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                       Introduction  
 Piezoelectricity and piezoelectric materials 
 Piezoelectric materials enable electromechanical transduction. 

They generate electrical signals in response to applied mechan-

ical stress, with applications ranging from the fl ashing lights 

in children’s shoes to motion- or vibration-powered wireless 

sensors. Conversely, piezoelectrics also respond to applied 

electrical fi elds by changing shape—for example, piezoelectric 

transducers are used to generate high-frequency acoustic waves 

for ultrasound medical imaging (see   Figure 1  ) or to enable 

nanoscale positioning in scanning probe microscopes. More 

details on the defi nition of piezoelectricity and the standard 

notation used to describe it are given in the sidebar  .         

 Bulk piezoelectric materials are widely employed for a 

diverse range of applications.  Figure 1  shows ultrasonic images 

of a fetus taken using a single piezoelectric piston in the 1960s 

and by ceramic Pb(Zr,Ti)O 3  (PZT) two-dimensional (2D) trans-

ducer arrays. The improved image quality in modern ultrasonic 

imaging systems and the capability of three-dimensional (3D) 

rendering were enabled by the development of more sensitive, 

broader bandwidth, higher frequency piezoelectric transducer 

arrays. The last 15 years have seen an explosion in the develop-

ment of new piezoelectric single crystals  1   and lead-free piezo-

electric materials,  2   resulting in large improvements in material 

property coeffi cients and new application areas. 

 Thin fi lms and multilayered heterostructures of piezoelectric 

materials have great potential for micro- and nanoscale devices 

due to the added functionality provided by the electromechani-

cal transduction coupled with the ability to micromachine using 

standard processing tools. Advances in bulk piezoelectric mate-

rials have rapidly been incorporated into thin fi lms through 

the development of improved growth techniques. Moreover, 

the last decade has seen signifi cant growth in the ability to 

design and micromachine functional devices. At the same time, 

foundries are beginning to provide services for piezoelectric 

fi lms, increasing the breadth of the community able to access 

such functional materials. This issue of   MRS Bulletin  highlights 

the integration of next-generation piezoelectric thin fi lms into 

micromechanical systems (MEMS) and nanoelectromechanical 

systems (NEMS).   

 Piezoelectric MEMS overview 
 Numerous means of generating motion in micromachined struc-

tures have been reported, including electrostatic, magnetostric-

tive, thermal, and piezoelectric approaches. State-of-the-art MEMS 

devices often use silicon, SiO 2 , Si  x  N  y  , SiC, or diamond-like 

carbon micro- and nanomechanical structures actuated by electro-

static forces, which exist between charged surfaces at a distance.  3–7

This technology has opened many new application possibilities, 

for example, in the area of MEMS spatial light modulators being 
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developed for maskless lithography.  8   ,   9   MEMS devices are con-

tinually pushed in the direction of smaller size and increased 

integration density with increased speed, larger range of 

motion, and more powerful actuating elements. Currently this 

is accomplished by incorporating passive mechanical elements 

of nanoscale dimensions within larger MEMS devices driven 

electrostatically. 

 In comparison to electrostatic devices, piezoelectric MEMS 

possess a number of key characteristics that make them 

attractive:  10   

     1.      High frequency, temperature-stable resonant devices can be 

prepared with excellent temperature and frequency stability.  11   ,   12   

This is achievable by the deposition of wurtzite-structured 

fi lms on either mechanically released structures or acoustic 

Bragg gratings. This technology is now ubiquitous in high 

frequency fi lters (e.g., for cellular telephones) and enables 

signifi cant miniaturization of handsets.  13   ,   14   In devices based 

on AlN, the processing is complementary metal oxide semi-

conductor (CMOS)-compatible, enabling far more complex 

sensing and communication circuits. Details are given in the 

article by Piazza et al. in this issue.  

     2.      Piezoelectric charges develop whenever the device undergoes 

mechanical excitation. As a result, piezoelectric sensors can 

operate  without applied power  (although the remainder of 

the electronics may well require a power source). The net 

result is that low-power devices with low noise fl oors and 

broad dynamic ranges are possible.  

     3.      The coupling between mechanical and electrical energies 

means that piezoelectric MEMS are also of interest for 

energy harvesting applications, when they can be mounted 

on vibrating structures.  15   –   18   Thus, small vibrations can pro-

duce power. Although the harvesting levels tend to be modest, 

they are of interest for low power wireless sensor nodes. 

Moreover, it is possible that piezoelectric MEMS devices 

could be used to power body-worn sensor networks. For 

example, in body-worn devices, Yun et al.  19   demonstrated 

accelerations at a few Hz, which ranged from ~5–15 m/s 2 , 

depending on the location, due to human motion. Much 

larger accelerations occur during the heel strike in normal 

walking (>50 m/s 2 ).  20   Von Buren showed that the maximum 

  
 Figure 1.      Ultrasound images of a fetus taken by (a) a single piezoelectric piston in 1960 and (b) 3D image scans using ceramic PZT 2D 

transducer arrays at 1 MHz. (Image courtesy of GE Medical.) (c) PZT ceramic 20 × 20 = 400 element 1-MHz 2D array, (d) 256 × 256 = 65,536 

5-MHz subdiced elements. (Image courtesy of Stephen Smith at Duke University.) Both transducer arrays are about 1 inch on a side. The 

quality of images depends on the piezoelectric and mechanical coupling coeffi cients and the bandwidth.    

