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Mechanical actuation and sensing in MEMS
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Comparison different material classesApplicazioni come attuatori (PZT)

T A BL E I I Comparison of characteristicsof shape-memoryalloys, piezoelectricceramicsand magnetostrictive materials as actuation
materials

Properties Shape-memoryalloy Piezoelectric Magnetostrictive
(TiÑNi) (PZT) (Terfenol-D)

Compressivestress(MPa) ! 800 60 700
Tensilestrength (MPa) 800Ñ1000 30Ñ55 28Ñ35
YoungÕsmodulus (GPa) 50Ñ90 (P) 60Ñ90 (Y!)! 25Ñ35 (Y")"

10Ñ35 (M) ! 110 (Y#)# 50Ñ55 (Y$)$
Maximum strain ! 0.1 ! 0.001 ! 0.01
Frequency(Hz) 0Ñ100 1Ñ20000 1Ñ10000
Coupling coefficient ! 0.75 0.75
Efficiency(%) 3Ñ5 50 80
Energy density (kJm%&) 300Ñ600 ! 1.0 14Ñ25

! modulus for constant electric Þeld
#modulus for constant electric displacement
"modulus for constant magnetizingÞeld
$modulus for constant induction Þeld

conventional piezoelectricor electrostrictiveceramics
havea superior dynamic responsebut their displace-
ments are quite small and most of them are very
brittle. Combining SMAs with piezoelectricor mag-
netostrictive materials, Þeld-activated smart com-
positescan be designed,which may generatea larger
displacementthan conventionalpiezoelectricceramics
or magnetostrictivematerials and have an improved
dynamic responseas comparedto monolithic SMAs.
More recently,somepioneershaveexplored the tech-
nical feasibility of smart thin-Þlm heterostructuresby
depositing the SMA thin Þlms on piezoelectric or
magnetostrictivesubstrates.However, the complexity
of the fabrication processingand the interfacebonding
and dynamic coupling of dissimilar components re-
main tough issuesfor the composites[213].

The alternative is to improve the monolithic shape-
memory materialsby employing newprocessingtech-
niquesor to designa newgenerationof shape-memory
materials. The development of deposited thin-Þlm
shape-memoryalloys,aswedescribedabove,is oneof
the efforts directed to this objective.Also worth men-
tion are the recentlydevelopedporous shape-memory
alloys [214,215]. Bulk TiÑNi alloyswith differentpor-
osity, exhibiting superelasticity and shape-memory
effect, have been successfullymanufactured via the
powder metallurgical route. The porous SMAs are
very desirable for some biomedical applications be-
causethe alloys havegood biocompatibility and their
porous structure favours in-growth of living tissues
and Þrm Þxation. Naturally, it reminds us of bone
Ñ a typical biomimetic model. Bone is also porous;
moreover,it exhibits pyroelectricity and piezoelectric-
ity, and maintains the skeletalhomeostasisand min-
eral homeostasisfor the body [1]. After the model,
biomimetic artiÞcial bone materials based on the
porous SMAs and other advancedmaterials may be
developed.For instance,microballoons or microtubes
coated by some functional material layers can be
constructedin the porous SMAs which may provide
a suitable substrateor skeleton to grow heterostruc-
tures with certain intelligence.

In principle, the deformation of the polydomains in
the ferromagnetic and ferroelectric materials by ap-
plying external Þeldscan be controlled just the same

way as the stress-induceddeformation of the marten-
sites in ferroelastic SMAs. The next challenging
objective,therefore,is to explorenewpotentially com-
mercial materials wherein the martensitic-like trans-
formations and the reorientation of the domains can
be induced by magnetic Þelds or electric Þelds at
ambient temperatures.The designconceptsand strat-
egiesfor Þnding new ferromagneticand ferroelectric
shape-memorymaterials have been proposed [142,
205Ñ211]. In this aspect,the remarked common fea-
tures shared by severalsmart material systems,and
the successfuldevelopment story of the giant mag-
netostrictive materials Terfenol-D [176, 216Ñ218]
may offer somecluesor inspirations.
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Different actuator typesConfronto tipi di attuatori
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been discovered but are still in the developmental
stage.18

Piezoresistive polymers and polymer composites.
Another promising class of materials for force trans-
duction consists of electronic polymer materials. The
field of polymer science continues to advance tremen-
dously, and there now exist various types of polymers
that behave to some degree like the more common
metal- or ceramic-based smart materials.19 However,
since most smart polymers are still in early develop-
ment, an alternate approach has been to use polymers
for sensing or measuring force indirectly. These mate-
rials are grouped separately from smart materials
because the mechanism employed is not reciprocal
(e.g., applying an electrical stimulus will not produce
a force output). Rather than performing force trans-
duction through direct conversion of mechanical
energy to electrical energy, as in PVDF, certain types of
polymers can be used to modulate an electric current
via a force-dependent electrical resistance. Polymer
sensors can be used in compression as well as exten-
sion and can function over a greater range of strains
than conventional metal strain gauges.20

