US 20110109203A1

a9 United States

a2y Patent Application Publication o) Pub. No.: US 2011/0109203 A1

McAlpine et al. 43) Pub. Date: May 12, 2011
(54) FLEXIBLE PIEZOELECTRIC STRUCTURES Publication Classification
AND METHOD OF MAKING SAME
(51) Imt.CL
(75) Inventors: Michael C. McAlpine, HO1L 41/053 (2006.01)
Lawrenceville, NJ (US); Yi Qi, HOIL 41722 (2006.01)
Plainsboro, NJ (US)
73)  Assi : THE TRUSTEES OF
(73)  Assignee PRINCETON UNIVERSITY (52) US.ClL oo 310/345; 29/25.35
Princeton, NJ (US)
(21) Appl. No.: 12/727,798
. 57 ABSTRACT
(22) Filed: Mar. 19,2010
s A flexible piezoelectric structure and a method of making the
Related U.S. Application Data structure are disclosed. A piezoelectric film having a rela-
(60) Provisional application No. 61/258,943, filed on Nov. tively high piezoelectric coefficient is attached to a flexible

6, 2009, provisional application No. 61/259,304, filed
on Nov. 9, 2009.

substrate. The piezoelectric film is fabricated on a different
substrate and transferred to the flexible substrate by contact.




May 12,2011 Sheet 1 of 5 US 2011/0109203 A1

Patent Application Publication




Patent Application Publication = May 12, 2011 Sheet 2 of § US 2011/0109203 A1

210
/\
oSS S 20
Fi6. 24 1
215
Ry || \ o """""" 205
FI6.2B 1
215
WX; % 205
FiG. 2C <+
215
e e
Fig. 2D 1/
220
-
AR %
,,,,,,,,,,,,,,,,,, %
N "7 T 205
FiG. 2E 1/
220
/

Fi6. 2F &\\\\\\\\\\N&

11111111111111111111111111111111111







US 2011/0109203 A1

Patent Application Publication = May 12, 2011 Sheet 4 of 5




Patent Application Publication

May 12,2011 Sheet 5 of 5

220

US 2011/0109203 A1

AN

N

215

///l/l/l//l/l//////l//

FIG. 5

520A

5208

//lll/////////ll///l

\215



US 2011/0109203 Al

FLEXIBLE PIEZOELECTRIC STRUCTURES
AND METHOD OF MAKING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/258,943, filed on Nov. 6, 2009 and
U.S. Provisional Application No. 61/259,304, filed on Nov. 9,
2009, which are incorporated by reference as if fully set forth.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant No. 2008*1218103*000 awarded by the Central
Intelligence Agency. The government has certain rights in this
invention.

FIELD OF INVENTION

[0003] This is directed to flexible piezoelectric structures
and a method for making the structures.

BACKGROUND

[0004] Stretchable, biocompatible rubbers may yield novel
implantable or wearable energy harvesting systems. As one
example, decreasing power requirements for mobile elec-
tronic devices open the possibility of charging such devices
by continuously extracting otherwise wasted energy from the
environment. Such charging could be done with or without
additional energy supplied by a battery.

[0005] Another attractive possibility is that of utilizing
work produced by the human body via everyday activities,
such as breathing or walking. The heel strike during walking
is a particularly rich source of energy, with 67 watts of power
available from a brisk walker. Harvesting even 1-5% of that
power would be sufficient to run many body-worn devices
such as mobile phones. Similarly, it has been shown that lung
motion by breathing can generate up to 1 W of power. If this
power were harvested into charging a pacemaker battery, for
example, it may increase the time required between battery
replacement surgeries for patients.

[0006] Crystalline piezoelectric materials are promising
materials for electromechanical energy conversion technolo-
gies. These materials become electrically polarized when
subjected to a mechanical stress, and conversely experience a
strain in response to an applied electric field, the strain being
in proportion to the strength of that field. Single-crystal per-
ovskites, such as lead zirconate titanate (PZT), are an excep-
tionally efficient class of energy conversion materials.
Indeed, conversion of mechanical to electrical energy with
efficiencies above 80% has been demonstrated using PZT
piezoelectric cantilevers operated near resonance.