     Defi nitions of piezoelectricity 

 Piezoelectricity is the linear coupling between polariza-

tion ( P i  ) and an applied strain ( x ij  ) or stress ( σ   ij  ). For 

the direct piezoelectric effect, using standard Einstein 

notation (where the subscripts  i  j  k  are integers from 

1 to 3):

   
P = σi ijk jkd

 

   
.P =i ijk jke x
  

 Both  d ijk   and  e ijk   are piezoelectric charge coeffi -

cients. The converse piezoelectric coeffi cient yields a 

mechanical response resulting from an applied electric 

fi eld:

   
=ij kij kx d E

 

   
.σ =ij kij ke E
  

 As a result, piezoelectric materials can be used 

either as strain/stress sensors or as actuators in which 

displacement is induced by an applied electric fi eld 

( E k  ). Often, in describing these devices, a contracted 

matrix notation is utilized, where a single index running 

from 1–6 is used for the stress or strain. In thin fi lms, 

the mechanical boundary conditions differ from 

unconstrained bulk materials in that the strains are typi-

cally known in-plane, while out-of-the-substrate-plane, 

the fi lm is stress free. Thus, effective coeffi cients,  d ijk   ,f  

or  e ijk   ,f  are widely employed.  
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power density for energy harvesting from a human walking 

at 4 km/h is ~2.1 mW/cm 3 .  21   All of these motions provide the 

possibility of generating low levels of power. Likewise, it 

was recently demonstrated that larger piezoelectric devices 

can harvest enough energy from the motion of the heart to 

power pacemakers under a wide variety of conditions.  22    

     4.      Piezoelectric actuators have substantially higher energy den-

sities than electrostatic actuators. For actuators, the force per 

unit area increases linearly with the electric fi eld,  E  [~ e  31  E ] 

for the piezoelectric drive (where  e  31  is the piezoelectric 

coeffi cient) and quadratically [ ~  ε  0  ε  r  E  2 ] (where  ε  0  and  ε  r  are 

the permittivity of free space and the relative permittivity, 

respectively) for the electrostatic approach. Moreover, 

the permittivity of piezoelectric fi lms exceeds that of air 

by factors of ~10–1000.  10   As a result, the required driving 

voltages to achieve a given displacement in structures of the 

same stiffness typically drop by at least an order of magni-

tude for piezoelectric actuators. This is critical in enabling 

actuators that can be driven by CMOS electronics, without 

requiring energetically expensive charge or voltage pumps.  

     5.      Piezoelectricity scales well as an actuator technology. Pro-

vided orientation control can be achieved in the initial layers 

of a deposited fi lm, AlN and other wurtzite-structured com-

pounds should show essentially bulk piezoelectric response 

down to very small size scales (in the tens of nm range). 

Likewise, it has been demonstrated that ferroelectricity (and 

hence piezoelectric activity, which occurs in all ferroelectric 

materials) can be retained in fi lms of only a few unit cells in 

thickness.  23   Furthermore, the energy density of the piezoelec-

tric actuator also scales well with decreasing dimensions so that 

useful work can be done even with small volume structures. 

This decreases the complexity, enables higher integration den-

sity, and, as discussed previously, reduces the voltage burden 

on the integrated control electronics. In addition, robustness 

comes from the fact that high electric fi elds 

are confi ned inside solid-state material(s).  

   Given these features, the fi eld of piezo-

electric MEMS has burgeoned over the past 

decade, with signifi cant progress being made 

both in achievable materials response and in 

commercialization of devices. 24–31  Manufactur-

ing of piezoelectric MEMS has also benefi tted 

tremendously from the infrastructure and equip-

ment developments resulting from ferroelectric 

memories.  32   ,   33   This issue of  MRS Bulletin  is 

designed to introduce readers to the current state 

of research in thin-fi lm piezo MEMS/NEMS 

applications for electronic, mechanical, and 

energy applications. The issue contains six 

articles from leading research groups focus-

ing on perovskite and AlN based piezoelectric 

thin fi lms and their applications in MEMS. 

This introductory article describes the piezo-

electric materials in most common use, recent 

advances in piezoelectric thin-fi lm growth, 

and reviews the length scales over which piezoelectric MEMS 

are currently being explored.    

 Key materials for piezoelectric MEMS 
 Among the important properties of materials for piezoelec-

tric devices are the piezoelectric coeffi cients, the ferroelectric 

transition temperature, and the stability of the piezoelectric 

response. 

 Two principal crystal structures are in use for piezoelectric 

MEMS: the wurtzite and perovskite structures. The wurtzite 

structure, shown in   Figure 2 , is  adopted by both ZnO and AlN. 

