A Method For Forming A Piezoelectric Device Technical Field The present invention generally
relates to a method 5 for forming a piezoelectric device. The present invention also relates to a
piezoelectric device. Background The energy harvested through the piezoelectric effect 10 is now
sufficient to power many electrical devices and wireless communications with rapidly progressive low
power electronics. Strond déatdreid Bt tRFed BdsthiRbatP A FdiARIMAY ECGreen environment
are also promoting the quick expansion of applications in various energy 15 harvesting and energy
efficient technologies. According to a market forecast concerning autonomous devices (where the
harvesting and the driven devices are no m8RCHaRCRAeTdredshrt), it is shown that the market for the

harvesting elements willingrease from: 564 3:illion dayear2Q10, 1&-20 4090.34nilionay year 2019.
The overall market for the devices and systems employing these energy harvesting elements could be

tens or even HipErdeRBFiRRestaibr 2o GGty tHE W&iRet-doHRinRAEHBEbelédtHERTatERals for

mechanical engrgy, harvesting are, fggﬁjgg@gi@g@@m&zag{pi@@ls. Piezoelectric polymers, such as
poly(vinylidene fluoride) (PVDF)-based ferroelectric polymers, possess several desirable advantages

for use in applications, such as low processing temperature, large area processing ability, high
flexibility, low density and good mechanical 30 #apedansenaatch. However, such piezoelectric
polymers typically have substantially smaller piezoelectric_coefficient, which limits their lications for
energy harvesting. Muitfaydt SHEktrES HRitS6r FiEFSRistriE BolgmEr at& s have gggﬁ broposed
and fabrigatedito imprevesihetiaryesied energyipsapplicationalecTheeaare deversd probleins as
described below in iurrent methods of preparin ,piezoelectg’&pol mer 5 multilayeir materi%!asrand their

applications foFdret§y Ra@Siigit o2 ions with rapi rogresgsive’ low po

electronics. Strong demands for resource sustainability

and maintaining a green environment are also promoting the

quick expansion of applications in various energy

15 harvesting and energy efficient technologies. According to

a market forecast concerning auvtonomous devices (where the

harvesting and the driven devices are no more than 1 meter

apart), it is shown that the market for the harvesting

elements will increase from 564.3 million in year 2010, to

20 4090.3 million by year 201¢. The overall market £or the

devices and systems employing these energy harvesting
elements could be tens or even hundreds of times larger.

Currently the market-dominant piezoelectric materials

for mechanical energy harvesting are ferroelectric ceramic

25 materials. Pilezoelectric polymers, such as poly(vinylidene

fluoride) (PVDF) ~based ferroelectric polymers, possess

several desirable advantages for use in applications, such

as low processing temperature, large area processing

ability, high flexibility, low density'and good mechanical

30 impedance match. However, such piezoelectric polymers

typically have substantially smaller plezoelectric

coefficient, which limits their applications £or energy

harvesting. Multilayer structures made of piezoelectric



Forexample,piezoelectricpolymer multilayer materials are often fabricated by stacking and bonding
multiple separated polymer sheets after electrode coating. 10 However in this method, bonding of the
individual sheets with adhesive agents is a complicated process, particularly when the thickness of the
layers is reduced and the area of the polymer sheets is increased. A small thickness is often preferred

for realizing aR9mPF6Ved 1B EHEEALA infetan &eRTatch BRBARANRETIeCRICEFEAETY olfput. This is
particularly crgi[ggme§@@eg@9\p@§ﬁ@@rseM<§yuMIyat@@i@@P@Mg large impedance. Existence

of the inactive adhesive layers also unfavorably affects the electrical output of the piezoelectric

polymer 20 multilayeF ¥&teriafs Gue TSI otal BarbiRg Bffetf FUIHETMORE ftéiottEining the

polymer multilgyes8xtra pracessing steps neeghriedia-takgn togoaneetitbetateeirodeddyate coated on
the individual sheets_to form the two electrical termjnals. 25To o?{t%in Iar%e elecgrical ener%é itis
desired that T plebddiEhic Paiyftet Arhiitil/er cantidrk whER Mechahieally betk. Howevar, when

the piezoelectrigpedywpenmultilayer materials are fabricated by the stacking and bonding process, an

extra fabrication step is required to 3_0 bond the %iez?eleé:tric Cpolymce)limu(latj}ayer oﬁ% aflexietgfle
substrate for generaﬁﬁ’& electritdl'd &gy thl%h% The Aiechanical Bengixrqg. Piezoelactic polymer
multilayer matesiats-dail alsahe fabricated Hsaltarnatedyidepysitrigathin lagersot piezoeléntyic
polymer and electrode on a substrate. In this deposition approach, the.pi lectric polymer layers are
deposited thrdl téLL?(tamen ﬁﬁ?aprrgggs%, gﬁ%ﬂg yscfé%ec;g%na%%ee gol%%gﬁz%??h%gepglfgmer ﬁ'the
substratechy Hepiawmatidgroradipoatéitiot depositngithev@pditef tHe@dlyhtarably spuetetidg or by
an e_vaporatlo‘r}\r #Eﬁcessadl-égl)v%ev\% mulgglee Il%ygles gf;argeaarea é/g@igﬁq%&%%%on t 89889 a polymer
multilayer on a TléXible su Strate can get'too expensive for energy harvesting applications. 10 Further,
repeated solutierr dépoditiod yo progdncecapickzbelectrizsgolyrder thaltildgetesis a flexiBledubstate is

difficult, as the, gpasyte te.1hg salventig thesubsanugntaaating wilsaflect e priohcogied layers. In
addition, the piezoelectric polymer layers needto be 15 patterned for the electrode connections, and
there is a seritis plobtem inireliabfteonnastinfetheadin Elettrodgddycrsdwaien tHERFOIS@r layers.

Itis a's%%eceéﬁ%ré(égP@é%“‘i%ﬁéé%f&ﬂéé% opglehexsess dglecticanateriakioconnectthe.gjectrode
layers, thereby requiring an extra 20 processing step to form the electrical terminals. .
output. This is particularly c¢ritical to piezoelectric

polymers, which usually have extremely large impedance.
Existence of the inactive adhesive layers also unfavorably
affects the electrical output of the piezoelectric polymer

20 multilayer materials due to the local clamping effect.
Furthermore, after obtaining the polymer multilayer, extra
processing steps need to be taken to connect the electrod@‘
layers coated on the individual sheets to form the two
electrical terminals.

25 To obtain large electrical energy, it is desired that
the ©piezoelectric polymer multilayer can work when
mechanically bent. However, when the piezoelectric polymer
multilayer materials are fabricated by the stacking and
bonding process, an extra fabrication step is required to

30 bond the piezoelectric polymer multilayer onto a flexible
substrate for generating electrical energy through the
mechanical bending.

Piezoelectric polymer multilayer materials can also

be fabricated by alternately depositing thin layers of
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For piezoelectric PVDF-based polymers, expensive PVDF copolymers, such as P(VDF-TrFE), are
used to produce a piezoelectric film and multilayer on a substrate. However, the low cost PVDF
homopolymer cannot be used to fabricate 25 the multilayer on a substrate because the deposited thin
layers on the substrate are unable to go through a significant mechanical stretching process as

required to coRver ded as fdeosited Harseleefié-infatiivE PYBF aPphade t6'¢RE piezbelectfi-active
ferroelectric pahases3Q Jhus; BYDEhamapelymer Materials canaethe used (a-fabricatedhe

multilayer on a flexible Substrate at a reduced material cost.  There is therefore a need to provide
an improved pr66es39BP prddvting prezsdiectic nidiiRyer materials habean GVEtEond, of %t least

ameliorate, Or@e%ro@ﬁﬁﬁ the-disadyvantages dascihedaboveer odn edditignsthera isapged to

provide a piezoelectric multilayer device that possesses enhanced 5 electrical energy output,
Summary  SPASEGAME B firdt ashdtt ChRie ’proided SERREITARF formifhg EEiBZoefictric
deVlC? comprisig the, 108ieps ef;  dshdepesiting afirskelediodesyadb)-depesitingrapizeelectric
material layer on the first electrode layer to thereb{ cover the first electrode layer while leaving a

region of the MISESAEctr S fafBr EnEXRAEF O o) BeistsitiTgta séaBiRf clBERGFE 1P ohGhe

piezoelectric patediaklayer; polthileposiiing a piszoelesificanateral iayer omibetsesead etegtrode

layer to theretg/e%over the second 20electr yer while le a regi f the second

tooc expensive ggglaenergy %gggestfygqOappllcatlons.
10 Further, repeated solution deposition to produce a
piezoelectric polymer multilayer on a flexible substrate
is difficult, as the exposure to the solvent in the
subgsequent coating will affect the prior coated layers. In
addition, the piezoelectric polymer layers need to be
15 patterned for the electrode connections, and there is a
serious problem in reliably connecting the thin electrode
layers between the polymer layers. It 1s also necessary to
gelectively remove or etch excess dielectric material to
connect the electrode layers, thereby requiring an extra

20 processing steﬁ to form the electrical terminals.

For piezoeléctric PVDF-based polymers, expensive PVDF
copolymers, such as P(VDF-TrFE), are used to produce a
piezoelectric film and multilayer on a sgubstrate. However,
the low cost PVDF homopolymer cannot be used to fabricate

25 the multilayer on a substrate because the deposited thin
layers on the substrate are unable to go through a
significant mechanical stretching process as required to
convert the as-deposited piezoelectric-inactive PVDF «
phase to the piezoelectric-active ferroelectric p phase.

30 Thus, PVDF homopolymer materials cannot be used to
fabricate the multilayer on a £lexible substrate at a
reduced material cost.

There is therefore a need to provide an improved

process for producing piezoelectric multilayer materials
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electrode layer uncovered; and (e) repeating steps (a) to (c), and optionally step (d), to build multiple
repeating first electrode layers separated from the second electrode layers by 25 piezoelectric material
layers, wherein all of the uncovered regions of the first electrode layers converge at a point A to
integrally form a first electrode and all of the uncovered regions of the second electrode layers
converge at apoirit BRFIN@ERaRcform oecdhd Boefictrate i whidiepoifh® idisplated afa

distance from point & . , s Advanianeoysly. the.glgcupdes may be integrally formed as the

piezoelectric device is being formed such that the process may exclude a step of connecting an
external electrode to¥he piagseleémie devied A€ suchSthe ProcésShay ddvaniafeBisy ex@ude an

additional step,ot.etshing.engutting. the piezpelectric materiaklayers inardes ta-conaegtthexternal
electrode to the layers. The 5 process may also exclude the step of using an adhesive to connect the

external Slectrdd8I6¥HE PieRRfcTic BBHEE N this way, the piezoelectric device formed by the
disclosed process may not face problems of having the electrodes falling out once the adhesive loses
its 10 adhesion ability. In addition, the presence of the adhesive, which is usually electrically inactive,
may lead to a local clamping effect which unfavoﬁr%ﬂ?&ﬁfects the electrical output of the piezoelectric

device. Advantageoush dhe disglosed processyaay naigeatire lbibestep of spi-eoatiag when
depositing the piezoelectric material layers. Still advantagequsly, the disclosed process may not

require the stéFoESRTeerRprintgwieh FepBiing Te biezdEle STt Higte i TRyers HRgnce By

avoiding the uge &bspimrcoating or screen-printing, the 20 piezoelectric material layers having a
desired large area can be d gosite,d. Impurities such as or anitc:ire_sidue from the printing vehicle are
not present. Advantag@ uslg, g?&ﬁ%ﬁﬁpi@z%@l@@t ic ioeh(%ﬁcﬁyr%ér (such as poly(vinylidene fluoride)
or PVDF) can be usekin 25ithecdisclosed prosess as bacalteinativetterthe ndreyer on the

first electrode layer to thereby cover the first
electrode layer while leaving a region of the first
i5 electrode layer uncovered;
(c) depositing a second electrode layer on the
piezoelectric material layer;
(d) depogiting a pilezoelectric material layer on the
second electrode layer to thereby cover the second
20 electrode layer while leaving a region of the second
electrode layer uncovered; and
(e) repeating steps (&) to (¢), and optionally step
(dy, to build multiple repeating first electrocde layers
separated from the second electrode layexrs by
25 piezoelectric material layers, wherein all of the
uncovered regions of the first electrode layers converge
at a point A to integrally form a first electrode and
all of the uncovered regions of the second electrode
layers converge at a peoint B to integrally form a second
30 electrode in which point A 1s displaced at a distance
from point B.
Advantageously, the electrodes may be integrally
formed as the piezoelectric device is being formed such

that the process may exclude a step of connecting an
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expensive PVDF-copolymer. According to a second aspect, there is provided a piezoelectric
device comprising a plurality of repeating layers having the following sequence: 30(a) a first electrode
layer, (b) a piezoelectric material layer covering the first electrode layer while leaving a region of the
first electrode layer uncovered, (c) a second electrode layer, and optionally  (d) a piezoelectric
material layer esveringthe sbeond efsctrbbe laljer whikzlealkingta icgichroriie sedohd Bleétrode layer

uncovered, whayeinallp1Js ungovered segians alihefirst slestiode layarsaredanegiegdogether

at a point A and all 6f the uncovered regions of the second electrode layers are connected together at
a point B whefet B&inEAIg displatetand dishmce ¥ poRitBiic mMatR%oDE AGtEHFatdt least two

piezoelectric ]@r@éie”_@yafygf&zé&r% ?Q;E‘%QEIP&QS%!M%%E@Z%@EH@ devifers. The
Advantageously, the disclosed piezoelectric device may have a more reliable electrode connection as

compare@to (PP affieFele @hEBedited dte tdiHe difstR 15 oRédton ot tREVETdIEeltBtrode

layers with eagh,gther:  Ageording to-adhird aspest thegee is providagean gnergysteragedevice
comprising the piezoelectric device as defined above, The energy storage device can work under 20

mechanical beHiliig fodd BudHthait Wheh a fethdmi&a96re IriacteldralivhSs f5pidaontke

(flexible) substrate withs thecpie2ogleelsis snatgrgl multilayerse elegtisitycan be genetaigd clue to the
strain in the piezoelectric material multilayers through the piezoelectric effect. 25 Accordin%tso a fourth

aspect, there i§ [T6Viaed Sewarbrof pleJoelBtitic dBYices comprisitghesive  1oses 2

10 adhesion ability. In addition, the presence of the
adhesive, which is usually electrically inactive, may lead
to a local clamping effect which unfavourably affects the
electrical output of the piezocelectric device.

