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ABSTRACT

This paper presents a design, fabrication and
experimental test results of MEMS mechanical vibrat
energy scavenging devices for micro power generatio
There is a growing need for such structures infigld of
wireless sensor networks, where increasing thenautgy
of nodes is a crucial issue. In our case, the thaet®on is
performed using the piezoelectric effect and thaads are
entirely made using microfabrication techniques. oTw
different piezoelectric materials are used for ifeddion:
PZT that shows high coupling coefficient, but very
complicated fabrication process and AIN, not getiegaas
much power but much easier to deposit, compatikbite w
standard CMOS process and not toxic. We present a
comparison of performances of these two types witcds.

Keywords: micro power generation, piezoelectric MEMS,
vibration energy scavenging, wireless sensor nodes

1 INTRODUCTION

In recent years, a growing interest has been patthe
subject of autonomous microsystems. These devices a
commonly used as nodes in wireless sensor networks,
where small size and extended autonomy are criidialn
fact, until recently, the only solution was to us@
electrochemical battery that would supply powerthe
system. Nevertheless, this solution has a main lolakv—
the life span of the device is directly linked withe
capacity of the energy reservoir and therefore \tittsize.
A trade off has to be made between the miniatudrand
longevity of the device. An alternative solutionr fo
powering the nodes lies in scavenging of ambiertrgn
In fact, the recent progress in low power electteriias
made possible to run entire systems with powepwgothat
it can be harvested directly from the environmentvhich
the device operates. An overview of ambient powerces
can be found in the works presented by Roundy fij a
Mateu [2]. A conclusion can be made from theseistyd
that in many environments, mechanical vibratiorngppse
very interesting power densities and furthermohes kind
of energy can be transferred to the device by thans of a
simple mechanical coupling. We propose in this papeh
an approach consisting in an electromechanicakdhacer
using the piezoelectric effect to convert mechdnica
vibrations into useful electrical energy. Furtherejowe
implement these devices using the microfabrication
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techniques (MEMS structures) what permits a batch
fabrication and may lead to creation of self powere
systems on chip (SoC) and systems on a packag¢.(SoP

We have analyzed the power requirements of a simple
wireless node, containing a 4bit RISC microconémll
temperature and acceleration sensors and a wireless
transceiver. In the case of very low duty cycleragien of
about 1% it would require less than 400nW of cardims
power supply. The goal of this work is to analyse t
possibility of generating this power from the enerof
ambient vibrations using a MEMS device.

This is a continuation of work already presentel§4]3
that proposes improved devices and use of new alster

2 DESIGN OF THE STRUCTURE

2.1 Application

We have specified a direct application for our desi—
powering a sensor node placed in a head of an tinalus
milling machine that generates high amplitude \tibres
(up to 20g) at the frequencies around 900Hz. |a taise,
installation of wireless sensor nodes is very #séng in
the view of machine health surveillance. There t@ve
main issues that should be taken into account:fitise
concerns the main frequency generated and the thieer
vibration amplitude. It would be energetically adtsgeous
to create a device with its natural frequency dyact
matching the frequency generated, but on the dthed,
there is enough vibration amplitude that even aiogev
operating not at resonance should create enougterpow
Furthermore, designing a microscopic device thatuldio
have its first resonance frequency around 900Hz and
capable of withstanding accelerations up to 20g at
resonance is quite demanding. Also, given the taicgies
in layer thicknesses and material properties in MEM is
impossible to fabricate a structure that would hatee
resonance frequency exactly matching the value edant
Therefore we decided to build a device that woudd b
excited only near its main resonance frequency.

2.2 Thetransduction method

The previously presented works make comparison of
three main methods of energy conversion from the
mechanical domain into the electrical domain. Thesethe
electrostatic (capacitive), electromagnetic andqédectric
ones. It has been proven that the piezoelectrihmdehas
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many advantages if a miniature device is aimed3[1]t
provides high theoretical power densities, simpésigh
and relatively high output voltages. The only ineemience
lies in the use of exotic piezoelectric thin layethe
deposition of which is not yet mastered. In theerdg/ears
however, many research teams
fabrication of high quality Aluminium Nitride (AINYhin
layers [5] and Lead Zirconate Titanate (PZT) thayers
[6]. We have decided to create microfabricatedcstmes
that use these two materials. The first one isrésting
because of the relatively simple and CMOS compatibl
deposition process by means of DC reactive magmetro
sputtering and its environmentally friendly compiosi. On

the other hand its coupling coefficients are qiote. The
other material — PZT, is known to have very eledate
coupling factors, but its deposition requires a plicated
layer composition, high temperature treatment aigh h
voltage polarization. Furthermore it contains Leadhich
reduces its potential applications. While in macogsc
realisations, the piezoelectric material can beassply
prepared and then combined with the rest of thécdein

the case of microsystems, the thin piezoelectyerlanust

be created directly on the device. High temperature
treatment and elevated voltages are problematisuich
realisations.