[0007] Epitaxial growth of such crystalline materials
depends on the use of rigid, inorganic host substrates, as well
as high temperature deposition processes. For example, rf
sputtering at 600° C. has been shown to yield single-crystal
films of PZT over large areas with excellent compositional
control when deposited on MgO or SrTiO; substrates. How-
ever, next-generation applications, such as wearable energy
harvesting systems, may require the piezoelectric materials to
be flexible, lightweight, and biocompatible. The flexible
piezoelectric polymer polyvinylidene difluoride (PVDF) has
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beenused for applications such as shoe-sole power generators
and implantable breath harvesting.

SUMMARY

[0008] A flexible piezoelectric structure and a method of
making the structure are disclosed. A piezoelectric film hav-
ing a relatively high piezoelectric coefficient is attached to a
flexible substrate. The piezoelectric film is fabricated on a
different substrate and transferred to the flexible substrate by
contact.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 shows an embodiment of a flexible piezo-
electric structure.

[0010] FIGS. 2A-2F show an embodiment of a method of
fabricating a flexible piezoelectric structure.

[0011] FIGS. 3A and 3B show respectively one step in a
method of fabricating a flexible piezoelectric structure and
the resulting structure component.

[0012] FIG. 4 shows an embodiment of a flexible piezo-
electric structure with an alternate electrode configuration.
[0013] FIG. 5 shows an embodiment of a flexible piezo-
electric structure with another alternate electrode configura-
tion.

DETAILED DESCRIPTION

[0014] Piezoelectric polymers, such as PVDF, suffer a
number of drawbacks. The piezoelectric coefficient d,; for
the organic polymer PVDEF, 26 picoCoulombs/Newton (pC/
N), is almost ten times smaller than for inorganic PZT, which
may exceed 250 pC/N. PZT-PVDF composites can show high
performance, but are known to degrade rapidly in air. Piezo-
electric crystalline materials, such as PZT, represent a par-
ticularly interesting subset of smart materials which function
as sensors, actuators, and energy converters. Yet, the crystal-
lization of these materials generally requires relatively high
temperatures for maximally efficient performance, rendering
them incompatible with temperature-sensitive plastics and
rubbers.

[0015] The difficulties described above may be overcome
with a device structure and a process for fabricating that
structure disclosed here. The process is scalable in area for
transferring crystalline piezoelectric films with relatively
high piezoelectric coefficients, such as PZT, from host sub-
strates onto flexible rubbers over macroscopic areas. The
resulting structure includes a material of relatively high
piezoelectric coefficient on a flexible substrate. Such struc-
tures may enable a host of novel applications. The disclosed
piezoelectric structure is flexible, light in weight, and may be
made biocompatible. It may therefore be suitable for provid-
ing electrical energy for wearable and/or implantable devices.
The described structure has relatively higher mechanical-
electric coupling, and is therefore more efficient at energy
conversion than polymer type piezoelectric materials such as
PVDF or composite type piezoelectric materials like a PZT/
polymer composite.

[0016] The method and device structures described here
may be used for making wearable or implantable energy
harvesting devices such as shoe-sole power generators or
implantable devices harvesting energy from motions of
breathing. The device structures may replace batteries or
augment them with a portable charging source. The device
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structures may also be laminated against vibrating machines
to harvest otherwise wasted energy by mechanical motors or
internal combustion engines.

[0017] The method and device structures described here
may provide continuous scavenging of energy from the envi-
ronment in which they reside. Advantages of this type of
energy harvester may include a high degree of portability,
flexibility, stretchability, and low weight. Other advantages
may include biocompatibility and higher resistance to degra-
dation due to air, water, heat, and other environmental factors.
Still other advantages include relative ease and low cost of
fabrication compared to bulk piezoelectric crystals.