Advantageously, the disclosed process may not reguire

15 the step of spin-coating when depositing the piezoelectric
material layers. Still advantageously, the disclosed
process may not require the step of screen-printing when
depogiting the pilezoelectric material layers. Hence, by
avoiding the use of spin-coating or screen-printing, the

20 piezoelectric material layers having a desired large area
can be deposited. Impurities such as organic residue from
the printing vehicle are not present.

Advantageously, a low cost piezoelectric homopolymer
(such asg poly(vinylidene fluoride) or PVDF) can be used in

25 the disclosed process as an alternative te the more
expensive PVDF-copolymer.

According to a second aspect, there is provided a
piezoelectric device comprising a plurality of repeating
layerg having the following sequence:

30 (a) a first electrode layer,

(b) a piezoelectric material layer covering the

first electrode layer while leaving a zregion of the
firsr electrode layer uncovered,

(c¢) a second electrode layer, and optiocnally
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a substrate; and a plurality of piezoelectric devices as defined above disposed on the substrate.
30Advantageously, this may allow the piezoelectric devices to be mass-produced at low cost. The
individual piezoelectric devices can then be separated from each other by cutting or dicing the wafer.
Definitions  The following words and terms used herein shall have the meaning indicated: The term
"piezoelectric", when ($bed id conjurctioR SAWIE 6 materakdrd devied siefers ¥y &id abilitytéfahe

material or device [ generate an;elggtric gg%rgg when Peprq_%}%apgliepe tg.theJpatetial or

device.  The term "integrally formed" is to be interpreted broadly to refer to the direct connection
between the 10 respeetide eletiotedaydayfith BacPBRIE? o form the respective electrodes as the

piezoelectric device igheing fprmed such thatthe pigzarleciric deviceapd the eleeizodes cap be
deemed as a single connected unit. The piezoelectric device does not require additional etching 15 or
cutting st8ps iB¥raémedRonAedtake efdctrofeS irhesbvicede tiPhe ffmacdiEttedtogéfer” when

referring to the, electioge layers, refers-to-the direct coptact betwean thg elecirodelayersywithout any
intervening material in 20 between. Theword"substantially"doesnotexclude -
layers are connected together at a point B wherein point A

is displaced at a distance from point B.
It is to be noted that at least two piezoelectric
10 material layers are required to be present in the
piezoelectric device.

Advantageously, the disclosed pilezoelectric device
may have a more reliable electrode connection as compared
to prior art piezoelectric devices due to the direct

15 connection of the wvaricus electrode layers witﬁ each
cher.

According to a third aspect, there is provided an
energy storage device comprising the piezoelectric device
as defined above. The energy storage device can work under

20 mechanical bending mode guch that when a mechanical force
or acceleration is applied on the (flexible) substrate
with the piezocelectric material multilayers, electricity
can be generated due to the strain in the piezoelectric
material multilayers through the piezoelectric effect.

25 According to a fourth aspect, there is provided a
wafer of piezoelectric devices comprising:

a substrate; and

a plurality of piezoelectric devices as defined above
disposed on the substrate.

30 Advantageously, this may allow the piezoelectric
devices to be mass-produced at low cost. The individual
piezoelectric devices can then be separated from each

other by cutting or dicing the wafer.



"completely” e.g. a composition which is "substantially free" from Y may be completely free from Y.
Where necessary, the word "substantially” may be omitted from 25 the definition of the invention.
Unless specified otherwise, the terms "comprising” and "comprise"”, and grammatical variants thereof,
are intended to represent "open” or "inclusive" language such that they include recited elements but
also permit 30 inclusion of additional, unrecite@efemaftsonsg used herein, the te "about", in the context

of concentrations of eqmpenanisof i fpgpylations, typically meaRs He P22 of be-statedualue, more

typically +/- 4% of the stated value, more typically +/- 3% of the stated value, more typically, +/- 2% of
the stated valti&cevesrmbrstypitailgalety of the stated value, and even more typically +/- 0.5% of

the stated value. Threyghout this disclasure; certain embodiments yoay 5 be disglpsed inadange
format. It should be understood that the description in raﬁ?ge format is merely for convenience and
i

brevity arfd shifdingt Beadorsidied 3% o iARSXISIR /infitkisl Dntthe SBEp& B thetdis@bsdd nges.

Accordingly, the deserition,of agange sheuld;ae 10-considaregita havespesificaly disglosed all the
possible sub-ranges as well as individual numerical values within that range. For example, description

of a range sud¥&S FdxT1 5 63PBUIFLe eBRSIdERS fATSR Sle Gicly tsfosed sub-ranges such as

from 1 to 3, from 1 torde15 fropn 1 t0i5, deam 21104, fremnd o6, frem 8do G etc.i asavell-as ingividual
numbers within that range, for example, 1, 2, 3, 4, 5, and 6. This applies regardless of the l%readth of

the range. CeRafPEBodifentsShay aléd beh crﬁiéﬁe%aacffﬁﬁa’cmon between the

10 respective electrode layers with each other to form the
respective electrodes as the piezoelectric device is being
formed such that the piezoelectric device and the
electrodes can be deemed as a single connected unit. The
piezoelectric device does not require additional etching

15 or cutting steps in order to connect the electrodes to the
device.

The term “connected together” when referring to the
electrode layers, refers to the direct contact between the
electrode layers without any intervening material in

20 between.

The word “substantially” does not exclude
“completely” e.g. a composition which i1s “substantially
free” from Y may be completely free from Y. Where
necessary, the word “substantially” may be omitted from

25 the definition of the invention.

Unless gpecified otherwise, the terms "comprising”
and ‘"comprise", and grammatical variants thereof, are
intended to represent *open" or "inclusive" language such
that they include recited elements but also permit

30 inclusion of additional, unrecited elements.

As used herein, the term "about", in the context cof
concentrations of components of the formulations,
typically means +/- 5% of the stated value, more typically
+/- 4% of the stated value, more typically +/- 3% of the
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20 generically herein. Each of the narrower species and subgeneric groupings falling within the
generic disclosure also form part of the disclosure. This includes the generic description of the
embodiments with a proviso or negative limitation removing any subject matter from the 25 genus,

regardless of whether or not the excised material is specificallx recited herein. Detailed Disclosure of
EmbodimentssiErémplana Hon-lirfang efboiférts of B/ methdd $or 0 RrARtE Bic¥8eidttric device

will now be dié@@ﬁe%oreT*E?ﬁleég@_%ompﬂse%th%§te@ﬁ@frée£@eaosmg@ first glectroda layer; (b)
depositing a piezoelectric material layer on Ehe first electrode layer to thereby cover the first electrode
layer while le@A%§ alrBgirrdfithetfirst Sledfolé IR UheBVEedY i) Hepositing a second electrode

layer on the piezoelegtHc,material layer 4d) deposiing.apiezogladdiematepabiayener theasecond
electrode layer to thereby cover the second 5 electrode layer while leaving a region of the second
electrodeSlay R nEdEFEASEH (B repediftiiStep< @b (c), End Bptindily e g @ ST multiple
repeating first:algetrode.layerssaparateddrom the seeantkelecsede tayets:by piezetlectrivmaterial
layers, wherein all of 10 the uncovered regions of the first electrodehlaa ers conver %at a point A to
integrally fornF SHYSEEIEQRFSH* MY AF6MhEYINdBYeredT84i8n S BF thesetoha %?euc%rodgsfayaer}s
converge at ajpeint o inegraliyfarara seconghelectiade srwhich paint Als=displaced atadistance
from 15 point B. The process may exclude the step of etching the piezoelectric material layers in
order to connéé&t'dh-éxte %?8?&%&88%}% tr:‘ée%ﬁe%eﬁgc%ﬁg%‘jé%ée. hegfirg?gl%%tros Y %%/éﬂrgneay be
depositad on a&f=sidstrate. b etsubstrateemiay beamage df achatesidl that cohferpiedbilibeto the

substrate. The substrate may be made of any flexible materials, including but not limited. t Hletal,
alloy, polymer’,glégr‘nxbao%ﬁg.sAll?%inﬁr%qiis ug&d ﬁélréﬁ“érsléggf Eé;anl%p ee.a6Jfﬁéar9ex\é71%nﬂp¥eesggf£?ex%fe materials

25 include, but aze: natdimjted t@chighesantohespridg steel rstaintess Steel, titangen, Heeyiliud® copper
and acetal CO%Qflgwerl to 6 should be considered to have specifically
disclosed sub-ranges such as from 1 to 3, from 1 to 4,
15 from 1 to 5, from 2 to 4, from 2 to &, from 3 to 6 etc.,
as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of

the breadth cf the range.
Certain embodiments may also be described broadly and
20 generically herein. Each of the narrower species and
subgeneric groupings falling within the generic disclosure
also form part of the disclosure. This includes the
generic description of the embodiments with a proviso or
negative limitation removing any subject matter from the

25 genus, regardless of whether or not the excised material

is specifically recited herein.

Detailed Disclosure of Embodiments
Exemplary, non-limiting embodiments of a method for
30 forming a piezoelectric device will now be disclosed.
The method comprises the steps of: (a) depositing a
first electrode layer; (b) depositing a piezoelectric
material layer on the first electrode layer to thereby

cover the first electrode layer while leaving a region of

8



The substrate may be cleaned with an organic solvent in order to prepare the surface for coating with
the 30 electrode layers and/or piezoelectric material layers. The organic solvent may be a ketone such
as acetone or an alcohol such as isopropanol. The process may comprise the step of depositing
an insulating layer on the substrate. The insulating layer may be deposited before the first electrode
layer is deposité8. TiTHE inQASHIFRGEr MaYE3mpHEs ArSr§anic pslymer SR Ai&XdHiplé* The

organic polymeg fagysbe aferpelegliic 5 polymerhhe fefroelqeti palymearmay CampEse nonomers
selected from the group consisting of vinyls, vinylidene halides, acrylonitriles, amides, fluoroethylenes,

halides and cdbBfmtiontherd8P Tk ERSelBctiiFAGREE Aidyihe MEGEdFbmIREGrouptonsisting

of polyvinylidepge10halidasg such-as-pelydnylideae fluasidespk) apg-polyvinykdepe eblatides,
polyvinylidene fluoride trifluoroethylene (P&VDF-TrFE)), polyacrylonitriles, polyamides, copolgmers and

combinations THeE6F ¥ BnelehiBadinteht fhe fEFREREC Doy PDYE. ThEPVHRTE:
homopolymer énay-be saere cogt effegtivethar athespiezoelectricgaatetials. brapethéaembodiment,

the ferroelectric polymer is P(VDF-TrFE). The, insulating layer may he deposited on the substrate
via dip-coating(.c1ghe RRAAraRing S5eed dlﬁﬁw%pzo(§bico%ﬁnéj 'rillaiy%e é?kl:))lotu pﬂ)emﬁ%?na o-about 30
mm/min. The withdeawing speedenayalye abouie?s munkdin £ e thickness obthe msalatingdayer may

be selected frgm the range of about iggntto.about 5 Am, abtiut 5 Amto aﬂaout 6 Am beOUth gmto
0a

about 8 gm, a ngeg%m alg)&u%ﬁ%egm, S66Ut S%am 75 aboﬁaty]fgsrh, a oefjlf%lgﬂm fi out 14 gm,

about 6 pin to@beut thagrwealsaiit Smgrg toaboutts gihabodtii®gm wlawbut ddeAm labewtsl2 gm to

about 15 gm and about 14 gm_to about 15 Am. In one embadiment, the thick sqﬂ‘t %' s&gating
layer may be about TOAm: 30ThE Msu at%gquérn%ggﬁaé@%je%e tog a %]é%qﬁz an gsugé,equent

annealing stegindordéi todiptdve thecrystatkrityoigiepslymer plesestinabe inguktingdayer. The
?:r?g“e”% fempefaliLe.nReELYRE THRE)SS yaades hegsuaingpyehmadis seeded o the
electrode in which point A is displaced at a distance from
15 pecint B.