2.3 Geometrical structure

We propose one basic mechanical structure with two
possible piezoelectric materials. It is a cantitdyeam with
a big seismic mass, as presented in the figure 1.

Figure 1 : Piezoelectric micro power generator dnedlayer
composition in the case of using the AIN layer &melPZT
layer.

It is an outcome of optimisation process, using
analytical models already presented [4]. The seismass
should be maximised keeping at the same time thes \af
resonance frequency wanted by adjusting the begidityi.
The maximal mass volume is defined by the spaciaiia
and the minimal supporting beam length that guaest
good back side DRIE uniformity. In our case, theximmaum
length of the device was fixed at 1.5mm and theimméh
length of the beam is equal to 400um. The diffegeimc
technological process and material compositionhef ttvo
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approaches using PZT and AIN materials impose a
difference in resonance frequency of the two deice

The device dimensions are as follows: the thickrdss
the seismic mass is imposed by the thickness o$itloon
wafer employed, equal to 525um. The thickness ef th

reported successful beam is defined by the thickness of the top silizoyrer in

the SOI wafers used, 5um in our case. The widtlhef
structure is equal to 800um, as well the lengththef
seismic mass. The length of the beam equals 400jm.
AIN layer is 1um thick and the PZT layer is 2pncki

3 FABRICATION PROCESS

Both structures are made out of an SOI wafer. $&s u
facilitates the definition of a thin supporting beand a big
seismic mass at its end by both face deep readtive
etching (DRIE). Thanks to the high selectivity oiOg
against monocrystalline Silicon, the buried oxidgelr is
used to stop the etching. The layer compositiorttiertwo
cases is presented in the figure 1.

3.1 AIN device

For the AIN device, the piezoelectric layer is dthe
deposited on the top silicon layer, which is highligped
with Boron (p+) in order to increase its condudtivand
enable its use as the bottom electrode of the pleetric
capacity. The AIN layer is deposited using DC maigme
sputtering and a thickness of 1um is aimed. An Atiwm
layer is finally deposited on a patterned AIN lajreworder
to create the top electrode for the piezoelecijgacity and
to make contacts with the silicon layer actingtes hottom
electrode. The use of the top silicon layer aslibdom
electrode (always on ground) facilitates the fadtran
process but introduces parasitic capacitances belaeh
metallic pad and every connection. Furthermorenakes
impossible the connection of multiple devices inie®in
order to raise the generated voltage.

The AIN devices used in this study were elabordtgd
the MEMSCAP Company. A special study was performed
in order to reduce the built in stress that woultlise
deformation of the structures.

3.2 PZT device

In the case of the PZT devices, the layer composit
much more complicated. Ti/TiOayer on SiQ layer are
required as diffusion barriers in order to prevémiad
atoms from penetrating and reacting with Silicon. A
Platinum layer is used as the bottom electrode. FA&
film is prepared using the sol-gel technique omredslayer
of PbTiG;. The sol-gel techniqgue may guarantee good
uniformity of the layer and elevated thickness {optum)
but requires high temperature treatment and maltipl
annealing/crystallization steps. Gold layer withrarhium
seed layer is used to create the top electrodehen t
piezoelectric capacity. After its creation, the PXlyer
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needs to be polarized in order to gain piezoelectri
properties. The pooling process aligns the domainthe
ceramic structure of the layer creating a globadapsation
and making the material ferroelectric and piezdeiec

The devices with PZT piezoelectric layer were
elaborated at the ceramics laboratory of the Ecole
Polytechnique Federale de Lausanne. The resultger |
was of very good quality without cracks and witlatieely
low built in stress. The figure 2 presents an SEM
photograph of the fabricated PZT device.
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Figure 2 : SEM photograph of a MEMS energy scavenge
with a PZT thin layer.