[0018] The structure described here may also be used in an
opposite fashion, in which the structure undergoes mechani-
cal motion in response to applied electrical energy. The struc-
ture could thus be used to convert electrical energy to
mechanical energy. For example, the structure could be part
of'a wing that flaps in response to an electrical signal, thereby
enabling an object to fly.

[0019] The method and device structures disclosed here
include at least one thin film of piezoelectric material on a
flexible substrate. The structure may include a patterned
piezoelectric film on a flexible substrate. The piezoelectric
film may be patterned as a plurality of ribbons or belts having
anon-circular cross-section. Such patterns will be referred to
hereafter as ribbons. Such ribbons are distinct from other
structures in which the piezoelectric material is in the form of
“wires” or “fibers” having a circular cross section.

[0020] FIG. 1 shows an embodiment of a device structure
100, not intended to be limiting. Device structure 100
includes a patterned piezoelectric film 110 attached to a first
flexible substrate 105. In this embodiment piezoelectric film
110 is patterned as a plurality of ribbons on a surface of first
flexible substrate 105. These ribbons 110 have a non-circular
cross-section and differ from wires or fibers as explained
above.

[0021] Piezoelectric film 110 may contain a non-polymeric
material, a non-crystalline material, a partially crystalline
material, a polycrystalline material, or a crystalline material.
Piezoelectric film 110 may have a piezoelectric coefficient
significantly greater than that of PVDF and of other piezo-
electric organic polymers. Piezoelectric film 110 may contain
an inorganic material such as a perovskite. Suitable materials
for use as piezoelectric film 110 include, but are not limited
to, PZT, ZnO, Quartz, LiNbO;, SrTiO;, BaTiO;, lead zircon-
ate, or lead titanate, in any combination.

[0022] Still referring to the embodiment shown in FIG. 1, a
second flexible substrate 115 is shown. Two electrodes 120A
and 120B are attached to a side of second flexible substrate
115 facing a surface of first flexible substrate 105 upon which
patterned piezoelectric film 110 is situated. First flexible sub-
strate 105 and second flexible substrate 115 may be brought
together and bonded to each other, as indicated by the arrows
at the right of FIG. 1, forming a single integral structure with
first electrode 120A and second electrode 120B in contact
with patterned piezoelectric film 110. First electrode 120A
and second electrode 120B provide means of making electri-
cal contact with patterned piezoelectric film 110 so that elec-
trical energy produced by the flexing of patterned piezoelec-
tric film 110 may be collected. First electrode 120A and
second electrode 120B may be made by depositing a conduct-
ing film, such as a metal film, on second flexible substrate 115
and patterning the conducting film using known techniques.
In the embodiment shown in FIG. 1, first and second elec-
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trodes 120A and 120B are shown as an interdigitated pair,
with fingers running perpendicular to the ribbons. Alternative
configurations of electrodes can be used, depending, for
example, on the type of piezoelectric response exhibited by
patterned piezoelectric film 110. In one alternative, two elec-
trodes may make contact respectively on opposite sides of
patterned piezoelectric film 110 and/or electrode fingers may
run predominantly parallel to the ribbons. FIG. 5 shows a
cross section of one such possible configuration. In this con-
figuration piezoelectric ribbons 215 are sandwiched between
electrode 520A and electrode 520B. Furthermore, both elec-
trodes 520A and 520B run parallel to piezoelectric ribbons
215. Electrode 520A is in contact with flexible substrate 220.
Another alternative electrode configuration is shown in FIG.
4. Inthis alternative first electrode 420 A and second electrode
420B are both in contact with one side of patterned piezo-
electric film 410 and are situated between patterned piezo-
electric film 410 and flexible substrate 415.

[0023] Patterned piezoelectric film 110 may be completely
encapsulated by, for example, first flexible substrate 105 and
second flexible substrate 115 in FIG. 1. In this way, it may be
possible to make a structure which is fully biocompatible
even when piezoelectric film 110 contains a toxic material
such as lead, as is the case with PZT.