The process may exclude the step of etching the
piezoelectric material layers in order to connect an
external electrode to the piezoelectric device.

The first electrode layer may be deposited on a

20 substrate. The substrate may be made of a material that
confers flexibility to the substrate. The substrate may be
made of any flexible materials, including but not limited
to, metal, alloy, polymer, composite. Aluminum 1is used
here as an example. Other examples of flexible materials

25 include, but are not limited to, high-carbon spring steel,
gtainless sgteel, titanium, beryllium copper and acetal
copolymer.

The substrate may be cleaned with an organic solvent
in order to prepare the surface for coating with the

30 electrode layers and/or pilezoelectric material layers. The
organic solvent may be a ketone such as acetone or an
alcohol such as isopropanol.

The procegs may comprise the step of depcsiting an

insulating layer on the substrate. The insulating layer

S



about 80C to about 120C, or about 100C. The annealing step may be carried out at a temperature in
the range of about 130C to about 140C, or about 135C. The first and second electrode layers may be
5 deposited via physical vapor deposition or chemical vapor deposition. The physical vapor deposition
may comprise electron-beam evaporation and sputtering. The first and second electrode layers
may be deposiat thivighigpeasitincrdeeforform &ldesiréd 49 patteriTrsh@pe Gritifetsulistrate.
The first and sgcond elecirode layers may comprise a material independently selected from the group
consisting of a metal, a conductive metal-oxide, alloys thereof, and combinations thereof. The metal
may be a Group IIIA Fittal T5ar 8 BbngiticR Hffal"le ARTERE 3RO SIEERHAE |d9RIYRRY be

.comprised of a different matstial orfay Be gampased ofthesame material. flhe first apd second
electrode layers may be independently selected from aluminium, nickel, copper, silver, gold, titanium,

20 platinuim, rlRGHIURE Fridiunt YetHERTUR SPAIRERHR, R FTEHEISTHRY fEARRBAEGCIVEABEY Bxides,
such as Ir0,, RudY andRhQ(vherexc4y fram conductive axides rang:fromalloys: of anysatthose

materials. The first and second electrode layers may have a 25 thickness independentlx selected from

the range of ab8dti165 gnforabGit 1A &Bout FG5'GRT to ShBat BTG §R5G 0.8 ARt fFabout 0.2

Am, about 0.05M d@AbHEQ Zoaiy, abutd:E5 gmiie ahout 8«4 g% AbeuL. Dongia taiabout0.5 gm,

about 0.05 gm to_about 0.6 gm, about 0.05 gm to 30 about 0.7, gm, about 0.05 gm,to about 0.8 Am,
abothOSgnP616Ct6d rom the dJgroup consigting of polyvinylidene

10 halides such as polyvinylidene fluorides (PVDF} and
polyvinylidene chlorides, polyvinylidene filuoride
trifluorcethylene (P{VDF-TxFE) ), polyacrylonitriles,
polyamides, copolymers and combinations thereof. In one
embodiment, the ferrocelectric polymer is PDVF. The PVDF

15 homopolymer may .be“ more cost effective than other
piezoelectric materials. In another embodiment, the
ferroelectric polymer is P(VDF-TrFE).

The insulating layer may Dbe deposited on the
substrate via dip-coating. The withdrawing speed during

20 dip-coating may be about 20 mm/min to about 30 mm/min. The
withdrawing speed may be about 25 mm/min. The thickness of
the insulating layer may be selected £rom the range of
about 5 um to about 15 um, about 5 um to about & um, about
5 yum to about 8 um, about 5 um tc about 10 pm, about 5 um

25 to about 12 um, about 5 um to about 14 um, about 6 um to
about 15 um, about 8 um to about 15 um, about 10 um to
about 15 um, about 12 um to about 15 um and about 14 um to
about 15 um. In one embodiment, the thickness of the
ingulating layer may be about 10 um.

30 The insulating layer may be subjected to a heating
and subsequent annealing step in order to improve the
crystallinity of the polymer present in the insulating
layer. The heating temperature, when P{VDF-TrFE) is used

ags the insulating layer, may be selected from the range of
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to about 0.9 gm, about 0.1 ym to about 1 gm, about 0.2 gm to about 1 gm, about 0.3 gm to about 1
Am, about 0.4 gm to about 1 gm, about 0.5 gm to about 1 gm, about 0.6 gm to about 1 m, about 0.7 m
to about 1 Am, about 0.8 m to about 1 m and about 0.9 m to about 1 m. The process may
comprise the step of depositing the piezoelectric material layers. The depositing step may 5 comprise

the step of dippésating STHE déposiipristep MAY eonfiifiseaalstep OF SpraydeatingBRaadtiy. The
withdrawing speed,dyring e dip,coating rmay bg@bauta&n?@ygﬂ@%a@yt 2RdNPLRIRe Ok about 15

mm/min. The piezoelectric material layers may be deposited on 10 the respective electrode layers to

cover the respefivé elet¥SeryeROWhile felning alredlsi st the FeSpective electrode layers

uncovered. This canpgarried Qut byJeavingtheslgctradedegions{whichys defineghly thee
uncovered regions) out of the piezoelectric material 15 dipping solution. Hence, the electrode regions

can be eXposEFRT Tohbstt With thb et tlectidBeTegioRS i thePSuie quHiTy d&positéd efectrode

layers of the groupoihe uncovesed sagign of fagyariods glasctrodedayerswillibgpcoawerge at a
point in order to form the 20 respective electrodes for the piezoelectric device. The piezoelectric

material layer Pl&FESRPISS B SXRBIMakHarad it MRURERG1A%T. Hence, the piezoelectric
material layer may carppriseran-gtganig-RolymesfcJha organie: pelymer may,ka-a ferreglectnie25
polymer. The ferroelectric polymer may comprise mopomers selected frogn the group, consisting of
vinyls, vinylidéHePRatieS achRentikes, é?nic?@%,sﬁuofo%thﬁgf%ﬁ hdiides Sid" cor%bir%aﬁ?l‘%hge[ ereof.
The ferrpelectfia pobineronay herselested frons thesgroapeconsisting of polyvinylidene 30 halides such
as polyvinylidene flu\%'%es PVDF) angC po(l%yviwgdeerle chl ges,lpol ir%ylidgne fluoride.

ori
trifluoroethylene (P( -T )Sf,tpo?f/la rﬁ M, po?y%%:fae , COF ?yrmergl hd Combinations thereof.

In one embodimentthelferraeleptricieolymgr isdIRVEekh afiotherthe group consisting
of a metal, a conductive metal-oxide, alloys thereof, and
combinations thereof. The metal may be a Group IITA metal

15 or a transition metal. The first and second electrode
layers may be comprised of a different material or may be
comprised of the same material. The £first and second
electrode layers may Dbe . independently selected from
aluminium, nickel, copper, silver, gold, titanium,

20 platinum, rhodium, iridium, ruthenium, palladium, from
metals that form conductive metal oxides, such ag IrO,.,
RuQ, and RhO, (where x<«4); from conductive oxides; and from
alloys of any of those materials.

The first and second electrode layers may have a

25 thickness independently selected from the range of about
0.05 upum to about 1 wum, about 0.05 um to about 0.1 um,
about 0.05 um to about 0.2 pm, about 0.05 um to about 0.3
um, about 0.05 um to about 0.4 um, about 0.05 pm to about
0.5 pm, about 0.05 um %to about 0.6 um, about 0.05 um to

30 about 0.7 um, about 0.05 um to about 0.8 upm, about 0.05 um
to about 0.9 um, about 0.1 um to about 1 um, about 0.2 um
to about 1 um, about 0.3 um to about 1 um, about 0.4 um to
about 1 um, about ¢.5 pm to about 1 pm, about 0.6 um to
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embodiment, the ferroelectric polymer is P(VDF-TrFE). The P(VDF-TrFE) may be in admixture with a
hydrated salt such as,forexample,hydratedaluminium nitrateor Al (NO3) 3 . 9H20. 5The thickness of
each individual piezoelectric material layer may be selected from the range of about 2 m to about 30
Am, about 2 m to about 5 Am, about 2 m to about 10 m, about 2 m to about 15 m, about 2 m to about
20 m, about 23R %6 Bibdut 28,m 2a15BUE 28 i to4i0 &lsouRBOYH, dbout20 AP dbotit B0 AT aBBut 15 m

to about 30 m4about 10 m.foahout;30/p andabgut s migabouf 30:m. The thickness of the

piezoelectric material layer may be about 25 m. In order to achieve the desired thickness of the
piezoelectric materiaFa§e®Exee8fd 18 WiE8RMESRe - Aray Pecdarid SiRPOs KfidtEath@eposition

of the piezoelegtric materiallayer. the device may-be.subjegted toaheating step iguder {aimprove
the crystallinity of the piezoelectric material layer. The piezoelectric property of the 20 piezoelectric
material |Ayer FeEPEe FfiproWed By Fcredsifg the"@§stalithity DR the SaNRar pRBefit MthBay
piezoelectric matgrial layer. 1ok piezosiectrig P(\WREAkFE)dayeri iie heatingsstep may.be eawied out at
a temperature selected from the ran%e of about 130C to about 25 140C, or about 135C. There is

also provided ¥ifi@s5E¥dNE dEREE CoMpPRiing aiiGrafidFor FEReang 185fs RaviRPHEotdwing
sequence: (a)nafitet alecodadayper 230 Afliazoelecttbdsnatetial layemeevering the

The piezoelectric material layers may be deposited on
10 the respective electrode layers to cover the respective
electrode layers while leaving a region of the respective
electrode layers uncovered. This can be carried out by
leaving the electrode regions (which is defined by the
uncovered regions) out of the piezoelectric material
15 dipping solution. Hence, the electrode regions can be
expogsed for contact with the other electrode regions of
the subseguently deposited electrode layers of the ganme
group. The uncovered region of the various electrode
layers will then converge at a point in order to form the

20 respective electrodes for the piezoelectric device.

The piezoelectric material layer may comprise the
same material as the insulating layer. Hence, the
piezoelectric material layer may comprise an organic
polymer. The organic polymer may be a ferroelectric

25 polymer. The ferrcelectric polymer may comprise monomers
selected from the group consisting of wvinyls, vinylidene
halides, acrylonitriles, amides, fluoroethylenes, halides
and combinations thereof. The ferroelectric polymer may be
selected from the group consisting of polyvinylidene

30 halides such as polyvinylidene fluorides (PVDF) and
peolyvinylidene chlorides, polyvinylidene fluoride
trifluoroethylene (P(VDF-TrFE) ), polyvacrylonitriles,
polyamides, copolymers and combinations thereof. In one

embodiment, the ferroelectric polymer is PDVF. In ancther
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first electrode layer while leaving a region of the first electrode layer uncovered, (c) a second electrode
layer, and optionally  (d) a piezoelectric material layer covering the second electrode layer while
leaving a region of the second electrode layer uncovered, wherein all of the uncovered regions of the
first 5 electrode layers are connected together at a point A and all of the uncovered regions of the
second electretd yersate cornectédtugether arapoipt Bywisareisp ot R s-displated aha distance

from point B. Ipig f0:benaterl that atleast wa piezoelectric, 10 paterial layers aredeguired to,be

present in the piezoelectric devicé. The piezoelectric device may be formed from the process
disclosed heréif.  TRefirst apiesEcbnd eledisieaBgers may eBipHIE a maieriat itlepefiently
selected from glmﬁg%l) a_%@qctive 15 metal-oxide, alloys thereof, and combinations thereof. The
metal may be a GroupiIIA metal or a transition metal. The first and second electrode layers may be
comprise8 of a differeRematEHAIGHAEY be 8Smprselof thknshiid fvdtérial PRfERRE aRBSEEoNd

electrode layess, mayihe 20 independentySelestes-ram auminiumdickehLopper, sibarcoald,

titanium, platinum, rhodium, iridium, ruthenium, palladium, from metals that form conductive metal

oxides, such a8iré&R, REOX and Rhhk (vt k<4); MBmECorffbietive Sxidds; an8 ik affoydbf any of
those 25 matefiglsadbedirst@ngsecapdelectrode laysrsmay have a thickrassindepensenty

selected from the range of about 0.05 Am to about 1 gm, about 0.05 Am to about 0.1 gm,
about 20 um, about 2 pm to "about 25 um, about 25 Tum to
10  &about 30 um, about 20 um to about 30 um, about 15 um to
about 30 um, about 10 um to about 30 um and about 5 um to
about 30 pm. The thickness of the piezoelectric material
layer may be about 25 um. In order to achieve the desired
thickness of the piezoelectric material layer, a second
15 dip-coating step may be carried out.