4 HARVESTED POWER

4.1 Analytical modelling

We have used the analytical model of a piezoetectri
cantilever beam harvester that we have developdéirea
[4] in order to predict the power output of the tdevices.
We have calculated the power dissipated on a matche
resistive load as a function of frequency for theot
materials considered: PZT and AIN. In order to perf a
comparison, the thickness of the top silicon layerthe
devices was adjusted to tune the resonance freyuéribe
two devices at 900Hz. The resulting thickness $uih for
PZT device and 6.85um for AIN device. The analytica
model does not take into account the influence of
electrodes, so in reality the resonance frequerafiesich
structures would be higher. The quality factors of
piezoelectric materials were taken into accoupt{@ 135,
Qan = 120, tadpzr = 3%, ta®any = 0.1%). The silicon
layer was supposed to be perfect.

The modelled power outputs of the two devices are
presented in the figure 3. The amplitudes generated
almost identical, but thanks to the very low eliectr
permittivity of AIN (of 10 against 1200 for PZT)edloutput
voltages for these devices are higher, especially a
resonance.
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Figure 3 : Analytical modelling results of voltagad
output power generated on an optimal resistive foad
PZT and AIN devices.

4.2 Experimental results

We have tested the fabricated devices on a coatroll
vibration source — a DataPhysics V20 shaker cdetidby
a custom LabVIEW application. The same application
provided a closed loop acceleration amplitude abrand
data acquisition through a National Instrumentsida€l-
6024E. For each measure a variable load was cahect
between the electrodes of the generator and thpubut
voltage was observed through INA116 (BurrBrown)hhig
impedance instrumentation amplifier. The output eow
was calculated from the RMS value of the voltage
measured and the resistive load value. In the o&$¥ZT
devices, the corresponding resonance frequenciag we
situated slightly below 900Hz. Power output waseobsd
at antiresonance, on an optimal load of @QNh order to
obtain high output voltages. The output power, @néxd in
the figure 4 is equal to 850nW for 2g accelerataom
20nW for 0.2g with voltage amplitudes respectivelly
1.8V and 300mV.

Freq: 875Hz
Voltage and power vs excitation amplitude at antiresonance
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Figure 4 : Experimental results for power dissigaie a
matched resistive load at antiresonance for a R&ilcd.
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The behaviour of the PZT devices is non-linearictvh
means that the output voltage amplitude do noterais
linearly with the input vibration as predicted bwet
analytical model [4]. This effect limits the maximupower
that can be obtained from this type of structuresl a
changes the value of frequency at which the dedétiwers
highest power — figure 5.

Output power vs. excitation frequency at antiresonance for 1.92M load
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Figure 5 : Experimental results for power dissipae
antiresonance, on a matched resistive load foerifit
input acceleration levels for a PZT device.

The AIN devices have their first vibration frequgnc
around 1400Hz. The big difference is caused noy byl
the material difference but also by a big variatmntop
silicon layer thickness in SOI wafers used for fedtion
and important under etch of the seismic mass. Tigleeh
operating frequency permits to use higher excitatavels.
The output power dissipated on a matched resitiae of
650k is equal to about 0.54uW for 2g excitation and
1.96uW for 4g excitation (figure 6).
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Figure 6 : Experimental power output results faleaice
with AIN piezoelectric layer, at resonance on aghat
resistive load.
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The devices are much less non-linear that the pusly
studied PZT structures. The output power is detatéa in
this case by the presence of parasitic capacitanusr the
connection pads.

5 CONCLUSIONSAND FUTURE WORK

This paper presents a novel solution for increasiveg
autonomy of wireless sensor nodes by using MEMSgpow
harvesters. A design, fabrication and experimeesllts of
entirely microfabricated piezoelectric micro power
generators have been presented. The results stadverik
such device can deliver power up to several mictsaato
a matched resistive load which is sufficient fore th
application aimed. A direct comparison of the desievas
impossible due to the difference of the resonance
frequencies. However, it can be stated that asigieztithe
PZT structures provide higher power. The AIN stioes
however, can operate at higher excitation levets prove
to provide sufficient power for the application &idn We
conclude that the AIN devices are better suited for
industrialisation thanks to the easier manufactugrocess,
but the PZT option is much more interesting inakpect of
the output power.

The future work will consist in improving the
effectiveness of the devices and further evaluatibithe
entire power harvesting system including AC/DC and
DC/DC converters and a surpercapacitor.
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