[0024] Inanother alternative, a second patterned piezoelec-
tric material (not shown) may be fabricated either alongside
or stacked over patterned piezoelectric film 110. With mul-
tiple fabrications of patterned piezoelectric material along-
side each other, structures of arbitrary large area can be pro-
duced, as explained below.

[0025] Suitable materials for first flexible substrate 105 and
second flexible substrate 115 include, but are not limited to,
polydimethylsiloxane (PDMS), polyethylene terephthalate
(PET), polyether ether ketone (PEEK), a polyimide such as
Kapton®, or a polyester such as Mylar®, all in any combi-
nation.

[0026] FIGS. 2A-2F show an embodiment of a process for
fabricating a flexible piezoelectric structure. FIGS. 2A-2F
and the following descriptions do not include some steps,
such as cleaning and heat treatments, which are known to a
person of ordinary skill in the art. The following description
of a process embodiment is an example and is not to be
construed as limiting.

[0027] Starting in FIG. 2A a patterned sacrificial layer 210
is formed on a substrate 205. One suitable material for sub-
strate 205 is MgO. Patterned sacrificial layer 210 may be
formed using photoresist. The photoresist may be spin-coated
onto substrate 205 and patterned using photolithography. In
this embodiment the sacrificial layer is given a negative pat-
tern—that is, the pattern of the sacrificial layer is designed to
be the negative complement of a desired final pattern of a
piezoelectric film.

[0028] As shown in FIG. 2B, a piezoelectric film 215 is
formed over patterned sacrificial layer 210. Piezoelectric film
215 may be formed by film deposition techniques including,
but not limited to, sputtering, including rf sputtering; hydro-
thermal deposition; chemical vapor deposition (CVD),
including metal-organic CVD; sol-gel deposition; laser abla-
tion; pulsed laser deposition; or molecular beam epitaxy. Film
deposition may be followed by annealing of the film which
may increase the film piezoelectric coefficients. Piezoelectric
film 215 may be a non-polymeric, non-crystalline, partially
crystalline, polycrystalline, or a crystalline material. Piezo-
electric film 215 may have a piezoelectric coefficient signifi-
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cantly greater than that of PVDF and of other piezoelectric
organic polymers. Piezoelectric film 215 may be an inorganic
material such as a perovskite. Suitable materials for use as
piezoelectric film 215 include, but are not limited to, PZT,
Zn0, Quartz, LiNbO;, SrTiO;, BaTiO;, lead zirconate, or
lead titanate, in any combination. Piezoelectric film 215 may
have a thickness ranging from a few hundred nanometers to
several micrometers.

[0029] AsshowninFIG. 2C, patterned sacrificial layer 210
may then be removed, taking with it undesired portions of
piezoelectric film 215. Removal of patterned sacrificial layer
210 may be done in a liquid solution. This is often referred to
as a lift-off process.

[0030] As shown in FIG. 2D, substrate 205 is undercut in
order to reduce an area of contact between substrate 205 and
piezoelectric film 215. This may be accomplished, for
example, using a wet etch to partially dissolve substrate 205.
This will have the effect of reducing the overall thickness of
substrate 205 while undercutting, as shown by comparing
FIGS. 2C and 2D.

[0031] Asshown in FIG. 2E a flexible substrate 220 may be
brought into conformal contact with patterned piezoelectric
film 215. Suitable materials for flexible substrate 220 include,
but are not limited to, polydimethylsiloxane (PDMS), poly-
ethylene terephthalate (PET), polyether ether ketone (PEEK),
apolyimide such as Kapton®, or a polyester such as Mylar®
in any combination.