After each deposition of the piezocelectric material
layer, the device may be subjected to a heating step in
order to improve the crystallinity of the piezoelectric
material layer. The piezcelectric property of the

20 piezoelectric material layer may be improved by increasing
the crystallinity  of the polvmer  present in the
piezoelectric material layer. For piezoelectric P(VDF-
TrFE) layer, the heating step may be carried out at a
temperature selected from the range of about 130°C to about

25 140°C, orxr about 135°C,

There is also provided a ©pilezoelectric device
comprising a plurality of repeating 1layers having the
following seguence:

(a) a first elecitrode laver,

30 (b} a pilezoelectric material layer covering the

first electrode layer while leaving a region of the
firgt electrode layer uncovered,

(c) a second electrode layer, and optionally
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about 0.05 gm to about 0.2 gm, about 0.05 Am to about 0.3 30 Am, about 0.05 gm to about 0.4 Am,
about 0.05 gm to about 0.5 gm, about 0.05 gm to about 0.6 Am, about 0.05 gm to about 0.7 gm, about
0.05 gm to about 0.8 Am, about 0.05 Am to about 0.9 Am, about 0.1 Am to about 1 gm, about 0.2 gm
to about 1 gm, about 0.3 gm to about 1 Am, about 0.4 gm to about 1 Am, about 0.5 Am to about 1
Am, about 0.6 pm to @boutd griv i &FsuR LT i alsik AEm Labd@®iE8 AnFRY 85HEL pifénd about

0.9 pm to about Lpm. Jhe thigknessaf thefirstang{orsecondselesiiods mayshe abaut 0.214m. 5 The

thickness of the first and/or second electrode may be about 0.3 pm. The piezoelectric material layer
may comprise anfGgaRit FOIGHEETAE oFgaINiE PpORFREICHES be a ferroelectric polymer.The

ferroelectric pglymer;may 19 comprise penomeis selasied fremdhegsoupgonsisiing of vinyis,
vinylidene halides, acrylonitriles, amides, fluoroethylenes, halides and combinations thereof. The

ferroelecttic pBRAEHRES bé F¥RERFFSM B GRIthEONERERY BEholfinRidBRe Ralides Hith as 15
polyvinylidenefluprides(PYRE)ang pelyxirylidene ghiskidesspolyvinylideae dneride 1efitaroathylene
(P(VDF-TrFE)#?g,onacrylonitriles, polyamides, copolymers and combinations thereof. In one
embodiment, ﬁ%e?éﬁri&ﬁ&l?ﬁ%%@PB‘?ﬁ??ﬁ%ﬁoﬁ%r%rﬁ%%ﬂﬂﬁeﬂ?rt, ferein point A

is displaced at a distance from point B.
It is to be noted that at least two piezocelectric
10 material layers are reguired to be present in the
piezoelectric device. The piezoelectric device may be
formed from the process disclosed herein.

The first and second electrode layers may comprise a
material independently selected from a metal, a conductive

15 metal-oxide, alloys thereof, and combinations thereof. The
metal may be a Group IIIA metal or a transition metal. The
first and second electrode layers may be comprised of a
different material or may be comprised of the same
material. The first and second electrode layers may be

20 independently selected £rom aluminium, nickel, copper,
gsilver, gold, citanium, platinum, rhodium, iridium,
ruthenium, palladium, £from metals that form conductive
metal oxides, such as IrO,, RuQ, and RhO, (where x<4); from
conductive oxides; and from alloys of any of those

25 materials.

The first and second electrode layers may have a
thickness independently selected from the range of about
0.05 upm to about 1 pm, about 0.05 pm to about 0.1 um,
about ©.05 um to about 0.2 um, about 0.05 um to about 0.3

30 um, about 0.05 um to about 0.4 pm, about 0.05 um to about
0.5 um, about 0.05 um to about 0.6 um, about 0.05 um to
about 0.7 um, about 0.05 um to about 0.8 um, about 0.05 pm
to about 0.9 um, about 0.1 um to about 1 pm, about 0.2 um
to about 1 um, about 0.3 um to about 1 um, about 0.4 um to
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20 ferroelectric polymer is P(VDF-TrFE). The thickness of each individual piezoelectric material
layer may be selected from the range of about 2 Am to about 30 pm, about 2 Am to about 5 pm, about
2 gm to about 10 Am, about 2 gm to about 15 gm, about 2 Am to 25 about 20 Am, about 2 pm to about
25 Am, about 25 Am to about 30 gm, about 20 pm to about 30 Am, about 15 gm to about 30 Am,
about 10 Am talabout 30 Am asdPabéut &-yim tlabicut 3DRH. TheHhickFess éf the piezBel&étric
material layer may;he abayf 25 éﬁggu%OT@gaﬁhiggﬁne@g ragip,githe pigzoelegiricimafegal é@ye&go the
respective electrode layer may be more than 20, more than 50 or may be more than 100. There is
also provided ah@&Herdy $tBragedeewontbridingthé piezbelebtrit dedice BRisAdSET &56ve. The

energy storagg fleyice npay-be ag,RNARGY Ravesiing.dedes-cHie ensroy.stosage. deyice may have an
improved impedance match and enhanced electrical energy output as compared to other energy

storage devicdorrBaHEH e 5 bribh&rt Pidceséddn He 8569YStGa66 HeRe, BRY Ry can be
generated dugig-the sirain imthe piezoelectric material multilayer as a result of a mechanical force or
acceleration applied onto the piezoelectric device through the_piezoelectric effect. 10 There is also

provided a wafer of ple%oelERE TRYREE ThipMiiEE-ubstrfd'SInd MaYa pRit R o piefdelectric
devices as disgloggt abovelispaasad on saidsubsyaie: By fopningna plurality:of pigzoeleetric

devices on the wafer, the piezoelectric devices can be mass-produced easily on the industrial scale.

The individual BiéZs8ie&RE TeTiceR TRATREN be sePitatedm%HthGihér by RuMiRgTor diéfg up the

wafer. 200 comprise monomers selected from the group consisting of
vinyls, vinylidene halides, acrylonitriles, amides,
fluoroethylenes, halides and combinations thereof. The
ferrcelectric polymer may be selected from the group
congisting of polyvinylidene halides such as

15 polyvinylidene fluorides (PVDF) and polyvinylidene

chlorides, polyvinylidene fluoride trifluorocethylene
(P{VDF-TYxFE) ), polyacrylonitriles, polyamides, copolymers
and combinations thereof, In one embodiment, the

ferroelectric polymer is PDVF. In another embodiment, the
20 ferroelectric polymer is P(VDF-TrFE) .
The thickness o©f each individual piezoelectric
material layer may be selected from the range of about 2
um to about 30 um, about 2 um to about 5 um, about 2 um
to about 10 um, about 2 um to about 15 um, about 2 um to
25 about 20 um, about 2 um to about 25 um, about 25 um to
about 30 pm, about 20 um to about 30 pm, about 15 um to
about 30 um, about 10 pm to about 306 um and about 5 um to
about 30 pum. The thickness of the piezoelectric material
layer may be about 25 um.
30 The thickness ratio of the piezoelectric material
layer to the respective electrode layer may be more than
20, moxe than 50 or may be more than i00.
There 1s also provided an energy storage device

comprising the piezoelectric device as disclosed above.
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Brief Description Of Drawings The accompanying drawings illustrate a disclosed embodiment and
serves to explain the principles of the disclosed embodiment. It is to be understood, however, 25 that
the drawings are designed for purposes of illustration only, and not as a definition of the limits of the
invention. Fig. 1(a) shows the plan view of a starting flexible substrate 102 used in Example 1 and
Fig. 1(b) showBlthe 30eogespehdingItosserttionamdsv bithessubSsinRE D2 Jlehydimeiag

Fio. 1(c) sfowsdhe plan visit ofdhe sbstiate 10z usestoampis | wilh dhedasulatipadayer 104 and

Fig. 1(d) shovys the corresponding cross-sectional view along line AA". Fig. 1(e) shows the plan
view of a first élepaddadsyenabsRofarftstanbatstpedmiminnhy &8F5Iornidste the®Ribstrate

102 in Example 1,300 £ig- 4(@) sheys,the sarresponding grosgrseqtional viewalangeingAne  Fig.

1(g) shows the plan view of the first active piezoelectric layer 108 (of the first block of repeating 10
multi-lay€rs) f&Fied on B sardpleds $5@fple Tand Bi§. 1(R1SAGWs thetfrsipondmygice

cross-sectional yiew: alang ipe A&, . be FigeL)shows the plan yiew:of the sample after thee
deposition of the second electrode layer 110 (of the first 15 block of repeating multi-layers) in Example
1 and Fig. 1(j)&Hearake Coriespofiding eidds-sebiiohatFdft alofFline®AA TS UEl. 188 shdws the

plan view of the-seondeactive piszeelectis-layerdde (of he fisst blaghofiregeatigto  the
piezoelectric device through the piezoelectric effect.

10 There 1ig also provided a wafer of piezoelectric
devices comprising:

a substrate; and
a plurality of piezoelectric devices as disclosed
above disposed on said substrate.

15 By forming a plurality of pilezoelectric devices omn
the wafer, the piezoelectric devices can be mass-produced
eagily on the industrial scale. The individual
piezoelectric devices can then be separated from each
other by cutting or dicing up the wafer.

20

Brief Description Of Drawings
The accompanying drawings illustrate a disclosed
embodiment and serves fo explain the principles of the
disclosed embodiment. It 1s to be understood, however,

25 that the drawings are designed for purposes of
illustration only, and not as a definition of the limits

of the invention.

Fig. 1{a) shows the plan view of a starting flexible
substrate 102 used in Example 1 and Fig. 1(b) shows the
30 corresponding cross-sectional view of ‘the substrate 102

along line AL,

Fig. 1(c) shows the plan view of the substrate 102

used in Example 1 with the insulating layer 104 and Fig.

16



20 multi-layers) foitried on the sample in Example 1 and Fig. 1(1) shows the corresponding
cross-sectional view along line AA" . Fig. 1(m) shows the plan view of a first electrode layer 114 (of
a second block of repeating multi-layers) in 25 contact with the first electrode layer 106 (of the first
block of repeating multi-layers) in Example 1 and Fig. 1(n) shows the corresponding cross-sectional
view along ling AR . FEOY®) $htsvs IRE PREPABRIGIA SEESTF eRRfbUESD ayet 918 FTHE second
block of repeating.muli-layers) in contact with the second electrode layer 110 (of the first block of
repeating multi-layers) in Example 1 and Fig. I(p) shows the corresponding cross-sectional view along

line BB'.  Fig. 1(cqshows aschesmatie diageampofdhe plaswvieye ofall of thecfirstielectrode layers of
the sample 5 obtained in Example 1 and Fig.l(r)shows the corresponding cross-sectional view along
line AA'.  FigYE®S) sitfvs Edch@matitidikgrath B theFan it Hilof the setond Edctode layers
of the sample rehtaied #nhExamaple: Lianthkige1(t) shows the:dngdreesponsting carass-sectibhal view

along line BB' . Fig. 2 s@gws a schematic jagﬁram of the electric Confection duriri%the pfli'ng process
used in Examfe’s %ig.@%ﬁ&ﬁ?%‘éﬁ’aﬁ of VOIRGe S Td én8I3y adaingt tiffie ofthe experimental

values from Example 1 15 superimposed with simulated values of voltage and energy.

Fig. 1(g} shows the plan view of the first active
piezoelectric layer 108 (of the first block of repeating

10 rmulti-layers) formed on the sample in Example 1 and Fig.
1(h) shows the corresponding cross-sectional view along

line AA" .

Fig. 1(i) shows the plan view of the sample after the
deposition of the second electrode layer 110 (of the first

15 block of vepeating multi-layers). in Example 1 and Fig.
1(j) shows the corresponding crosg-sectional view along

line AA .

Fig. 1{(k) shows the plan view of the second active
piezoelectric layer 112 (of the first block of repeating

20 multi-layers) formed on the sample in Example 1 and Fig.
1(1) shows the corresponding cross-sectional view along

line an" .

Fig. 1(m) shows the plan view of a first electrode

layer 114 {(of a second block of repeating multi-layers) in

25 contact with the first electrode layer 106 (of the first
block of repeating multi-layers) in Example 1 and Fig.
i(n} shows the corresponding cross-sectional view along

line AR .