All of the atoms are tetrahedrally coordinated and are arranged 

in puckered hexagonal rings perpendicular to the crystallo-

graphic  c- axis. In a single crystal, all of the cation polyhedra 

are arranged in the same orientation. On application of a stress 

parallel to the  c- axis, the tetrahedra deform primarily by 

changing the N–Al–N bond angle, rather than changing the 

Al–N bond length. This produces a relative displacement of 

the center of the positive and negative charges within the unit, 

which is the origin of the piezoelectric  d  33  coeffi cient in AlN.     

 It is essential to recognize that the piezoelectric coeffi cient in 

AlN depends on the orientation of the crystallites as prepared. 

Reorientation of the polarization would require breaking 

primary chemical bonds, so AlN is not ferroelectric. This is 

useful from the perspective that it yields piezoelectric constants 

that are very stable as a function of temperature, frequency, and 

the amplitude of the drive electric fi eld. These attributes are 

exploited in thin-fi lm bulk acoustic resonators, as described in 

the article by Piazza et al. in this issue. 

 The perovskite structure in   Figure 3   shows some of 

the more common ferroelectric distortions (exaggerated for 

clarity). In most perovskites, the unit cell elongates parallel to the 

direction of the spontaneous polarization and contracts laterally. 

These materials are ferroelectric below the Curie temperature 

  
 Figure 2.      Wurtzite crystal structure of AlN showing Al atoms in gray and N in blue. All 

Al-centered tetrahedra are arranged with one neighbor directly above (parallel to the  c- axis) 

and three neighbors forming the base of a pyramid below.    
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and typically possess a residual domain structure, which is a 

function of the local electrical and mechanical fi elds in the fi lm. 

Piezoelectric properties in perovskites are generally optimized 

when the material is poised on the brink of a structural insta-

bility (e.g., at a phase transition).  34   Morphotropic phase bound-

aries (temperature-independent boundaries between phases of 

different compositions, abbreviated as MPBs) are particularly 

useful, as the polarizability and properties are 

enhanced over a wide range of temperatures. 

This prompts the use of solid solution systems 

with morphotropic phase boundaries such as 

PbZr 1– x  Ti  x  O 3  (PZT) and PbMg 1/3 Nb 2/3 O 3 –PbTiO 3  

(PMN-PT). Recent work on superior piezoelec-

tric responses in perovskite thin-fi lm materials 

is reviewed in the articles by Baek et al. and 

Funakubo et al. in this issue.     

 In perovskite ferroelectrics, there are mul-

tiple mechanisms available to contribute to the 

piezoelectric constants, including polarization 

extension, polarization rotation, and domain 

wall motion, as illustrated in   Figure 4  .  35   –   37   

For example, polarization extension entails a 

change in the shape of the unit cell. In materials 

such as PZT, the cell elongates parallel to the 

polarization direction when the electric fi eld is 

applied in the same direction. This contributes to 

the  intrinsic  piezoelectric response. In contrast, 

domain wall motion produces a shape change 

via a combination of local reorientation of the 

spontaneous strain (the strain that develops

with the polarization) and changes in the degree 

of clamping imposed by the surrounding grains/

domains.  38   Finally, polarization rotation is asso-

ciated with rotation of the polarization away 

from its zero fi eld orientation due to applica-

tion of an applied electric fi eld. In general, 

the crystallographic anisotropy that holds the 

polarization in a particular orientation is larger 

than typical magnetocrystalline anisotropies. 

This typically results in narrow domain walls 

in ferroelectric materials. However, when there 

is an adjacent phase transition that lowers the 

energy barrier between different ferroelectric 

distortions, the polarization can rotate from 

its preferred direction during application of an 

electric fi eld. This can produce large strains, 

particularly in the case of domain-engineered 

perovskite single crystals such as [001]-oriented 

rhombohedral PMN-PT where the applied 

electric fi eld can induce polarization rotation 

without signifi cant domain wall motion.  1       

 Several different piezoelectric coeffi cients 

are in use in MEMS devices, as shown in 

  Figure 5  . In piezoelectric MEMS, the longi-

tudinal piezoelectric coeffi cient ( d  33,f —here as 

elsewhere in this issue, the subscript f after a piezoelectric 

coeffi cient denotes an effective coeffi cient for a thin fi lm) can 

be utilized if a fi lm electroded on the top and bottom surfaces 

is strained in the thickness direction. Since the fi lm thickness is 

small, the surface displacement generated is modest but poten-

tially useful in some electronics applications, as detailed in the 

article by Newns et al. in this issue. Alternatively,  d  33,f  can also 

  
 Figure 3.      Typical ferroelectric distortions (exaggerated for clarity) of the perovskite ABO 3  

structure; the A ions (red) are at the corners of the unit cell, the B ions (blue) are close to 

the center of the unit cell, and the O ions (white) are near the face centers. Upon developing 

spontaneous polarization, a spontaneous strain also develops.    