[0032] Flexible substrate 220 may then be separated from
substrate 205, resulting in the structure shown in FIG. 2F. If
adhesive forces between flexible substrate 220 and patterned
piezoelectric film 215 exceed adhesive forces between pat-
terned piezoelectric film 215 and substrate 205, then pat-
terned piezoelectric film 215 may be transferred intact to
flexible substrate 220. The undercutting of substrate 205
shown in FIG. 2D enhances the likelihood of a successful
transfer.

[0033] In the embodiment shown in FIGS. 2A-2F piezo-
electric film 215 is shown patterned into ribbons with non-
circular cross-sections, as distinct from wires or fibers having
circular cross-sections, as described above. In an alternative
embodiment, the piezoelectric film may be unpatterned. An
unpatterned film may produce greater electrical power for a
given mechanical stress than a patterned film, at least because
the unpatterned film has greater volume.

[0034] The process of FIGS. 2A-2F is scalable to any area.
The steps of FIGS. 2A-2E may be repeated with the same
flexible substrate 220 to transfer a second patterned piezo-
electric film to a region of flexible substrate 220 alongside
first patterned piezoelectric film 215. In similar manner, an
arbitrary area of flexible substrate 220 may be covered with
patterned piezoelectric film.

[0035] Inasimilar manner, multiple patterned piezoelectric
films may be stacked one on top of another on a single flexible
substrate 220 by repeating the process of FIGS. 2A-2F.
[0036] Once at least one patterned piezoelectric film 215
has been transferred to flexible substrate 205, electrodes may
be attached to patterned piezoelectric film 215, resulting in a
final structure such as that shown in FIG. 1 and discussed
above.

[0037] FIG. 3A shows a perspective view of the transfer of
patterned piezoelectric film 215 to flexible substrate 220 and
FIG. 3B shows a perspective view of flexible substrate 220
with completely transferred patterned piezoelectric film 215.
All guide numbers correspond to features shown in FIG. 2.
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[0038] Obtaining highly crystalline piezoelectric materials
such as PZT may be important to performance as studies have
indicated an inherent reduction in the piezoelectric coeffi-
cient of thin PZT films due to internal defects. Likewise, inthe
case of PZT, generating ribbons with a stoichiometric com-
position near the morphotropic phase boundary of PZT (Pb
[Zr,Ti,_.]O; with x=0.52) is needed for maximum piezoelec-
tric response and poling efficiency. Poling refers to processes
in which the electric polarization in a region of a piezoelectric
material is permanently altered by the application of an elec-
tric field for a limited time.

[0039] Example structures were fabricated using PZT films
patterned in multiple ribbons similar to the example shown in
FIG. 3B. Compositional and structural characterization of the
PZT film from which the ribbons were patterned was done.
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) were used to characterize the structure of the PZT
film. XRD data shows clear peaks corresponding to the per-
ovskite structure (100) and (200) faces, indicating a tendency
toward epitaxial growth with a c-axis perpendicular to the
film surface, while the perovskite (111) and pyrochlore peaks
are relatively minor. Indeed, the SEM image shows no obvi-
ous surface texture. Energy dispersive spectroscopy (EDS)
was used to characterize the composition of the PZT film. A
comparison of the EDS curves for an annealed sample against
a standard sample (52/48, Zr/T1) showed peak intensities that
were nearly identical for each element, indicating insignifi-
cant lead and zirconium loss during growth and post-anneal-
ing.

