(Figure 1(b)). Backside openings in the nitride for the KOH
etch are defined using UV lithography followed by RIE
etching and the front side nitride is removed in a RIE etch
(Figure 1(c)). Using UV lithography, e-beam deposition and
lift-off, a bottom electrode consisting of a 50 nm titanium
adhesion layer and a 500 nm platinum layer, also serving as
a diffusion barrier [12], is defined (Figure 1(d)). On top of
the bottom electrode a 15 µm PZT thick film is deposited
using screen printing (Figure 1(e)). Before the sintering, the
PZT thick film is high pressure treated. As top electrode, a
400 nm gold layer is deposited by e-beam evaporation
through a shadow mask (Figure 1(f)). The wafer is placed in
a mechanical holder that protects the front side of the wafer
but exposes the backside. The oxide is removed in a BHF
solution, and the cavities are etched in a KOH solution
where the buried oxide functions as an etch stop layer
(Figure 1(g)). The PZT structures are covered with resist
and the cantilevers are released by an oxide etch in BHF
followed by a silicon etch using RIE (Figure 1(h)). The PZT
thick film is polarized by applying an electric field between
the top and bottom electrodes at an elevated temperature. A
final energy harvesting device with the dimensions listed in
Table 1 is seen in Figure 2.
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Figure 3: Impedance and phase around resonance. Source
voltage set to 500 mV.
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Figure 1: Process flow for the unimorph MEMS-based PZT
thick film vibrational energy harvester.

Table 1: Dimensions of the energy harvester
Frame dimensions
10 mm × 10 mm
Medial dimension
< 1 mm
Cantilever width
5.5 mm
Cantilever length
1.95 mm
Mass length
4.55 mm
Mass width
5.5 mm

Figure 2: Photograph showing both sides of a fabricated
energy harvesting device.

RESULTS
The fabricated energy harvester is characterized by
measuring the direct piezoelectric effect using a shaker
setup to simulate the excess vibration noise from the
surroundings, and the indirect piezoelectric effect using an
Agilent 4294A Precision Impedance Analyzer to excite the
harvester electrically.

From the impedance measurement the resonant
frequency, the capacitance, the optimal resistive load and
the electromechanical coupling coefficient is determined.
The resonance, fr=245.2 Hz and anti-resonance, fa=247.6 Hz
is shown in Figure 3. The impedance at resonance is the
optimal load resistance, Ropt=81.8 kΩ. The coupling
coefficient is found to be k=0.155 and is calculated using

k=
where,

α
α − tan α
α=

π fa
2 fr

.

,

(1)

(2)

For the shaker measurements the harvester is being
actuated by a B&K Mini Shaker 4810 driven by an
amplified sinusoidal signal from a function generator. The
acceleration is measured with a B&K Piezoelectric
Accelerometer 8305. The applied input acceleration is stated
in fractions of the gravitational acceleration g (9.81 m s-2).
From these measurements the resonant frequency and the
optimal resistive load is confirmed. Furthermore, the power
dissipated in a resistive load for different frequencies and
accelerations is found.
The optimal resistive load for the energy harvester is
found by extracting the RMS voltage from a resonant peak
in a frequency sweep for various resistive loads at an input
acceleration of 0.5g. The power dissipated in the load will
then be, P=Vrms2/RLoad. The optimal resistive load, resulting
in the highest power at resonance frequency, is found to 100
kΩ, see Figure 4. The increase in the optimal resistive load
compared to the impedance measurement in Figure 3 is due
to increased mechanical damping associated with the stress
in the PZT thick film, caused by the input acceleration [13].
To match the increase in the mechanical damping the
electrical damping must be increased accordingly, thus here
the optimal resistive load is measured to be higher.
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Figure 4: Power output and RMS voltage at resonant
frequency as functions of resistive load. Input acceleration
is 0.5g.
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Figure 5: Power output as a function of input frequency for
different input accelerations.

Figure 7: Power output at resonant frequency as a function
of input acceleration.

The dissipated power in a resistive load of 100 kΩ as a
function of the frequencies near resonance for different
accelerations is shown in Figure 5. A maximum power of
36.65 µW is measured at an acceleration of 2g. From Figure
5 it is further seen that the resonant frequency decreases
with increasing acceleration. This decrease is due to a nonlinear response of PZT under stress. With increasing
acceleration, thus stress, the Young's modulus and quality
factor decreases [13]. The decrease in Young's modulus will
directly reduce the spring constant, thus reduces the
resonant frequency. The decrease in quality factor will
affect the damping of the system and widen the bandwidth
of the resonance peaks, as it is confirmed in Figure 6. The
bandwidth in Figure 6 is determined directly from the
measurements shown in Figure 5, where the full width at
half maximum (FWHM) is defined as the bandwidth. The
total quality factor is determined by the ratio between
resonant frequency and the bandwidth. Figure 6 shows that
with increasing accelerations the total quality factor
decreases and the bandwidth increases. The widening of the

bandwidth will lead to a drop in the potential power gain,
thus power will no longer have the theoretical quadratic
relation with acceleration as expected. This is confirmed in
Figure 7 where the power at resonant frequency is plotted
for different input accelerations.

CONCLUSION
A MEMS-based unimorph silicon/PZT thick film
vibrational energy harvester with an integrated proof mass
has been fabricated and characterized. By defining the 35
µm thick cantilevers as the last processing step by the use of
KOH etching with a mechanical front side protection it has
been possible to obtain a fabrication yield greater than 90%.
The resonant frequency of the harvester is aimed towards
the common sources of vibrations measured in [14] with
resonant frequencies ranging from 100-200 Hz. The
unimorph harvester device produces 13.98 μW with an
optimal resistive load of 100 kΩ from 1g (g=9.81 m s−2)
input acceleration at its resonant frequency of 235 Hz.
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