  
 Figure 4.      Illustrations (with distortions exaggerated to simplify visualization) of different 

mechanisms for piezoelectricity. (a) Extension of a perovskite unit cell. View looking along 

the  a- axis of a perovskite material with tetragonal distortion. The blue atoms at the corners 

of the unit cell correspond to large cations such as Pb; O is shown in gray; and the small 

B site cation (typically Ti, Zr, or Nb) is shown in red. The arrow shows the orientation of the 

spontaneous polarization,  P  S . The black box outlines the unit cell. Distortion of the unit cell 

from its original shape (shown in the red dotted outline) is apparent on application of an 

electric fi eld,  E . (b) Motion of a domain wall in a tetragonally distorted perovskite, in which 

the directions of the spontaneous polarization differ by 90°. As the domain wall moves, the 

material changes shape. Figure courtesy of I. Fuji.    
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be employed if a ferroelectric fi lm is deposited on an insulating 

substrate, and interdigitated electrodes (IDE) are patterned on 

the fi lm surface. In this case, the remanent polarization can be 

induced in the plane of the fi lm between the electrode fi ngers; 

on actuation with an electric fi eld, the  d  33,f  constant produces 

a strain in the plane of the fi lm. When a fl exural structure is 

prepared, where the piezoelectric layer and its electrodes are 

stacked with a passive elastic layer, modest in-plane strains can 

produce large out-of-plane defl ections, as shown in  Figure 5 .  39   ,   40   

This IDE geometry is also widely adopted in piezoelectric 

energy harvesting devices, as described in the article by 

Kim et al. in this issue. An alternative approach to achieving 

large defl ections with thin fi lms is to use the effective trans-

verse piezoelectric coeffi cient ( e  31,f ) of the material such that a 

fi lm electrode on the major surfaces is used to fl ex a unimorph 

structure with a passive elastic layer.       

 Growth and integration of piezoelectric 
thin fi lms 
 Piezoelectric thin fi lms are essential to realize highly integrated 

piezoelectric MEMS devices. The last decade has seen sig-

nifi cant advances in the growth of uniform, high-response thin 

fi lms.  14   For example, for AlN, growth of highly textured fi lms 

with well-defi ned thicknesses across large-area wafers is now 

realized at the industrial level. Similarly, growth of high-quality 

polycrystalline, textured, and epitaxial perovskite fi lms with 

complex chemistries is becoming increasingly routine.  10   ,   41   –   45   

Lu et al. demonstrated signifi cant polarization retention 

enhancement in ultrathin BaTiO 3  by introducing a 2 unit cell 

SrTiO 3  layer between the BaTiO 3  and SrRuO 3  metallic oxide 

electrodes to eliminate the unfavorable interface termination.  46   

Moreover, in thin fi lms, wherein deposition conditions can be 

maintained far from equilibrium, metastable phases that cannot 

be obtained by quenching of bulk materials can be generated. 

There is great potential for the discovery of new phases by 

using vapor phase deposition methods in creative ways.  47   

Furthermore, it is possible to grow artifi cially layered multilayer 

structures  48   ,   49   and to control fi lm orientations.  50   

 Incorporation of piezoelectric materials such as PZT and 

PMN-PT into NEMS and MEMS pushes these materials into 

size regimes where their behavior can be very different from 

their bulk properties.  51   Signifi cant progress has been made in 

the last decade in the fundamental understanding of ferroelectric 

properties of thin fi lms using thermodynamics. For example, 

thermodynamic calculations and phase fi eld simulations have 

suggested that the morphotropic phase boundary in strained 

PZT thin-fi lm shifts in composition relative to the bulk sin-

gle crystal.  52   Particularly, with regard to the effect of strain 

on the ferroelectric transitions and ferroelectric responses 

of thin fi lms,  53   ,   54   there are many unresolved fundamental 

questions associated with the roles of boundary conditions, 

internal defects (point defects, dislocations, and grain bound-

aries), as well as the size, shape, and spatial arrangement 

of ferroelectric crystals on the phase transitions, domain 

structures, and their infl uence on the response of MEMS 

structures. 

 One of the areas that is well understood from a theoretical 

perspective is the role of strains and substrate clamping on the 

properties of piezoelectric fi lms.  51   ,   52   Large strains can exist in 

thin fi lms due to differences in lattice parameters and thermal 

expansion behavior between the piezoelectric thin fi lms and the 

underlying substrate, for example. The substrate constrains the 

electric-fi eld-induced lateral strains in the piezoelectric layer, 

while in-plane stresses infl uence both the domain structure 

and the mobility of domain walls. As a result, the properties 

of perovskite thin fi lms can be dramatically different from the 

intrinsic properties of the corresponding unstrained bulk mate-

rials. While such strain often leads to degraded fi lm properties, 

if judicious use is made of substrates and growth parameters, 

in principle, strain offers the opportunity to enhance particular 

properties of a chosen material in thin-fi lm form, via strain 

engineering.  55   Since piezoelectric properties are sensitive to 

the distortions and volume of the unit cell, epitaxial strain can 

be used to tailor and enhance their piezoelectric properties, as 

demonstrated for ferroelectric thin fi lms.  56   The symmetry, three-

dimensional strain states and domain structures, and substrate 

  
 Figure 5.      Illustration of common sensing and actuation modes in piezoelectric microelectromechanical systems. (a) Bending mode induced 