[0040] An important parameter for characterizing funda-
mental piezoelectric performance is d, the piezoelectric
charge constant as discussed in /EEE/ANSI 176 IEEE Stan-
dard on Piezoelectricity (1987), which is incorporated herein
by reference. This value represents the polarization generated
per unit of mechanical stress applied to a piezoelectric mate-
rial, or, conversely, the mechanical strain experienced by a
piezoelectric material per unit of electric field applied. The
piezoelectric charge coefficient is a tensor, with components
d,;, where i indicates the direction of polarization generated in
the material when the electric field is zero (or the direction of
the applied field strength), and j is the direction of the applied
stress (or the induced strain). Obtaining high d values is
essential for energy harvesting applications, as the energy
conversion efficiency (electromechanical coupling factor, k)
of piezoelectric materials scales proportionally with d.
[0041] One of the piezoelectric constants is ds,, in the
transverse operation mode. This mode has been used in appli-
cations such as energy generation from piezoelectric shoe
implants. Using a wafer flexure method, d;, was determined
to be 49 pC/N for an as-annealed sample. This spontaneous
polarization of the film confirms the tendency of the c-axis of
the film to be the out of plane direction. Significantly, this
value increased to d; ;=79 pC/N when the sample was poled at
-100kV/cm for 14 hours. These values are in agreement with
the best reported data for PZT films grown by sputtering and
are a factor of 3-4 times higher than typical values for PVDF
(d,,,PVDF=20-25 pC/N).

[0042] Another useful quantity for characterizing the per-
formance of a piezoelectric material is d;, the induced polar-
ization per unit stress applied in the longitudinal (poling)
direction. To characterize the performance of PZT ribbons,
d;; measurements were conducted before and after transfer
printing to a flexible substrate, as described above. A PZT
film with a Pt bottom contact electrode on an MgO substrate
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was analyzed using Piezoresponse Force Microscopy (PFM).
A value of d;;=82 pC/N was measured. The film was subse-
quently continuously scanned with a 10 V DC bias voltage
(100 kV/cm) over a small area (100 n m?) for 30 min to pole
the sample; d;; was found to increase to as high as 173 pC/N
after poling. This thin film value is comparable to values for
organometallic chemical vapor deposited PZT films.

[0043] Direct d,; measurements were performed on PZT
ribbons after transfer to PDMS. To apply an AC bias voltage,
the PDMS was doped with 13% wt carbon black to render it
conducting. For the as-transferred sample, d,; was deter-
mined to be 40 pC/N, while with poling was found to yield
d;;=79 pC/N. This value represents a 3-fold improvement
over previously measured values for ZnO nanobelts on rigid
substrates (ds3 2,0 vaoserr=2 7 PC/N).

[0044] The electromechanical energy conversion metrics
disclosed here are among the highest reported on a flexible
medium. The excellent performance of the piezo-ribbon
assemblies coupled with stretchable, biocompatible rubber
may enable a host of novel applications.

[0045] While several embodiments have been described
and illustrated herein, those of ordinary skill in the art will
readily envision a variety of other means and/or structures for
performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of
such variations and/or modifications is deemed to be within
the scope of the present embodiments. More generally, those
skilled in the art will readily appreciate that all parameters,
dimensions, materials, and configurations described herein
are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend
upon the specific application or applications for which the
teachings herein is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodi-
ments described herein. It is, therefore, to be understood that
the foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, the embodiments disclosed may be prac-
ticed otherwise than as specifically described and claimed.
The present embodiments are directed to each individual
feature, system, article, material, kit, and/or method
described herein. In addition, any combination of two or more
such features, systems, articles, materials, kits, and/or meth-
ods, if such features, systems, articles, materials, kits, and/or
methods are not mutually inconsistent, is included within the
scope of the present embodiments.

What is claimed is:

1. A flexible piezoelectric structure, comprising:

a first flexible substrate; and

a first piezoelectric film attached to the flexible substrate.

2. The flexible piezoelectric structure of claim 1, wherein
the first piezoelectric film is patterned.

3. The flexible piezoelectric structure of claim 2, wherein
the first piezoelectric film is patterned as ribbons having a
non-circular cross-section.

4. The flexible substrate of claim 1, wherein the first piezo-
electric film comprises an inorganic material.

5. The flexible piezoelectric structure of claim 1, wherein
the first piezoelectric film comprises at least one of a non-
polymeric material, a non-crystalline material, a partially
crystalline material, a polycrystalline material, or a crystal-
line material.
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6. The flexible piezoelectric structure of claim 1, wherein
the first piezoelectric film has a piezoelectric coefficient
exceeding 26 picoCoulombs/Newton.