The two most common physical mechanisms em-
ployed in resistive polymer force sensors are piezo-
resistance and geometric deformation. The deforma-
tion type of force sensor is comprised of a conducting
polymer strip or foam (such as polypyrole) and relies
simply on the deformation of the polymer to vary the
conducting cross section, thus changing the resis-
tance. Piezoresistive sensors, in contrast, generally
consist of a semi-insulating polymer matrix contain-

ing some type of conducting particulates, such as
graphite. Such compounds are macroscopically
piezoresistive but also exhibit noise and hysteresis
due to the percolative nature of the conduction mecha-
nism. Although some mildly piezoresistive polymers
have been synthesized, practical force sensors com-
prised of a homogeneous piezoresistive polymer are
not yet commercially available.

Rare-earth permanent magnets. The discovery of
new rare-earth magnetic materials, such as NdFeB,
has led to the development of compact electromag-
netic actuators, which represent perhaps the most
attractive technology for force actuators requiring
large displacements, as a possible substitute for
hydraulic actuators.21 Using a geometry similar to that
of solenoid actuators, linear electromagnetic actuators
made from permanent magnets can produce forces as
high as 2000 foot-pounds over a 24-inch stroke.
Cleaner and less noisy than hydraulic actuators, com-
pact powerful permanent magnets driven by magnetic
fields may also be employed as large-displacement
dynamic elements to transmit sound or vibration.

Other materials. Some of the materials mentioned in
this paper will most likely be superseded by new
classes of force transduction materials that are cur-
rently being synthesized or are yet to be discovered.
In some cases, new process technologies will enable
new materials to be processed, such as the powder
metallurgy and rapid solidification process that
enabled the fabrication of amorphous metals. In other
cases, the advent of powerful computers and the
increasing ability to engineer materials on the molec-

Table 1 Comparison of active materials
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PZT-PLZT phase diagram
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Phase diagram of the PZT and PLZT solid-solution systems

Haertling(1999)
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Production PZT-MEMS
Production PZT-MEMS (cantilever-membrane)

• Chemical solution deposition (SINTEF)

• RF-sputtering (EPFL)

• Pulsed laser deposition 2006 Meeting Trondheim January 5

Processing steps – MEMS-pie
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Types of piezoelectric MEMS
Type of MEMS piezoelectric

Recent studies have shown that for PZT thin films, d33 measured using interferometric 
techniques is roughly independent of sample thickness [7]. However, on application 
of switching voltages a linear behaviour between the material properties in the 
fatigued state and the sample thickness was found. 

3 Choice of Materials 

At present, there are basically three main types of structures that have been 
considered. These are discussed in this section, with uses for these basic structures 
elaborated on further in a later section. In most of the structures examined so far, 
silicon has been used as a substrate, onto which the active part of the device is 
deposited. 

3.1 Whole Wafer 

In this structure, shown schematically in figure 3.1, the piezoelectric region is 
deposited across the whole of the wafer. The top electrode is most likely to consist of 
an array of dots, rather than a continuous electrode. This allows regions to be 
activated with different voltages, and can help avoid any problems with pin-hopes or 
conducting pathways for very thin piezoelectric films. 

 

Figure 3.1: Schematic of the MEMS structure based on a whole 
wafer. 

The silicon substrates are approximately 500 µm thick, standard for 100 mm diameter 
wafers, but could be around half this value for special wafers. Larger diameter wafers 
are found to be thicker. The substrates are generally single sided (polished on one side 
only), although for special cases, double-sided wafers can be found. 

The support layer is usually silicon dioxide, SiO2, which can be thermally grown with 
ease to produce a thin stoichiometric layer. Silicon nitride or a combination of this 
and SiO2 are both possible. In each case, the thickness of this layer is in the region of 
1 Ð200nm. 

The bottom electrode is found to be Pt/Ti or Pt/TiO2, both being used as standard, 
with TiO2 showing better adhesion properties [8]. The Pt/Ti electrode structure has a 
thickness of approximately 100 nm / 5 nm. As well as Pt/Ti, oxide electrodes can be 
considered. Oxide electrodes can offer the advantage of improving the fatigue 
characteristics of the piezoelectric, but are usually thicker, being up to about 200 nm. 