by  e  31,f  (sometimes called  d  31  mode) for a fi lm with top and bottom electrodes. The unimorph structure bends when lateral contraction of 

the piezoelectric layer acts on the passive elastic layer. (b) Out-of-plane bending due to in-plane expansion of  d  33  actuated-structure using 

interdigitated electrodes. In order to confi ne the electric fi eld in the plane of the device, the layers underneath the piezoelectric should 

be electrically insulating. Barrier layers such as ZrO 2  or HfO 2  are typically required to prevent reaction between lead-based perovskites 

and Si or SiO 2  elastic layers. (c) Piston motion due to the out-of-plane  d  33  coeffi cient. Note: PZT, Pb(Zr,Ti)O 3 ;  E , electric fi eld;  P  r , remanent 

polarization.    
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clamping of the piezoelectric thin fi lms all play central roles 

in determining piezoelectric response.  

 Piezoelectric fi lms 
 Several review papers are available for the preparation of 

polycrystalline, oriented, and epitaxial perovskite fi lms.  24   –   26   

  Figure 6   shows a summary of progress in this area. Over 

the past two decades, the available piezoelectric coeffi cients for 

perovskite thin fi lms on Si substrates have increased by an 

order of magnitude. These improvements have resulted from 

developing crystallographic texture, improving compositional 

uniformity, and engineering internal fi elds in the fi lms such that 

fi lms are polarized as-grown.     

 Two of the articles in this issue focus on recent advances 

in the growth of epitaxial perovskite piezoelectric fi lms. The 

article by Funakubo et al. reviews work on epitaxial thin fi lms of 

PbZr 1– x  Ti  x  O 3  on Si substrates. The extensive knowledge base on 

microfabrication on Si, coupled with the large wafer sizes avail-

able, makes this substrate particularly critical for manufactur-

able scale-up of piezoelectric MEMS devices.   Figure 7  a shows 

an epitaxial SrTiO 3  template layer on (001) silicon now widely 

employed for epitaxial growth of perovskites on Si. Improved 

piezoelectric properties in epitaxial fi lms result from three areas 

of continuous advancement: thin-fi lm deposition techniques, 

development of a high quality epitaxial template on silicon 

substrate,  57   –   60   and epitaxial conductive oxide electrodes.  61   ,   62   

Physical deposition techniques of choice include sputtering, 

metalorganic chemical vapor deposition, pulsed laser deposi-

tion, or molecular beam epitaxy. In the case of PbZr 1– x  Ti  x  O 3 , 

epitaxy not only allows excellent piezoelectric properties, 

it also enables a platform to study single-crystal-like mate-

rial properties, which is critical given the low availability of 

PZT single crystals near the morphotropic phase boundary. 

In particular, epitaxial piezoelectric thin fi lms with different 

orientations can be obtained by controlling the orientation of 

the substrate. Since the properties of perovskite materials are 

often anisotropic, control of crystalline directions enables a 

way to control the macroscopic physical response, such as the 

ferroelectric polarization.     

 Single crystals of materials such as Pb(Mg 1/3 Nb 2/3 )O 3 –PbTiO 3  

(PMN-PT) have been shown to yield giant piezoelectric coef-

fi cients (4–5 times higher than conventional polycrystalline 

piezoelectrics). These single crystals are of great interest for 

incorporation into active devices, especially medical ultrasound 

transducers.  1   The giant strains are attributed to electric-fi eld 

induced polarization rotation and ultimately to a phase transition 

from rhombohedral to tetragonal in <100> oriented PMN-PT 

single crystals.  63   In this issue, Baek et al. discuss recent success 

in the fabrication of PMN-PT based heterostructures with the 

highest piezoelectric coeffi cients ever realized on silicon sub-

strates.  Figure 7b  shows a cross-sectional low magnifi cation 

bright-fi eld transmission electron microscopy (TEM) image of 

a PMN-PT/SrRuO 3 /SrTiO 3  epitaxial thin-fi lm heterostructure 

on a Si substrate. The inset shows the selected-area electron 

diffraction (SAED) pattern taken from the PMN-PT layer. The 

high-resolution TEM image ( Figure 7c ) exhibits an atomically 

sharp interface between the SrRuO 3  and PMN-PT layers; the 

epitaxial match between the layers is clear. Using an epitaxial 

SrTiO 3  template layer deposited by molecular beam epitaxy  59   

and lattice-matched SrRuO 3  metallic oxide bottom electrodes, 

epitaxial PMN-PT fi lms were grown by off-axis sputtering.  64   

The large effective transverse (– e  31,f ) piezoelectric coeffi cients 

of –27 C/m 2  are the highest values reported for any piezoelectric 

fi lm and close to those of single crystals.  65   

 A simple estimate shows that integrating such piezoelectric 

fi lms into MEMS is likely to dramatically improve performance 

in a variety of applications. In their article in this issue, Baek 

et al. demonstrate that giant piezoelectric coeffi cient thin fi lms 

can be successfully integrated into cantilever structures that 

dramatically outperform electrostatic actuators. Since most 

common electrostatic actuators use voltage across an air gap 

and are much softer than piezoelectric ones, for a fair com-

parison, we consider internal electrostatic actuation.  66   For a 

typical electrostatic material with Poisson’s ratio (  ν   ) = 0.27 

and  ε  r  = 9, a giant piezoelectric coeffi cient with  e  31  = –29 C/m 2  

would be equivalent to a dc bias of ≅1.4 MV/ μ m. Such high 

biases cannot be achieved in internal electrostatic actuators. 