Fig. 1{(o) shows the plan view of a second electrode
30 layer 118 (of the second block of repeating multi-layers)
in contact with the second electrode layer 110 ({(of the

first block of repeating multi-layers}) in Example 1 and
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Fig. 4(a) shows the cross-sectional view of the cantilever beam 300 used in Example 1 and Fig. 4(b)
shows the top view of the cantilever beam 300. Fig. 5 shows a graph of voltage and energy
against 20 time of the simulated measurements of the open circuit voltage and energy generated in
Example 2. Fig. 6 shows a graph of peak voltage and energy against number of layers obtained in
Example 3. FiiZ show&rd grapieeEenthyy oaprt agrirRefoad 25 Fesistafes of e 22-|ajei
P(VDF-TrFE) gie&ggleﬂrlilcep%lgmoer multilayer material and the single layer P(VDFTrFE) polymer
material used in Example 4. Fig. 8(a) shows a schematic diagram of the plan view of the array of

multiple elements obfaiged in E¥araple,R;3Q and figh Hh)-shovsthecogrespaading grpssizagtional

view along line CC' . igs. 9(a) and 9(b) show a schematic diagram of the two shadow masks

Fi
used to produ€é théfirst a‘ﬁég seleBfid elddirdde RYBREFERPECIVENY fiFExafble 51 theJRiEs, like

numeralssdengigdlikepats. 5 Exampleshon-limitingexamplesefheinventignand gemparative
examples will be further described in greater detail by reference to specific Examples, which should
not corresponding cross-sectional view along line AR,

Fig. 1{s) shows a schematic diagram of the plan view
of all of the gecond electrode layers of the sample
cbtained in  Bzample 1 and Fig. 1{t) shows the

10 corresponding cross-sectional view along line BBE .

Fig. 2 shows a schematic diagram of the electric

connection during the poling process used in BExample 1.

Fig. 3 shows a graph of voltage and energy against
time of the experimental values from  EBxample 1

15 superimposed with simulated values of voltage and energy.

Fig. 4(a) shows the cross-sectional view of the
cantilever beam 300 used in Example 1 and Fig. 4 (b) shows

the top view of the cantilever beam 300.

Fig. 5 shows a graph of voltage and energy against
20 time of the simulated measurements of the open circuit

voltage and energy generated in Example 2.

Fig. 6 shows a graph of peak wvoltage and energy

against number of layers obtained in Example 3.

Fig. 7 shows a graph of energy output against load
25 resistance of the 22-layer P(VDF-TrFE) piezoelectric
polymer multilayer material and the single layer P(VDF-

TrFE) polymer material used in Example 4.

Fig. 8(a) shows a schematic diagram of the plan view
of the array of multiple elements obtained in Example 5
30 and Fig. 8(b) shows the corresponding cross-sectional view

along line CC' .
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10 be construed as in any way limiting the scope of the invention. Example 1 Fabrication of a
piezoelectric polymer material on a 15flexible substrate The method used in this example for
fabricating a piezoelectric polymer material on a flexible substrate is described in Figs. 1(a) to 1(t). In
this example, a 0.5 mm-thick aluminium sheet, was 20 used as a starting flexible substrate 102. The
plan view of the flexiBlessubst?dta)102nked ibshoviarin Fig.sighpnetifeathd crassasectidndl vew of the

substrate 102.along lipe £y, is,shown in.Eids, 1(b), Prorfe gcoatingthe piezoelectrlg palupgp,gnto the

aluminium sheet, the 25 surface of the aluminium sheet was cleaned with acetone and isopropanol.
Thereafter, the peioefstaric- pulyHier freépacbi s6lbton WaEseparebfor the subsequent dip-coating
deposition process. The piezoelectric polymer precursor 30 solution was prepared by dissolving
poly(vinylidene fluorid@-tiifitforbétiyletit) P{VDF-THIE G OB IR fatib) iF aRdReht methyl ethyl
ketone (20% by weight). An automated dip coater was then used for the P(VDF-TrFE) dip-coating
process, By withdrawing the aluminium substrate at a controlled withdrawing speed of 25 ram/min from
the P(VDF-TrFE) solution. This yielded a film witkstamples

Nen-limiting examples of the invention and
cbmparative examples will be further described in greater
detail by reference to specific Examples, which should not

10 be construed as in any way limiting the scope of the

invention.

Example 1

Fabrication of a piezoelectric polymer material on a

15 flexible substrate

The method usged in this example for fabricating a
piezoelectric polymer material on a flexible substrate is

described in Figs. 1(a) to 1{t).

In this example, a 0.5 mm-thick aluminium sheet, was

20 used as a starting flexible substrate 102. The plan view
of the flexible gubstrate 102 used ig shown in Fig. 1(a),
while the cross-sgectional view of the substrate 102 along
line AA’ is shown in Fig. 1{(b}). Prior to coating the
piezoélectric polymer onto the aluminium sheet, the

25 surface of the aluminium sheet was cleaned with acetone

and isopropanol.

Thereafter, the ©piezoelectric polymer  precursor
solution was prepared for the subsequent dip-coating
deposition process. The piezoelectric polymer precursor

30 golution was prepared by dissolving pely(vinylidene
fluoride-trifluoroethylene) P(VDF-TxFE) (70/30 mole ratio)
in a solvent methyl ethyl ketone {20% by weight). An

1%



5 thickness of around 10 Am. The sample was then heated on a hotplate at 100C and subsequently
annealed at 135C in an oven to improve the crystallinity of the P(VDF-TrFE) layer. The P(VDF-TrFE)
layer also serves as an insulating 10 layer on the aluminium substrate before the subsequent coating
of any electrode layers. The plan view of the substrate 102 with the insulating layer 104 is shown in
Fig. 1(c), whiletevrisssedianalatatatongdinie AASR shsvedtin Ry, 1{d)e15ANVAIENTHIER electrode

layer with a th@ﬁ%ﬁ’%ﬁ en 0,03,Am.to 1 A was then,deposited by copyentional glectign-beam

evaporation to electrode layer 106 (of the first block of fepeating multi-layers) (denoted
hereinafter asefiEtyaTe plan siewatine DbeitstrhybaToe istmedrrrte SGbata8/sHowvn in Fig.

1(e), while the;Grogs-sectionalMiewraleng ling AN is,showm indFig. lDadhisSfirst; ayer, 1@ had a
pattern with an extended part 107 like a finger formed through a’shadow mask during the evaporation.

25The depositién ekirsfrst Tayr 40Bdvad then-folflewe § HYRRE diffcoatmarof RERSER (\PDFATIFE)

active layer 198, mifigh is the firstcaetiveRiezogleetds dayery The,spmplewas dipsepated io gcontrolled
depth in the P(VDF-TrFE) solution and withdrawn at a s_f_eeql of 15 30 mm/min. The depth was
controlled so PaEthe ERtendBa RV thBSirstChyaF107 ivkstakpdtd fofthe go(ﬁfggt't%”sﬁ))sequent

first electrode jayets. The plan view of the first active piezoelectric layer 108 is shown in Fig.

The P(VDF-TrFE} layer also serves as an insulating

10 layer on the "aluminium substrate before the subsequent
coating of any electrode layers. The plan view of the
substrate 102 with the insulating layer 104 i1s shown in

Fig. 1(¢), while the cross-sectional view along line BAA

ig shown in Fig. 1(d).

15 An aluminium electrode layer with a thickness between
0.05 um to 1 um was then deposited by conventional
electron-beam evaporation to form the first electrode
layer 106 (of the first block of repeating multi-layers)
{(denoted hereinafter as “first,”). The plan view of the

20 first, layer 106 formed on the substrate is shown in Fig.
1l{e}, while the cross-sectional view along line AA" 1is
shown in Fig. 1(f). This first; layer 106 had a pattern
with an extended part 107 like a finger formed through a

shadow mask during the evaporation.

25 The deposition of the first, layer 106 was then
followed by the dip coating of a first P(VDF-TxFE) active
layer 108, which ig the first active piezoelectric layer.
The sample was dip coated to a controlled depth in the
P(VDF-TrFE) solution and withdrawn at a speed of 15

30 mm/min. The depth was controlled so that the extended part
of the first; layer 107 was exposed for the contact to
subsequent first electrode layers. The plan view of the

first active piezoelectric layer 108 is shown in Fig.

20



1(g), while the cross-sectional view along line AA"is shown in Fig. 1(h). As shown in Figs. 1(g) and
1(h), the polymer layer 108 as coated did not completely cover the oddilayer 106, leaving the extended
part 107 uncovered. 5The sample was then heated on a hotplate for 100C. Another dip coating cycle
could be carried out in order to increase the thickness of the first active P(VDF-TrFE) layer to
approximatelyl2&1gm. wie samples werecthen annealetsih ary bven &tlk35C to increas® thelerystallinity

10 of the PRI JIEEY , rTg buld fne pigzoelaelys, mulflayer matarialy, (g glectipdes were
alternately deposited to sandwich the piezoelectric layers. In addition, the deposited electrodes
alternate betweehihefirstandseddid Belecrddallagert, which @ud torinl the trvsfecthical

terminals. ThL@dﬁleﬁg%ff'%@fﬂeﬂa&%fitﬂ&et%@%%ﬁsgﬁ/eaugg@E%%wa&me@%wgae'.d be a second

electrode layer (oflthe irst block of repeatirig multi-layers) (denoted hereinafter as "secondi"). Figs.

1(1) and %(j) show theyZ0 plapyiew gpd-cressssectionakbyewalong jine At respestivelyebhe sample
after the deposition of the second' layer 110. As shown in Fig. 1(i), the secondi layer 110 had a pattern

with another ekiEtideRipaH 21 £025-foRded ¥RrbBigRAhbthérshaasw RdsOdhriAg tF ¢ dration 25

process. The exiendad part 411 ipihe geeondi layer 14Q was logated at thessamevgirectippmyith the
extended part 107 in the firsti layer 106, but not overlapped with each other. Hence, the extended part

111 of the secoRdFfayeF 210 FRRIHE BRcSABitraiy défined 2E@poRtBP) 1§30 dikpfacel ™™ distance

from the extengledpart 407 in the fisstelayar 106 frbichds alserarbiiaribhdefinegsas 100iRLAY).
Thereafter, a second P(VDE-TrEE) active layer 112 was coated thereon. The plan view of the second
active pijegoelé’cﬁtrigli):fy 1125 Bhbth in Fig. 1(k), while the cross-sectional view along line AA' is

shown in Fig. 1(1). 5After. the . dip-¢coating of the second P(VDF-TrFEléactive layer.112, a first electrode
layer (of a second bI?& 0 urjé%éat%%em tllﬁ}éz;%erg)@ c?te%%?e%ue%iéﬁ%ﬁ Fas Wﬁ%éﬁﬁjﬁll wl%?éedeposited
by evaporatior atabautthe sanee focatidn of thr frki? |a3apdo6 tveth thecsamesfiapehl0 e plan

view of the deposited first2 layer 114 in contact with the first]..| yer 106 is ?@Wﬂi Fig. {é{n while the
. . - fe L

cross-sectlona% View a oen%%lllfn%CAA' é%ﬁ%&vﬁ in Flgﬂi(n). étl g the first2 ayer 1 g gﬁs% ad an

extended partdl&catzabbes thesahwriogaton dsstheextendedpart £8Z9ftheand  second

i5 electrode layers, which would form the two electrical
terminals. Thus, the next electrode layer to be deposited
by aluminium evaporation would be a second electrode layer
(of the first block of repeating multi-layers) (dencted
hereinafter as “second;”). Figs. 1{i) and 1(j) show the
20 plan view and cross-sectional view along line AA
respectively of the sample after the deposition of the
gecond; layer 110. As shown in Fig. 1{i), the second; layer
11¢ had a pattern with another extended part 111, as
formed through another shadow mask during the evaporation
25 process. The extended part 111 in the second; layer 110 was
located at the same direction with the extended part 107
in the first; layer 106, but not overlapped with each
other. Hence, the extended part 111 of the seccond; layer
110 {(which is alsc arbitrarily defined as “point B”) is
30 displaced at a distance from the extended part 107 in the
first, layer 106 (which is also arbitrarily defined as

“polnt A7) .
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15 first], layer 106. Thus, all of the "first" electrode layers (first2 layer 106 and first2 layer 114) were
contacted at the extended parts uncovered by the P(VDF-TrFE) active layer 112. Similarly, after
coating of a third P(VDF-TrFE) 20 active layer 116, a second electrode layer (of a second block of
repeating multi-layers) (denoted hereinafter as "second2") 118 was deposited by evaporation thereon
in contact with the seBoadeRee110 at grcoiended’pans thEdvered byahé P(VD L Er-BYedttive

layers. The plan view,25 atlgl%ggpositfgesecgﬂg%laxqé%8 in gontagt with the, sgcong- {aygr 110 is

shown in Fig. 1(0), while the cross-sectional view along line BB' is shown in Fig. IY(‘I%That is, the
second? layeriEFasbetras extergsd pak 119 ardlsout tHelsaid locatidn as tHelefedéd part 111

of the 30 secong], Jayer.110, whereip the extended paits 12 and Lhawere uneqvered. 1) With the

continued process of coating the P(VDF-TrFE) active layer followed by the first electrode layer (first),

and then goating the B(VDF-TehR) acivg laysydeliioyved iy thensecogdeigetrode fayer tsecendn), a
sample with 5 layers of P(VDF-TrFE) polymer material and 6 electrode layer "first electrode layers"
and 3 "seconds elétErod@ ¥Skrsivias Sbtaimed HefdE Thafipfe réfe&ing iﬁﬁrsaof e firdt electrode
layer separategshfsem thersecepd etacttpdadayers by piezoelectiicayers are obtaipet <A schematic
diagram of the plan view of all of the 10 "first electrode layers” is shown in Fig. 1(%, ngle, e
cross-sectional ¥ighi Bong M AN'RSShEWR T Elg H(r) PEimARAY % &tiéatic diagram of the plan view
of all of the "secoiel alectedelayers"ihahawr s Fid.ak(s)y, while the crossksectianal \aéwazdong line

BB' is shown in Fig. 15 1(t)..Hence, the uncpvered regions, of all of the "first electrode layers"”
converge’at a pofht A&Rd FS¥ iy n%%%ere%ﬁ%ﬁ&)%%%of%er %écogr&ll(y Blec r%%e fari/e{r:sq%afﬁcerge ata
point B, in whigh foint#eisidisplaced af auwdistance froahpoint Bn2@Bywhavirg all thé ifist Eleetrode
layers converge at a poin (A aflrst.electrcg%je wa mtegrﬂgy f%rgne&from allnofEt?B%:'flrft(gl)eptrode

. = OWIl 1
layers". Slml|al’|§,08)? h%@i%g‘a Flt%‘}é &cond eleciode Pagi/ers converge at a point (B), a second

electrode wasTitegrally,fothed frons 25 dlbgktheI'$écenic:electradetaystss it ep e fikst Blectrode
and second electrodle are frmed ating same,time L fArUNGL NS AIRZACIBEE dRYiFCor the
15 first; layer 106. Thus, all of the “first” electrode layers
(first, layer 106 and first, layer 114) were contacted at
the extended parts uncovered by the P(VDF-TrFE} active

layer 112.