For the upper electrode, Cr/Au is normally used, but the same material as the lower 
electrode may be used. This electrode, being exposed to the atmosphere, is usually 

Top electrode 

Piezoelectric

Bottom electrode

Support layer 

Substrate

Whole wafer 
structure

MEMS 
membrane

thicker and can be patterned to different sizes during testing. The electrodes can 

typically be 1 µm or so in thickness. 

The piezoelectric layer generally consists of PZT. High strain relaxor materials will 

be of interest but little work has been performed in this area thus far. The PZT film 

thickness is usually in the range 0.5 – 5 µm. 

3.2 Membrane 

In considering membrane structures, such as that shown in figure 3.2, a similar 

structure is used as for patterning a whole wafer. To date, membranes are either 

square or circular, but other shapes could be fabricated. The dimension, d, is typically 

in the range 0.5 – 5 mm. As part of the silicon structure has been removed in this 

configuration, the thickness of the support layer, along with its stiffness, become more 

important, and may well be thicker than encountered previously. A variation of the 

membrane structure has been used in biomedical applications for micropumps. 

 

Figure 3.2: Schematic of the MEMS membrane structure 

3.3 Cantilever 

A schematic of the cantilever MEMS structure is shown in figure 3.3, and can be 

found in micro-relays for example. As for the membrane, due to part of the substrate 

being removed, the thickness and strength of the support layer will be determined by 

the applications of the device as well as the size and shape of the cantilever. As shown 

in figure 3.3, if the cantilever is to act as a switch, additional contacts will need to be 

included in the package. The beam length is typically around 0.1 – 1 mm, with the 

width approximately 20 – 200 µm. 

 

d
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Piezoelectric

Bottom electrode
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Substrate

Figure 3.3: Schematic of the MEMS cantilever structure, 

showing typical dimensions of the beam. 

4 Literary Review of Piezoelectric MEMS 

Many different types of structures have been fabricated by using piezoelectric 
materials in MEMS. 3-D structures such as nozzles, relays, filters, inductors and 
power dividers have been developed. As well as traditional piezoelectric materials 
such as PZT and BaTiO3, work has been performed using polymeric piezoelectrics. 
This section details some of the published work to date. Examples of some of the 
devices produced in different industrial sectors are described along with some of the 
aspects of modelling of these devices.  

4.1 PZT incorporated into MEMS Devices 

The majority of work into piezoelectric MEMS devices has focussed on PZT, to 
provide small-scale actuation or sensing. PZT has already been extensively used in 
areas such as ultrasound and in nanoscience (for example actuators for atomic force 
microscopy). An overview of the issues of integrating PZT into MEMS devices has 
been reported, which gives figures of merit for various applications [9]. 

Several MEMS devices have been developed for a wide range of applications. MEMS 
accelerometers based on cantilever beams and PZT have been demonstrated [10]. 
There has also been some discussion of the use of ferroelectric thin films as part of 
MEMS sensors in infrared detectors and MEMS actuators for use in optical and 
acoustic devices [11]. 

Piezoelectric MEMS actuators may provide high force output at low driving voltages, 
but applications may be limited due to small strains involved. This has led to the idea 
of a strain amplifier using large-scale micro-fabrication techniques [12]. Using PZT as 
a compliant mechanism gives the required amplification at the expense of some 
piezoelectric force, but which is still desirable. 

Another area of interest in actuation is the production of nanometre steps over a range 
of hundreds of microns, which may be used for precision positioning of optical 
components or microsurgical instruments [13]. 

length 

width 
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MEMS fabrication (texture and stresses)

• PZT on Pt/Ti/SiO2/Si or Pt/Ti/TiO2/SiO2 

• Texture and residual stresses are important 

• Texture determines the properties along different 
directions 

• Residual stresses affect also the properties and life of the 
components. 

• Residual stresses are due to different thermal expansion 
properties and crystallographic matching 

• Applying a stress opposed to the observed one can 
improve properties. 

• Domain wall motion is little observed in thin films



Applications: MEMSApplications: MEMS

CIRP Seminar on Micro and Nano Technology 

Copenhagen, Denmark, November 13-14, 2003 
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Different materials and deposition methods

! Common flexible process
route for both membranes
and cantilever structures

! PZT
! Chemical solution 

deposition (SINTEF)
! RF-sputtering (EPFL)

! Pulsed laser deposition
(University of Twente, 
oxide electrodes)

! AlN
! RF sputtering (EPFL)

! AlN technology to be 
established at SINTEF in 
2006

4Ówafer design

Processed wafer

!"#$%&"'()*+&$,+$)-&.&(&/,!"#$%&"'()*+&$,+$)-&.&(&/,

Ferroelectric/piezoelectric-diamond hybrid heterostructures
for high performance MEMS/NEMS devices