The practical way of looking at this is that a force achieved by 

the intrinsic electrostatic actuator at 100 V requires only 0.01 V 

in a  hyper -active NEMS.    

 Utilizing piezoelectric MEMS over multiple 
length scales  
 Adaptive and adjustable optics 
 Micromachined piezoelectric MEMS range over a wide 

range of length scales. On the extreme upper end are large-

area devices for applications such as adaptive optics for 

  
 Figure 6.      Evolution in piezoelectric  e  31,f  coeffi cients, showing 

comparisons to data for bulk PZT materials. Data courtesy of 

P. Muralt. Adapted from Reference 45. Note: PZT, Pb(Zr,Ti)O 3 ; 

PMN-PT, PbMg 1/3 Nb 2/3 O 3 –PbTiO 3 .    
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telescopes.  67   In this case, the piezoelectric fi lm can be used 

to produce local deformation of a mirror surface, in order to 

correct fi gure errors associated either with fabrication of the 

component or atmospheric distortion. The ability to prepare a 

dense array of actuator elements that operate at low voltages 

is an appealing alternative to the implementation of arrays 

of bulk electrostrictive actuators.  68   ,   69   Adaptive optics systems 

incorporating piezoelectric MEMS have been developed for 

a range of wavelengths, from the visible to the x-ray regime. 

Telescopes for the latter application provide an example of 

truly large-area use of adjustable optics. For example, should 

a mission such as Gen-X (one of the proposed replacements 

for the Chandra X-ray Observatory) be fl own, it would require 

up to 10,000 m 2  of actuatable optics in order to correct the 

fi gures of the nested hyperboloid refl ecting segments used to 

focus the x-rays (see   Figure 8  ).  70   ,   71   In this case, the “micro” 

in “microelectromechanical systems” is clearly a misnomer, 

although the fabrication techniques would involve conventional 

micromachining for patterning of the electrodes.       

 Energy harvesting 
 Some MEMS energy harvesting systems are also comparatively 

large (mm–cm length scales). This decreases the resonance 

frequencies to match those of ambient vibration sources 

(typically <500 Hz) and maximize the current collection areas 

(to increase the harvested power). Typical examples are shown 

in   Figure 9  . Today’s wireless sensor networks have an incred-

ible range of applications. They can be used for monitoring 

factory machinery and social infrastructures, tracking envi-

ronmental pollution and metropolitan traffi c fl ow, or operating 

intelligent buildings and bridges. While the potential uses for 

wireless sensors seem endless, there is one limiting factor: 

batteries. Despite improvements in microelectronic technology, 

which have reduced energy consumption, wireless sensors still 

require batteries, which in turn require replacement, at least 

periodically. Battery replacement can be a signifi cant task for 

a large-scale network.     

 Self-powered electronics, utilizing locally available energy 

sources, have been a major aspiration for technology developers 

for a long time. However, this ambition has been impeded 

by challenges, such as the limitations imposed by fabrication 

methods, materials, and, most importantly, the magnitude 

of power required for microelectronic components. Progress 

made in the last decade on all these fronts—advanced thin-fi lm 

deposition and MEMS design, better performing piezoelectric 

materials, and drastic reduction in the power requirement for 

the microelectronics—may have brought us closer to practi-

cally realizing that dream. We expect that very soon it will be 

possible for a coin-sized harvester to harvest about 100  μ W of 

continuous power at a reasonable cost. 

  
 Figure 7.      (a) High resolution transmission electron microscope (TEM) image of epitaxial SrTiO 3  on silicon grown by molecular beam epitaxy. 

(Image courtesy of Xiaoqing Pan of the University of Michigan and Darrell Schlom at Cornell University.) SrRuO 3  can then be epitaxially 

grown on top of the SrTiO 3  by off-axis sputtering to serve as the templating layer for the piezoelectrics, as well as a bottom electrode. 

(b) Bright-fi eld cross-sectional TEM image of an epitaxial PbMg 1/3 Nb 2/3 O 3 –PbTiO 3  (PMN-PT)/SrRuO 3 /SrTiO 3  thin-fi lm heterostructure on an 

Si substrate. The inset shows the selective area electron diffraction pattern of the PMN-PT layer along the [100] zone axis showing a single 

crystal. (c) High-resolution TEM image of PMN-PT and SrRuO 3  interface. (b) and (c) are adapted from Reference 65.    