Similarly, after coating of a third P(VDF-TrFE)

20 active layer 116, a second electrode layer (of a second
block of repeating multi-layers) (denoted hereinafter as
“second,”) 118 was deposited by evaporation thereon in
contact with the second; layer 110 at the extended parts
uncovered by the P{VDF-TrFE) active layers. The plan view

25 of the deposited second; layer 118 in contact with the
second; layer 110 is shown in Fig. 1(o), while the cross-
sectional view along line BB is shown in Fig. 1{p). That

is, the second; layer 118 also had an extended part 119 at
about the same locaticn as the extended part 111 of the

30 second; layer 110, wherein the extended parts 111 and 119

were uncovered,

with the continued process of coating the P(VDF-TrFE}

active layer followed by the first electrode layer
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By repeating the process, repeating multilayers of first electrode layer, piezoelectric material layer, 30
second electrode layer and optionally another piezoelectric material layer can be obtained on the
flexible aluminium substrate 102. It is to be noted from Figs. 1(a) to 1(t) that all of the first electrode
layers converge at a point that is displaced at a distance from the point of convergence of all of the
second electrddd kagees., TheRlVDESEFFEsshmer ribitilayer fAgtcFiaFas 5 fbricdted baives was

electrically po@gltg &9&.{8 ot ogfleectré%ggg}p&rt'ée_ﬁe &%@@%Mggr@g&ggmﬁllecgicmfgtion

during the poling process used in this example is shown in Fig. 2. In this process, a DC voltage was
applied over thd &0 setond ®leEctiodecdnd e/t EleEodePTheVdag@deaBigly inBfdased to

reach a field of 40 \/ilm, at a fernperaure.gf;10000. where. the.field washeld ag that value for S min.

The aluminium substrate for this experiment was 4.3 15 cm x 1.8 cm x 0.5 mm, and the various
electrodeSayets feke 2&in by i’ ! "Hife Capatitafte mEdstfed Siowad §Bod afeement with the

calculated valyes,op the basisof the numberoblayersaspaciically, dae mepsured eapacitanee of the 5
20 P(VDF-TrFE) polymer layers was 2.29 nF, while the calculated value was 2.38 nF. After poling,

the voltage oOUFRARKES mBasGeHARclakPifiRithe sBnplPAEHRESRT BRd Yeflédiffithe f¥eend of the
sample by 5 myp-258pecifically, a cantilever beam 300 was formed when one end of the flexible
aluminium substrate 102 with the piezoelectric polymer multilayer material 302 alternating with the
electrode layers 304 was clemped white thereherof the plan view of all of the

10 “first electrode layers” is shown in Fig. 1li{g), while the
cross-sectional view along line AA’ is shown in Fig. 1(r}).
Similarly, a schematic diagram of the plan view of all of
the “second electrode layers” is shown in Fig. 1(s}, whilie
the cross-sectional view along line BR  1is shown in Fig.

i5 1{ty. Hence, the uncovered zregions of all of the “first
electrode layers” converge at a point A and all of the
uncovered regions of the T“second electrode layers”
converge at a point B, in which point A is displaced at a

digtance from point B.

20 By having all the “first electrode lavyers” converge
at a point (&), a first electrode was integrally Iformed
from &1l of the “first electrode layers”. Similarly, by
having all the “second electrode layers” converge at a
point {(B), a second electrode was integrally formed from

25 all of the “second electrode lavers”. Hence, the Ifirst
electrode and second electrode are formed at the same time

of forming the piezoelectric device.

By repeating the process, repeating multilayers of

first electrode layer, ©piezoelectric material Ilayer,

30 second electrode layer and optionally ancther
piezoelectric material Iayer can be obtained on the
flexible aluminium substrate 102. It is to be noted from

Figs. 1(a) to 1(t) that all of the first electrode layers
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end was free, as shown in Fig. 4. In particular, Fig. 4(a) 30 shows the cross-sectional view of the
cantilever beam 300, while Fig. 4(b) shows the top view of the cantilever beam 300. A force F is
applied on the free tip of the cantilevered beam 300 and subsequently the force F is removed,
resulting in the bending vibration of the beam 300. Due to the piezoelectric effect, the piezoelectric
polymer multilagenmugsiah802carrdariverithe vibsatidhBeneryy imtb efecticcénmargy. Irdmg. 3

presents the experimental voltage. apd anergy. measured from dhe:anding wibgatighs of thescantilever

beam 300 with an efectrometer, superimposed with the simulated voltage and energy. Fig. 3 proves
that the 10 expedi®Eatal and the simulated results show good agreement. Referring to Fig. 3, the initial
voltage increase (indicated by arrow 202) was resulted from the depression of the cantilever tip,

increasing to a maxifbf vaRIESETS 5 KE The BIp WaEthen HeEddwH Blomem&Ry 185 resaffing in the

relatively £lat pegion eftheqvoltagssrirve beiween 0495 and D116 s. Agn the tip was released, the
vibration of the cantilever was excited and the energy generated was about 2.2 gJ (indicated by arrow

204). 20 Exanipig 2% af tis exafite of Sihfiflatior of REHINAG IFocsSEFBBM@AE 1 WhE repeated,
except that the sample usedbwas & 231 yel RV R hé B polwgeprsdibayerandie plurpinigm 25

substrate, instead of a 5-layered P(VDF-TrFE) polymer multilayer on the aluminium substrate. The
thickness of eSERPBRMerfafetWEs 28 AhJand the thickness of each aluminium electrode layer was

1 pm. The tip dlsplacgpgeghvi/gs %erto%seééqm'a DC voltage was applied over the

10 second electrode and the first electrode. The voltage was
slowly increased to reach a field of 40 V/um, at a
temperature of 100°C, where the field was held at that

value for 5 min.

The aluminium substrate for this experiment was 4.3
15 ¢m x 1.8 cm x 0.5 mm, and the various electrode layers

were 1 ¢m by 1 cm.

The capacitance measured showed good agreement with
the calculated wvalues on the basis of the number of
layers. Specifically, the wmeasured capacitance of the 5

20 P (VDF-TrFE) polymer layers was 2.29 nlF, while the

calculated value wag 2.38 nF.

After poling, the voltage output was measured by
clamping the sample at one end and deflecting the free end

of the sample by 5 mm.

25 Specifically, a cantilever beam 300 was £formed when
one end of the flexible aluminium substrate 102 with the
piezoelectric polymer multilayer material 302 alternating
with the electrode layers 304 was clamped while the other
end was free, as shown in Fig. 4. In particular, Fig. 4 (a)

30 shows the cross~sectional view of the cantilever beam 300,
while Fig. 4(b) shows the top view of the cantilever beam

300. A force F 1is applied on the free tip of the
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30The simulated measurements of the open circuit voltage and energy generated are shown in Fig. 5.
Referring to Fig. 5, it can be seen that the peak voltage is about 15.5 V and the electric energy
generated is around 118 pJ. This evidences that the generated energy is sufficient to power many
electronic devices, including radio frequency (RF) transmitters. 5 Example 3 For a flexible
cantilever bearawithlgigeomectricssoly My inubitay e rambtesialiehd butpittenergyzaw vEitage will

increase with fig,0ecease JLIgyeE BUMbeUNgRL e dcansiapt fp displacementqondiion,  In this
example, it was tound that the effect of the thickness of the electrode layer became more significant
with an increadé@ number df day&ies Thiel g eispiadament waseet as Them ABF§ 6 SE6WS that a

thick electrode layer will lead fq sybstantially.dacreasedhenexgy gengration when $hgpumbsr, of layers

is large. Thus; this proves that a piezoelectric polymer multilayer with thinner electrode layers as
deposited by @vegeFsticmEM [FahRCSItaRtid 20 improved energy output, in comparison to those
with thicker electrodes, particularly when the number of layers is large. Example 4 25In this example,

two cantilever energy hdrvesteiRIGFIRE SAMERFMEASEAL BERRBwN HPRIP ISV etBUsER AR First
comprised of agautilayer material @h22 layers oiy (MBRk-fekEbLivith adayenthickaessi0k2Q Am each)

and 23 Iayers}g)f aluminum electrodes (with a Ia¥er thickness of 1 , ,

eam 300 with an electrometer, superimposed with the
simuiated voltage and energy. Fig. 3 proves that the

10 experimental and the simulated  results show  good
agreement. Referring to Fig. 3, the initial voltage
increasgse (indicated by arrow 202) was resulted from the
depression of the cantilever tip, increasing to a maximum
value of 15.5 V. The tip was then held down momentarily,

15 resulting in the relatively flat portion of the voltage
curve between 0.49 s and 0.76 s. After the tip was
releaged, the wvibration of the cantilever was excited and

the energy generated wag about 2.2 uJ (indicated by arrow

204) .
20
Example 2

In this example, a simulation of the poling process

of Example 1 was repeated, except that the sample used was

a 22-layer P{VDF-TrFE) polymer multilayer on the aluminium

25 substrate, instead of a b5-layered P{VDF-TrFE) polymer

multilayer on the aluminium substrate.

The thickness of each polymer layer was 20 um, and
the thickness of each aluminium electrode layer was 1 um.

The tip displacement was set as 7 mm.

30 The simulated measurements of the open circuit
voltage and energy generated are shown in Fig. 5.

Referring to Fig. 5, it can be seen that the peak voltage
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30 pm each). The other comprised one single layer of P(VDFTrFE) having a thickness of 461 pm and
two aluminium electrode layers having a thickness of 1 pm each. Each of the two energy
harvesters was connected to a load resistance. Fig. 7 shows the energy output from the 22-layer
P(VDF-TrFE) piezoelectric polymer multilayer material and the single layer P(VDF-TrFE) polymerto = .
the 5 load resistane®carigingFrdim 26 0aod00k®. Itadas fochd thateaeneapnesphedf thes22-layer

piezoelectric pOUNeL muayer was,aboul.» 1p.400 Umes Juohardnay that.of sindle, laygy piezoetectric
polymer with the load resistance ranging from 25 0 to 100 kO. This result 10 evidencesthe significant
advantage of thef fibzoettrid-polyprwanulti@ey matesial icenargydririasting fokprastitiithad

applications cgg@ﬂge(}ﬁ&i@g}@&yq&@i?zg@gﬁgﬁw;@gr_ due to the improved impedance match.

15Example 5 In this example; the fabrication process of producing one element described in
Example 4 was used here to produce a plurality of elements of the piezoelectric polymer multilayer on
a single flexible substrate. 20The plan view of the array of multiple elements obtained is shown in Fig.
8(a), while the cross-sectional view along line CE#3& Gwr in Fig. 8(b). The electrode layers 304

for the array of the eleggents ofihe piezoelectds poluner-mulilayer matefial2h-302 wastdepeosited with
two shadow masks as shown in Figs. 9(a) and 9(b) for the first and second electrode layers,

respectively. PORRS thErichsh bf B 52 8electitmOtiRBr eRNERY afray, habide
piezoelectric Rultilayen 30Liementsaan hiesseparateddyy clifinpeaeressiecsibstrattogetier with the

piezoelectric polymer Iae/er,,such_as by mechanical cutting, laser cutting, etc. Example 6
10 ‘comnstant tip displacement conditXon.