S. Srinivasan, O. Auciello, G. Bai, 

J. Hiller, and J.A. Carlisle

Schematic diagram of a molecular 

recognition biosensor based on

PZT-UNCD heterostructured cantilever

Figure 1. Cross section SEM picture of PZT thin 

film grown by MOCVD on a Pt (100 nm) /TiAl

(10 nm) /UNCD (1 ! m) layered heterostructure

Figure 2.  Characterization of  first 

Pt/PZT/Pt/TiAl/UNCD capacitor showing

excellent polarization hysteresis

Figure 3. SEM image 

of UNCD cantilevers

1 ! m
1 ! m

Figure 4. SEM image of UNCD 

paddle resonator structures

Future directions:

! Optimization of processing for integration of functional PZT
thin films on UNCD cantilevers for MEMS/NEMS applications

! Characterization of PZT/UNCD
cantilevers performance

! Extend the integration to 
other functional materials 
(e.g. multiferroics) on UNCD



Piezoelectric microcantilever working principle
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Piezoelectric microcantilever working principle:

Sensor
(Grabiec, 2005)

Actuator and

sound emitter Energy harvester

Mass

Battery

!

V

E T

PZT

Si

Transverse piezoelectric effect is utilised, d31 + e31



Piezoelectric microsensor

Piezoelectric microsensor
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Double cantilever: 4 
piezoelectric layers

Controlled vibration 
electrically induced



Accelerometers (MEMS inertial sensors)
Accelerometers (MEMS inertial sensors)

Automotive:
- Airbag: accelerometers
- ESP: gyroscopes

The smallest gyroscope 
is a piezoelectric one by 

Seiko-Epson: 21 mm3



 
Source: WTC 

Applications of MEMS accelerometers and gyroscopes in 
consumer products 

 

Consumer 
product 

Function Examples of products MEMS inertial 
device(s) 

Status of 
commercialisation 

Cell phones Pedometer, 
image rotation, 

menu scroll, 
gaming, free-fall 
detection (HDD 

protection), 
navigation 

NTT DoCoMo pedometer 
(2003) 

Vodafone image rotation 
(2004) 

Samsung SGH E760 
Nokia 3230 (navigation 

and gaming) 

2- or 3-axis 
accelerometer, 

1- or 2-axis 
gyroscope 

Accelerometer in cell 
phone since 2003 

Gyroscope expected in 
2007–2008 

PDA Navigation IMU, 
Web content 
navigation 

Toshiba PocketPC e740 2- or 3-axis 
accelerometer 

2-axis 
gyroscope 

Demonstrator in 2002 
at Paris PDA show 

Digital still 
cameras 

(DSC) 

Image 
stabilisation 

All Panasonic DSCs, e.g. 
Lumix ($200), Pentax 

Optio A10 ($350) 
Canon, Sony DSCs 

Two 1-axis 
gyroscopes or 

one 2-axis 
gyroscope 
Two 2-axis 

accelerometers 

Gyroscope established 
since late 1990s 
Accelerometer 

emerging 

Camcorders Image 
stabilisation, 

free-fall 
detection (HDD 

protection) 

Upper end: Panasonic 
(over $1500) 

High end: JVC 30 Gb, 
Toshiba 60 Gb 

Two 1-axis 
gyroscopes or 

one 2-axis 
gyroscope 

Gyroscope established 
since late 1990s 

Laptops Free fall 
detection (HDD 
protection), GPS 
dead-reckoning 
assist (anti-theft) 

IBM, Toshiba, Apple 
laptops 

2- or 3-axis 
accelerometer 

Free-fall detection 
established 

Other applications 
emerging 

MP3 players Free fall (HDD 
protection) 

iPod with hard disc drive 3-axis 
accelerometer 

Established 

Others: toys, 
games, 

personal 
transporter, 

robots 

Realistic motion Nintendo’s Kirby “Tilt-n-
Tumble” GameBoy 
Microsoft gamepad 

“Sidewinder Freestyle 
Pro”, Segway, Sony Aibo 

robot, Sony PS3 

2- or 3-axis 
accelerometers, 

1- or 2-axis 
gyroscopes 

Established 



Accelerometers for aerospace and military ap.
Accelerometers for aerospace and military applications



Piezoelectric accelerometers
Piezoelectric accelerometers

Accelerations up to 200000g

0.2 grams, 5.21 mm long
From 7 to < 1 grams



Full integration and isolation (aerospace)Full integration and isolation (for aircraft)

Full isolation from acoustic, 
thermal effects to achieve 

response at <0.1 Hz

Full integration of 
electronic circuits