  
 Figure 8.      Array of 1 cm  2   piezoelectric cells to adjust the image 

obtained from a large aperture x-ray space telescope. The 

sample is a patterned Pt/ Pb(Zr,Ti)O 3 /Pt/Ti on a glass substrate. 

It is diffi cult to see at this scale, but traces run from each cell 

to the edge of the substrate to facilitate electrical connections. 

The x-ray refl ecting surface is on the opposite side from the 

piezoelectric actuators.    
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 The article by Kim et al. in this issue demonstrates the 

promise of piezoelectric technology as a local power source 

able to capture available mechanical energy from the environ-

ment. One approach to enhance the output power at a fi xed 

size of a device is to increase the fi gure of merit for energy 

from piezoelectric thin fi lms. Epitaxial and strong-oriented 

piezoelectric films are being developed for this purpose. 

Another approach is more effi cient mechanical design of can-

tilever resonator structures. For example, Hajati et al. have 

recently demonstrated a monolithic, MEMS-based, non-linear, 

resonant piezoelectric micro-energy harvester.  72   Signifi cant 

improvements, greater than an order of magnitude in both 

power bandwidth and normalized power density, were dem-

onstrated compared to previously reported devices. 

 More typically, however, piezoelectric MEMS range from 

a few tens of microns to a few mm in the lateral dimension. 

A wide array of devices, including fi lters, resonators, accel-

erometers, pumps, switches, optical scanners, and acoustic 

sources, have been fabricated, as discussed in a number of 

review articles.  24   –   27   At this size scale, sensors and actuators are 

generally prepared either by surface or bulk micromachining 

of devices. In many cases, the resulting structures operate in 

a bending mode (e.g., with a piezoelectric elastically coupled 

to a passive layer to produce a unimorph). This 

geometry enables mechanical amplifi cation of 

displacements for actuators, as well as stress 

amplifi cation in sensing devices. In this issue, 

the articles by Piazza et al., Pulskamp et al., 

Kim et al., and Funakubo et al. review a few of 

the active research areas in piezoelectric MEMS 

at this size scale.   

 Resonators and fi lters 
 The article by Piazza et al. summarizes the most 

commercially advanced area of piezoelectric 

MEMS: AlN-based devices for fi lters and 

resonators (see   Figure 10  ). Thin-fi lm bulk 

acoustic resonators are now ubiquitous in mobile 

communication devices and have resulted in 

an over three orders of magnitude decrease in 

the volume required for the duplexer (the com-

ponent that allows both transmit and receive 

signals to share an antenna while retaining 

signal fi delity) since 2000. This is one of the 

key components that has enabled the reduction 

in the form factor of cellular telephones rela-

tive to the clunky devices prior to the turn of 

the century. More than 10 9  AlN-based acoustic 

resonator devices are sold per year. Essential 

to their operation is growth of highly textured 

wurtzite-structured fi lms with very well defi ned 

thicknesses. Research is now advancing AlN-

based piezoelectric MEMS in numerous areas, 

including high sensitivity sensors and energy 

harvesting devices. In both cases, the low 

permittivity of AlN relative to ferroelectric materials such as 

PZT or PMN-PT is advantageous in producing large voltages 

for small excitations. AlN-based piezoelectric MEMS are also 

one of the enabling technologies for reconfi gurable radios,  73   

which could revolutionize future communication devices.       

  
 Figure 9.      Examples of piezoelectric energy harvesting systems. (a) Photograph of 

a compact piezoelectric microelectromechanical system (MEMS) energy harvesting 

device, which is about the size of a US quarter ($0.25) coin. A doubly clamped beam 

acts as a frequency locked loop, resulting in wide bandwidth, non-linear resonance. 

(b) Schematic of on-chip architecture for a self-powered wireless sensor network 

system. Robust self-powering can be achieved by utilizing all environmental energy 

resources, as well as dual purpose sensors and actuators, which also act as energy 

harvesters.  87      

  
 Figure 10.      AlN contour-mode resonator. Image courtesy of 

G. Piazza.    
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 Piezoelectric inkjet printing 
 Since the fi rst patent by Steven Zoltan  74   of the Clevite Company 

in 1976, and the fi rst commercial product by Siemens in 1977, 

most commercial and industrial piezoelectric inkjet printers have 

used an actuator in an ink-fi lled chamber behind each nozzle. 

Compared with alternative actuation methods (e.g., thermal, 

electrostatic), piezoelectric inkjet printers are ink-independent 

and able to work at elevated temperatures. These advantages 

show the potential adaptability of piezoelectric inkjet technol-

ogy to alternative applications, such as printed electronics, 

printed biosensors, and 3D printing. However, current utiliza-

tion of bulk PZT as the piezoelectric actuator material poses 

a signifi cant manufacturing challenge. The bulk PZT is not 

compatible with wafer-scale batch fabrication processes. 