In this example, it wag found that the effect of the
thickness of the electrode layer became more significant
with an increased number of layers. The tip displacement

was set as 7 mm.

15 Fig. 6 shows that a thick electrode layer will lead
to substantially decreased energy generation when the
number of layers is large. Thus, this proves that a
piezoelectric polymer multilayer with thinner electrode
layers as deposited by evaporation will have substantially

20 improved energy output, in comparison to those with
thicker electrodes, particularly when the number of layers

is large.

Example 4
25 In this example, two cantilever energy harvesters of
the same dimensions as shown 1in Fig. 4 were used. The
first comprised of a multilayer material of 22 layers of
P(VDF-TrFE) (with a layer thickness of 20 um each) and 23
layers of aluminum electrodes (with a layer thickness of 1
30 um each). The other comprised one single layer of P{VDF-
TrFE) having a thickness of 461 um and two aluminium

electrode layers having a thickness of 1 um each.
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In this example, low cost poly(vinylidene fluoride) (PVDF) homopolymer was used to replace
poly(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE) copolymer as described in Example 1. For
producing PVDF multilayer elements on a flexible substrate, a solvent for PVDF can be prepared at
room temperature by mixing dimethylformamide (DMF) and acetone 10 (50:50 in volume). Aluminum
nitrate nonahydrate @d@MN03)8.9:120) (8% byrweight nRVBELwms added twtheesdlieentsolution to

promote crystallization of .t oelectric p ph inth uling PXYPF_pelymer. After the,
AI(NO3)39H2 (\?vaa%é d]fs?s% vge%d£ éé%ble@ﬁ%c 'th(? 1?@%/%% Z%ﬁ‘%megr v%aé‘%ﬁtr%du ed to the abovg solvent
solution and ti2& résaitant SORUGBIFWES Efifred 26004340 minute PaATTEES earmPMDE oiiftion was

obtained as a precirsgn solyfion, fe BYE,solution was,dipsgoated-ihrough multiple 20 gygles on the

flexible aluminium substrate, and the first and second electrode layers was alternately deposited as
describecbin Exaatble ¢ 0 predgce therPVDE niultiyeébmatetial. Totenkancd the'&gsthfiization, the

film was annegigdiat %E?éﬂp%rﬁé%ybetwseg&éo-%%ctlaerin@§5ﬂy@ﬂlin?y¢@93yﬁ@e§p&t .
Al(NO3)39H20 dehydrated complétely and was decomposed. After electric poling, piezoelectric

PVDF polymePfuitiayerthateiidPwas protiticetben thelekible bR imikitie Substafs B30 te8mparative
Example 1 Fabyigatiopsof a pigzqelectrispolymer putilayerimatgrakespinsceatinghe 1oad
Piezoelectricpolymer multilayersonflexible
résistance ranging from 25 Q to 100 k&Q. This result
10 evidences the significant advantage of the piezoelectric
polymer multilayer material in energy harvesting for
practical load applications compared to single layer

piezoelectric polymer due to the improved impedance match.

15 Example 5
In this example, the fabrication process of producing
one element described in Example 1 was used. here to
produce a plurality of elements of the pilezoelectric

polymer multilayer on a single flexible substrate.

20 The plan view of the array of multiple elements
obtained is shown in Fig. 8(a), while the cross-sectional

view along line CC’ is shown in Fig. 8(b).

The electrode layers 304 for the array of the

elements of the piezoelectric poliymer multilayer material

25 302 was depositéd with two shadow masks as shown in Figs.
9{a}) and 92(b) for the first and second elecirode layers,

regpectively.

After the fabrication of the piezoelectric multilayer

elements array, individual piezoelectric multilayer

20 elements can be separated by cutting across the substrate
together with the piezoelectric polymer layer, such as by

mechanical cutting, laser cutting, etc.
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5 substrates were fabricated by a spin coating process, instead of the dip-coating deposition process

described in Example 1. P(VDF-TrFE) was dissolved in a suitable solvent such as
methyl-ethyl-ketone (MEK). The P(VDF-TrFE) solution was 10 then applied to a flexible substrate by
spin-coating deposition. Next, the as-deposited film was annealed at 120C for 3 hours. The

aluminium electrode was then famed on the P(VDF-TrFE) layer by evaporation through a shadow
mask. 15 The spin coating and electrode evaporation cycle was repeated to form P(VDF-TrFE)
multilayers with alternate electrode layers. TEreameet fhe electrode layers, various methods to

expose the electrode layers were.atiempted, Sush asdy:20meghanisghouiing/dising or Jasar-cutting

the multiple piezoelectric polymer layers, dissolving the polymers with a solvent or removing the
polymer by pladii&BtchiRgmPRe EXpeded Efcttrotedivefetheitaibe R ally LONN SRy 1o g Rr by

conductive epexy,g¢-othier adDesiyerge by i 2ROF Au depasition-invacuubiisngarss. Prablems of

fabricating piezoelectric polymer multilayer by spin coating The fabrication of piezoelectric polymer
multilayer 30 BiEFRSHFEoalINGHREERR typically gave unreliable results. One of the problems was
the difficulty in preparing thick P(VDF-TrEE) film in_.one s in-coagn cycle. The ability to.f Ericate
sufficiently thick P(VDBEFrrES e rdifired 16 pmﬁhﬁéﬁa&gfoee? &%8%E%rg%a?ves eerxv%% Sufficient
output voltagesaisktorareyent £leettitakstiortingandaramgaciosbéhe PH¥Pd-&tFER . room

temperature by mixing dimethylformamide (DMF) and acetone
10 (50:50 in volume) . Aluminum nitrate nonahydrate
(Al (NO;) 3+ 9H,0) (8% by weight in PVDF) was added to the
solvent sclution to promote crystallization o©of the

piezoelectric P phase in the resulting PVDE polymer.

After the Al (NO;);°%H,0 was dissolved completely, the

15 PVDF polymer was introduced to the above solvent solution
and the resultant solution was stirred at 60°C for 490
minutes until a clear PVDF golution was obtained as a

precurscor solution.

The PVDF solution was dip-coated through multiple

20 cycles on the flexible aluminium substrate, and the first
and second electrode layers was alternately deposited as
described in Example 1 to produce the PVDF multilayer
material. To enhance the c¢rystallization, the film was
annealed at a temperature between 130-145°C. During

25 annealing, the hydrate salt Al{NO;);+*9H;0 dehydrated

completely and was decomposed.

After electrie poling, pilezoelectric PVDF polymer
multilayer material was produced on the flexible aluminium

substrate.

30
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5 layer during poling. Spin-coating could typically produce uniform P(VDF-TrFE) films of only up to
about 3 gm in thickness over a relatively large area. For thicker P(VDFTrFE) layers, the thickness
uniformity of the P(VDF-TrFE) film across a substrate was very poor because very slow 10 spin speed
and/or high concentration/viscosity P(VDF-TrFE) solution were required. Another problem with the
fabrication of piezoelectric polymer mulmay@rsﬁwts'pmcsaan@peodess was the difficulty in electrically

connecting theF\%g¥ aég O:? %%tol m)zglgfggg%tﬁg%%ﬁy%r &gtlriga g_IC %fllbglmultlple

piezoelectric polymer layers resulted ih smearing o rFE across electrode surface and
thus poor electrical contact with the externab&urmmoﬁeeibnayer (such as the conductive
epoxy/adhesive and 20 metal layer) used to join the internal aluminium electrode layers. Dissolving
P(VDF-TrFE) with a SHlgticieWas EsE unsatiztaties) withiwrbgllaregidns digsolvellesthelsolvent

was drives intg the, sample.by capillary action. skhessusequentdrying lsg {eft,g thin, Hepsconducting

instead of the dip-coating deposition process described in

Exampie 1.

P(VDF-TrFE) was dissolved in a suitable solvent such
as methylil-ethyl-ketone (MEK}. The P(VDF-TrFE) solution was
10 then applied to a £flexible substrate by spin-coating

deposition.

Next, the as-deposited £ilm was annealed at 120°C for

3 hours. The azaluminium electrode was then formed on the
P(VDF-TrFE) layer by evaporation through a shadow mask.

15 The spin coating and electrode evaporation cycle was
repeated to form P(VDF-Tr¥E) multilayers with alternate

electrode layers.

To connect the electrode layverg, varicus methods to

expose the electrode layers were attempted, such as by

20 mechanical cutting/dicing or laser-cutting the multiple
piezoelectric polymer layers, dissolving the polymers with

a solvent or removing the polymer by plasma etching. The
exposed electrodes were then electrically connected
together by conductive epoxy or other adhesive, or by Al

25 or Au deposition in vacuum chambers.

Problems of fabricating piezoelectric polymer multilayer

by spin coating

The fabrication of piezoelectric peolymer multilayer
30 by the spin-coating process typically gave unreliable
results. One of the problems was the difficulty in

preparing thick P(VDF-TrFE} £ilm in one spin-coating
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25 P(VDF-TrFE) layer which interfered with the joining of the electrode layers. In addition, connecting
the exposed electrode layers by an external current collector layer was also unsatisfactory as the
electrical contacts between the aluminum electrodes and conductive external current 30 collector were
often broken after the temperature cycling during poling. Selective removal of the P(VDF-TrFE) layer
by plasma etchirgleouldChessiity improvedhe akpusuxé of thefiftarnabdléptrddellaiyer? HGWever, the

contact with exieigal cuient cllegior.was Sl pagrJnadditian. |aigs ate.aqd deep s eighing

requires expensive ‘equipment antl consumables; and Is very timé consuming for fabricatingpolymer
multilayer strugtures s t e tHewd & Moy isiifg dipeedatinggtdad 0b Spirtoatimgl 5 toodeposiv are

piezoelectric ryltilayers. the abgue disadvanipges,qan bie substaglially prevenied,gpminislized.
Comparative Example 2 Fabrication Of a piezoelectric ‘polymer multilayer material 10by
screen-pfntingayer during poling. Spin-coating could typically produce

uniform P(VDF-TrFE) films of only up to about 3 um in
thickness over a relatively large area. For thicker P(VDF-
TrFE) layers, the thickness uﬁiformity of the P(VDF-TrFE)
film across a substrate was very poor because very slow
10 spin speed and/or high concentration/viscosity P{VDF-TrFE)

solution were required.

Another problem with the fabrication of piezoelectric
polymer multilayers by spin-coating procegs was the
difficulty in electrically connecting the very thin (0.05

15 to 1 um) electrode layers together. Cutting or dicing of
the multiple piezoelectric polymer layers resulted in
smearing of the P(VDF-TrFE)} across the electrode surface
and thus poor electrical contact with the external current
collector layer {such as the conductive epoxy/adhesive and

20 metal layer) used to join the internal aluminium electrode
layers. Dissolving P(VDF-TrFE) with a solution was also
unsatisfactory with irregular regions dissolved as the
solvent was driven into the sample by capiilary actiocn.
The subsequent drying also left a thin, non-conducting

25 P(VDF-TrFE) layer which interfered with the joining of the
electrode layers. In addition, connecting the exposed
electrode layers by an external current collector layer
wag also unsatisfactory as the electrical contacts between
the aluminum electrodes and conductive external current

30 collector were often broken after the temperature cycling
during pecling. Selective removal of the P(VDF-TrFE) layer
by plasma etching could possibly improve the exposure of
the internal electrode layer. However, the contact with

external current collector was still poor. In addition,
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Attempts were made to fabricate the P(VDF-TrFE) polymer multilayer using the screen-printing
method. In this process, 2598 by weight of freeze-milled P(VDF-TrFE) polymer powder was mixed
with organic vehicle 15 ESL400 using a mortar and pestle for at least 20 minutes until a uniform paste
was obtained. A patterned silver electrode was first deposited on flexible aluminium substrates with an
insulating layerdyygscreenpantirgndith Beetempbraturesitvel pastenBEDUGHES staftes20 steel

screen. Then (e PAYDECTIEEXfin,was deppsited by the.sereen-printig.ragess,qn e siver

electrode Iaye?cgllwl e aluminium substrate, and dried at 145C for’10 min. The printing process of
P(VDF-TrFE) fisnepeatettfop thrgmamaswiint thy efespéa teighkiiess of 30 Am was achieved. 25 After
the P(VDF-TrFE) film was dried at 145C in a vacuum oven for 60 min, another silver electrode layer
was printed on the fili¢BS% topElebfdad. AkHBuGPiielsctediipiiftity MEthBR did FedtieB%A working

P(VDF-THE) singlejayeion thefiexible, abipajgium. 80 substiater sharcirguiting was oftgp-abserved
and the yield was extremely low when multilayers were produced. In addition, organic residue from the
printing vehicI@iéﬁigmﬁ%Hé%cFééﬁ-E’ﬁnt%Hl?f(Wﬁ:-TﬂgéyfiIﬁf@&fﬁ&?ﬁ%o%d“&%éﬁﬁﬁ@ﬁtal effect on
the performance properties. Hence, by using dip coating instead of screen printing to deposit the
piezoelectric multilayers, the 5 above disadvantages can be substantially prevented or minimized.