7. The flexible piezoelectric structure of claim 1, wherein
the first piezoelectric film comprises at least one of PZT, ZnO,
Quartz, LiNbO;, SrTiO;, BaTiO;, lead zirconate, or lead
titanate.

8. The flexible piezoelectric structure of claim 1, further
comprising a second flexible substrate, wherein the first
piezoelectric film is encapsulated by the first and second
flexible substrates.

9. The flexible piezoelectric structure of claim 1 further
comprising first and second electrodes in contact with the first
piezoelectric film.

10. The flexible piezoelectric structure of claim 9, wherein
the first and second electrodes are both in contact with one
side of the first piezoelectric film.

11. The flexible piezoelectric structure of claim 9, wherein
the first and second electrodes are respectively in contact with
opposite sides of the first piezoelectric film.

12. The flexible piezoelectric structure of claim 3 further
comprising electrode fingers running parallel to the ribbons.

13. The flexible piezoelectric structure of claim 3 further
comprising electrode fingers running perpendicular to the
ribbons.

14. The flexible piezoelectric structure of claim 1, wherein
the flexible substrate comprises at least one of: polydimeth-
ylsiloxane (PDMS), polyethylene terephthalate (PET), poly-
ether ether ketone (PEEK), a polyimide, or a polyester.

15. The flexible piezoelectric structure of claim 1, further
comprising a second piezoelectric film stacked over the first
piezoelectric film.

16. A method for fabricating a flexible piezoelectric struc-
ture, comprising:

depositing a first piezoelectric film on a first substrate;

contacting a flexible substrate with the first piezoelectric

film; and

separating the first piezoelectric film and flexible substrate

from the first substrate, the first piezoelectric film
remaining attached to the flexible substrate.

17. The method of claim 16, further comprising patterning
the first piezoelectric film.

18. The method of claim 17, wherein the patterning com-
prises patterning the first piezoelectric film into ribbons hav-
ing a non-circular cross-section.

19. The method of claim 16, wherein depositing comprises
at least one of sputtering, radio-frequency sputtering, hydro-
thermal deposition, chemical vapor deposition (CVD), metal-
organic CVD, sol-gel deposition, laser ablation, pulsed laser
deposition, or molecular beam epitaxy.

20. The method of claim 16, wherein the first piezoelectric
film comprises an inorganic material.

21. The method of claim 16, wherein the first piezoelectric
film comprises at least one of a non-polymeric material, a
non-crystalline material, a partially crystalline material, a
polycrystalline material, or a crystalline material.

22. The method of claim 16, wherein the first piezoelectric
film comprises a material having a piezoelectric coefficient
exceeding 26 picoCoulombs/Newton.

23. The method of claim 16, wherein the first piezoelectric
film comprises at least one of: PZT, ZnO, Quartz, LiNbO;,
SrTi0;, BaTiO;, lead zirconate, or lead titanate.
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24. The method of claim 16, further comprising encapsu-
lating the first piezoelectric film with a second flexible sub-
strate.

25. The method of claim 16, further comprising fabricating
first and second electrodes in contact with the first piezoelec-
tric film.

26. The method of claim 16, wherein the first and second
electrodes are both fabricated in contact with one side of the
first piezoelectric film.

27. The method of claim 16, wherein the first and second
electrodes are respectively fabricated in contact with opposite
sides of the first piezoelectric film.
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28. The method of claim 18, further comprising fabricating
electrode fingers running parallel to the ribbons.

29. The method of claim 18, further comprising fabricating
electrode fingers running perpendicular to the ribbons.

30. The method of claim 16, wherein the flexible substrate
comprises at least one of: polydimethylsiloxane (PDMS),
polyethylene terephthalate (PET), polyether ether ketone
(PEEK), a polyimide, or a polyester.

31. The method of claim 16, further comprising repeating
the depositing, contacting and separating to dispose at least
one additional piezoelectric film stacked over the first piezo-
electric film.