Consequently, the costs of conventional piezoelectric (bulk-

based) print heads are prohibitive for dense arrays. Since the 

early 1990s, piezoelectric PZT thin fi lms have been stud-

ied intensively, and improved preparation methods have 

been developed at the laboratory scale. New products, such 

as piezoelectric MEMS print heads, are envisaged, and 

technology is currently being developed for the industrial-

scale integration of piezoelectric thin fi lms into MEMS.  31   ,   75   

  Figure 11   shows a process of epitaxial piezoelectric thin fi lms 

to ink droplet creation by using an epitaxial piezoelectric of 

Pb(Zr,Ti)O 3  thin fi lms. Prospects for future development of 

this technology are discussed in the article by Funakubo et al. 

in this issue.       

 Insect robotics and more 
 The article by Pulskamp et al. highlights the state-of-the-art 

in PZT-based MEMS devices, as well as the diversity of the 

devices that are enabled by high strain piezoelectric fi lms. 

  Figure 12   shows typical examples. Large-scale motion is 

achieved using the mechanical amplifi cation implicit in bending 

structures via the  e  31,f  coeffi cient. This approach allows modest 

electric fi eld-induced in-plane stresses to be amplifi ed into large 

out-of-plane (or even in-plane) displacements at low driving 

voltages (~1–20 V, typically). As a result, structures that are 

only approximately a hundred microns in lateral dimensions 

can produce defl ections of tens of microns. The application 

of piezoelectrics fi lms to ultrasonic motors and fl apping wing 

structures are discussed. The use of thin-fi lm PZT to achieve 

high performance and low-voltage radio frequency (RF) MEMS 

switches, ultralow power consumption nanomechanical logic 

circuits, and high coupling and low loss resonators, fi lters, and 

transformers are reviewed. It is intriguing that comparatively 

mechanically lossy materials such as PZT can be utilized in 

resonators, providing the mechanical energy is predominantly 

confi ned in the passive elastic layer.     

 Other challenges are emerging as electromechanical systems 

move to the nanoscale (NEMS) with increasing integration 

density, while requiring faster and larger relative motion range. 

NEMS have begun to fi nd applications in many electrical and 

optical communications systems where fast, fl exible switching 

or fi ltering is required. Examples include high frequency RF 

fi lters and optical arrays.  76   –   80   Recent advances in the integration 

of piezoelectric materials to make  active  electromechanical 

systems enable large forces at small drive voltages with fast 

actuation, high sensitivity sensors for ultrasmall mechanical 

displacements, accurate electrically induced displacements 

at high integration densities, reduced voltage burden on the 

integrated control electronics, and decreased MEMS and NEMS 

complexity.   

 Piezotronic NEMS for beyond-CMOS logic 
 The article by Newns et al. in this issue details a revolutionary 

application of piezoelectric NEMS. Recently, the drive toward 

reducing power in CMOS electronics has prompted research 

on scalable NEMS for switching applications in computation.  81   

Piezoelectric MEMS and NEMS enable lower voltage versions 

of those devices than their electrostatic analogs. They show 

that piezoelectric NEMS offers a route to increasing computer 

clock speeds for the fi rst time in nearly a decade, while requiring 

substantially lower power for operation. Fundamentally, the 

device operates by using a piston-like motion of a piezoelec-

tric to compress a strongly piezoresistive material. Piezotronic 

devices offer the possibility of both logic and memory function-

alities and would overcome physical limitations in the scaling 

of CMOS electronics.    

 Outlook and future opportunities 
 The articles in this issue paint a bright future for the ongoing 

development of piezoelectric thin fi lms by increasing piezo-

electric response, advances in integration, and application as 

  
 Figure 11.      From epitaxial piezoelectric thin fi lms to ink droplet creation. (a) Cross-section scanning electron micrograph of a Pb(Zr,Ti)O 3  

(PZT) thin fi lm, (b) optical micrograph of piezoelectric actuated microelectromechanical membrane, and (c) ink droplet jets.    
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piezoelectric sensors, actuators, resonators, energy harvesters, 

and other novel devices. These accomplishments have been 

driven by advances in thin-fi lm growth and by design improve-

ments that take advantage of the unique characteristics of thin-

fi lm piezoelectrics. Future challenges include the development 

of higher response thin-fi lm piezoelectrics, refi ned control of 

surface roughness, and the exploration of nanoscale piezoelec-

tric device behavior where aspects such as fl exoelectric effects 

are likely to provide new opportunities. 

 One vital strength of the field of piezoelectric-

microelectromechanical systems (MEMS) is its highly inter-

disciplinary nature. This is a fi eld where materials research is 

critical in advancing science and technology for both physical 

and biological sciences. As piezoelectric materials improve, and 

the integration of diverse form and function becomes manufac-

turable, the contribution of materials research becomes essen-

tial to continued scientifi c and technological progress. This 

is also a research area in which theoretical research plays an 

important role. Computational approaches such as fi rst-principle 

calculations, thermodynamic calculations, and phase-fi eld simu-

lations methods further aid the study of interplay between 

strain, substrate clamping, defects, domain structures, size, 

and piezoelectric properties in piezoelectric mechanical sys-

tems.  82   –   86   The fi eld of piezo-MEMS will expand to next-gen-

eration electronic, medical, and energy devices enabled by new, 

higher performance integrated piezoelectric thin-fi lm materials.     
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