Comparative Example 2
Fabrication of a piezoelectric polymer multilayer material

10 by screen-printing

Attempts were made to fabricate the P{VDF-TrFE)

polymer multilayer using the screen-printing method.

In this process, 25% by weight of freeze-milled
P(VDF-TrFE) polymer powder was mixed with organic wvehicle

15 ESL400 using a mortar and pestle for at least 20 minutes
until a uniform paste was obtained. A patterned silver
electrode was first deposited on flexible aluminium
substrates with an insulating layer by screen printing
with low temperature silver paste through a stainless

20 steel screen. Then the P(VDF-TrFE) film was deposited by
the screen-printing process on the silver electrode layer

on the aluminium substrate, and dried at 145°C for 10 min.

The printing process of P(VDF-TrFE) was repeated for three
times until the desired thickness of 30 um was achieved.

25 After the P(VDF-TrFE) film was dried at 145°C in a vacuum
ovenn for 60 min, another silver electrode layer was

printed on the film as a top electrode.

Although the screen-printing method did produce a

working P(VDF-TrFE) single layer on the flexible aluminium

30 substrate, short-circuiting was often observed and the
vield was extremely low when multilayers were produced. In

addition, organic vresidue £from the printing vehicle
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Applications The piezoelectric device may be used as an energy 10 storage device or an
energy harvester device. The disclosed process may not require the use of adhesive agents to
bond the individual layers together. In addition, the disclosed process may not require extra processing
steps to connect the electrode layers coated on 15 the individual sheets to form the two electrical
‘terminals. Theediselogdd pnodBss nsayrretrepuire radltiplEVEYEIEBGTRargeidea palyimér ey
deposition. The %is lo QG a requir d%i ional ' terning step in order to
form the elecﬁllcaa t%rrﬁ%%ﬁ.%ﬁgﬁcé %?éte ggcﬁggﬂr}l p%o g&%@%@%a&éﬁ%%%%%ésser number

of steps as compareg {g prior af, procgsses, whighyrespltin.a,more ygliahle piezgeleckic,raulfilayer

through a process that is less complicated, Uses simpler equipments and more cost effective. 251t will
be apparent thita¥sRe other nitriftatibns @it adasafiens 6LHEInvERESH Wil B& Appafét to the

person skjlled i, the art.after geading dae. foregaing discloswewithau departing frapt the spikit and
scope of the invention and it is intended that all such 30 modifications and adaptations come within the
scope of the dppBhtiédefhims. Claims 1.A method for forming a piezoelectric device comprising the
steps of:  (a) depositing a first electrode layer; (b) depositing a piezoelectric material layer on said
first electrode layer to thereby cover said first electrode layer while leaving a region of said first
electrode layer uncovered; 10(c) depositing asgpdne £isciode layer on said

The piezoelectric device may be used as an energy

10 storage device or an energy harvester device.

The disclosed process may not require the use of
acdhegive agents to bond the individual layers together. In
addition, the disclosed process may not require extra
processing steps to connect the electrode layers coated on

15 the individual sheets to form the two electrical
terminals. The disclecsed process may not reguire multiple
cycles of large area polymer Vapor deposition. The
disclosed process may not require an additional etching or
patterning step in order to form the electrical terminals.

20 Hence, the disclosed procegs may be carried out with
legser number of steps as compared to prior art processes,
which result in a more reliable piezoelectric multilayer
through a process that 1s less complicated, uses simpler
equipments and more cost effective.

25 It will be apparent that various other wmodifications
and adaptations of the invention will be apparent to the
person skilled in the art after reading the foregoing
disclosure without departing from the spirit and scope of
the invention and it is intended that all such

30 modifications and adaptations come within the scope of the

appended claims.
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piezoelectric material layer;  (d) depositing a piezoelectric material layer on said second electrode
layer to thereby cover said second electrode layer while leaving a region of said 15second electrode
layer uncovered; and  (e) repeating steps (a) to (c), and optionally step (d), to build multiple
repeating first electrode layers separated from the second electrode layers by piezoelectric material
layers, wherein all of the 20 uncovered region§Xd &mil first electrode layers converge at a point A to
integrally form a first electrode and all of the uncovered regions of said second electrode layers

converge at a pomlt B to %':eg\r ﬁg%rm @osrecopgrglgﬁ od \g@%@é@é&%g@g@ggd ata

distance from point B. 2.The met according to claim 1, fu her comprising the step of heating the
substrate aftermpacispiegzotleetrictrpteriaf kayer depositing step to thereby 30 improve the piezoelectric

property of the ple%gglecgé:p@ﬁegﬁlléaygr £3.1he @-_gg&q:g%orgwetg claim 1 or claim 2, wherein

said first and second electrode layers'are deposited via vapor deposmon 54.The method accordlng to
claim 3, wherein sl vassiriespbsition isphysichvaperepssitisaterial layer on

said first electrode layer to thereby cover said first
electrode layer while leaving a region of said first
electrode layer uncovered;

10 (¢} depositing a second electrode layer on said
piezoelectric material layer;

{d) depositing a piezoelectric material layer on
said second electrode laver to thereby cover said
second electrode layer while leaving a region of said

15 second electrode layer uncovered; and

(e) repeating steps (a) to {c¢), and optionally step
{(d), to build multiple repeating first electrode layers
separated from  the second electrode lavers by
piezoelectric material layers, wherein all of the

20 uncovered regions of said first electrode layers
converge at a point A to integrally form a first
electrode and all of the uncovered regions of said
gecond electrode layers converge at a pbint B to
integrally form a second electrode, in which point A is

25 displiaced at a distance from point B.

2. The method according to claim 1, farther
comprising the step of heating the substrate after each
piezoelectric material layer depositing step to thereby

30 improve the piezoelectric property of the piezoelectric

material layer.
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5. The method according to claim 4, wherein said physical vapor deposition compriseselectron-beam

10 evaporation.

6. The method according to any one of the preceding claims, wherein said first

and second electrode layers are deposited through a mask. 15 7. The method according to any

one of the preceding claims, wherein said first and second electrode layers independently comprise a

metal. 208.The method acfbﬂjingetokc:baima?ctvm&m$aitdofirsthmi;hseéon@lele@ir@d@_la%ers_are
%%'g@ﬁf@éumsam ¢ melhod according to any ang gfdhe 2o aregeding glaims,

wherein the step o

comprised

epositing the piezoelectric layers comprises the step of dip coating.

10. The

method accbeging it afy o ofthepréeading tladms, wherein said piezoelectric material 30 layers

comprise an organic polymer.
polymer is a ferroelectric polymer.

11. The method according to claim 10, wherein said organic
12. The method according to claim 11, wherein said

ferroel€ctric polymer conftise ot ers sl ron® the lgtdllp SonsidiRgDFvin§R1dinylidene
halides, acrylanifriles Rudes, diyoreetBylenes halides andse sempinasions thereof.

10

15

20

25
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5. The method according to claim 4, wherein said
physical vapor depogsition comprises electron-beam
evaporation.

6. The wmethod according to any one of the

preceding claims, wherein said first and second electrode

layers are deposited through a mask.

7. The method according to any one of the
preceding claims, wherein said first and second electrode

layers independently comprise a metal.

8. The method according to c¢laim 7, wherein said
first and second electrode layers are comprised of

aluminium.

9. The wmethod according to any one of the
preceding claims, wherein the step of depositing the

plezoelectric layers comprises the step of dip coating.
10. The method according to any one of the
preceding claims, wherein said piezoelectric material

lavers comprise an organic polymer.

11. The method according to claim 10, wherein said

organic polymer is a ferroelectric polymer.
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'13. The method according to claim 11 or claim 12, wherein said ferroelectric polymer is PVDF-based
polymer. 1014. The method according to any one of claims 11 to 13, wherein said ferroelectric polymer
is poly(vinylidene fluoride and trifluoroethylene). 15. The method according to claim 13, wherein
said 15 PVDF-based polymer is PVDF homopolymer in admixture with a hydrated salt. 16. A

piezoelectric devide2complisingra Biardligatospdathgliayers 4dving the WNeWRig setuthce: 20(a) a
first electrode Jayer, - (b)- a2 piegasleqiric materal layer coysrpgsaid fiest eledtiode layggwhile leaving

a region of said first electrode layer'uncovered,” (c) a second electrode layer, and optionally 25 (d) a
piezoelectrieltRatefiariayer cvesihgSHY se€dnd elérdde laysi while feaiing 8344318 %f said second

electrode layer.ungpvered; whereinal gi.the ungeyereddegions,of said first eiegttode Jayers are
connected together at a point A and 30 all of the uncovered regions of said second electrode layers

are cofnecttdgetHet 2@ a PoistBWherein point A is displaced at a distance from point B. 17.
The piezoelectric device according to claim 16, wherein said first electrode layer is deposited on a
substrate made of a flexible material. 518. The piezoelectric device according to claim 16 or claim 17,

wherein said first drd secotdl elEFRR 18F&StAdEEnEentf corfiprise aFhetalai™ 1%, The
piezoelectrigrdeviceacarding 40 Ay 1ane:- 10 of glaiymd 6 to d Spwihereinsai piezoslestric material

layers comprise an organic polymer.
10 14. The method according to any one of claims 11 to
13, wherein said ferroelectric polymer is poly(vinylidene

fluoride and trifluorocethylene).

15. The method according to claim 13, wherein said
15 PVDF-based polymer ig PVDF homopolymer in admixture with
a hydrated salt.

16. A piezoelectric device comprising a plurality
of repeating layers having the following sequence:
20 {a} a first electrode layer,

(b) a piezoelectric material layer covering said
first electrode layer while leaving a region of sgaid
firgst electrode layer uncovered,

(c) a second electrode laver, and optiocnally

25 (d) a pilezoelectric material layer covering said
second electrode layer while leaving a region of said
second electrode layer uncovered,

wherein all of the uncovered regions of said £first
electrode layers are connected together at a point A and

20 all of the uncovered regions of said second electrode

layers are connected together at a point B wherein point

A ig displaced at a distance from point B.
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20. The piezoelectric device according to claim 19, wherein said organic polymer is a ferroelectric
polymer. 15 21. The piezoelectric device according to claim 20, wherein said ferroelectric polymer
comprises monomers selected from the group consisting of vinyls, vinylidene halides, acrylonitriles,

. amides, fluoroethylenes, halides 20 and combinations thereof. 22. The piezoelectric device
according to any oké-of clitsrieRr2l ankereh devhiiknessorsHiadirstandset®nd electrode

layers are ingjuidually seleted 25 from thesangg of 0.95 pato § AMse 023 Jhe pigzoglectric device

according to any one of claims 16 to 22, wherein the thickness of said piezoelectric material layers are
individually Seksta@ e fiomdthefaryeldex A & 38 A8F 121 .24, The piezoelectric device according
to any one of claims 18 to 23, wherein the thickness ratio of the piezoelectric material layer to the
respective electrode layer is more than 20. 25. The piezoelectric device according to claim 24, 5

whereif the thickné8s raff§I6f tRé PFERERSERFIE Fnatsial fy e Air e ERBective BlttBdé fayer is more
than 50.  y 2621ARgNergy storagedayice gomprisingthe piegoelecite devicesagoesdiag to any one
of claims 16 to 1025. 27. A wafer of piezoelectric devices comprising: a substrate; and a

plurality of pid¥6e18ctiR HRRRRISTHbYdiRG 1553y Poe5fdaims 16 to 25 disposed on said
substrate.

192. The piezoelectric device according to any one
10 of claims 16 to 18, wherein said piezoelectric material

layers comprise an organic polymer.

20. 'The piezoelectric device according to claim 19,
wherein said organic polymer is a ferroelectric polymer.
15
21. The piezoelectric device according to claim 20,
wherein said ferroelectric polymer comprises monomers
selected from the group consisting of vinyls, vinylidene
halides, acrylonitriles, amides, fluorocethylenes, halides

20 and combinations thereof.

22. The piezoelectric device according to any one
of claims 16 to 21, wherein the thickness of said first
and second electrode layers are individually selected

25 from the range of 0¢.05 um to I um.

23. The piezoelectric device according to any one
of claims 16 to 22, wherein the thickness of said
piezoelectric material layers are individually selected

30 from the range of 2 um to 30 um.

24. The piezoelectric device according to any one

of claims 18 to 23, wherein the thickness ratio of the
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piezoelectric material layer to the respective electrode

layer is more than 20.

25. The pilezoelectric device according to claim 24,
wherein the thickness ratio of the piezoelectric material

layer to the respective electrode layer is more than 50.

26. An energy  storage device comprising the
piezoelectric device according to any one of claims 16 to

25.

27. A wafer of pilezoelectric devices comprising:
a substrate; and
a plurality of piezoelectric devices according to

any one of claims 16 to 25 disposed on said substrate.
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