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Chapterl1 -Gener al I ntroducti on

ll1Research background

111Pi ezodlteeycd rfierr 0ol ectric

Pézoelectricity is an electromechanical phenome
energy (tkhdebowectspiezoel ectri ci thoegnv earnsde vp iceez oveelrescat
knowl edge aboutopi gdz ofati®BOtsr,i ovhefnf d hte Cur i e br ot her
charges in quartz can be dBnerSatnecde btyh aap ptliymen g hporwe
materials had not been widely used owing to their
properties. Not untai Ipie%Zdb@Ed,e ctolves kdatrd cuamadtraytsiaaflat e (
BT)3i5,hafdor mal | yt heeppt i eafa e@lio@z o e | eacntdr i cce vmacteesr i mwisng t
teper alcover 120n 194 ,0bXkefrfveed] a gi ant piezoel ectri
titanates ( PRZ(TYr WwWiit)hO t he compiosi phaseabéd¢/hnddsmpr p MP
PZT phasefidilaugsrfringtife € PZT with a ZwhiTdh rlad @dtaedg &5t2 /1
tranbounbatween a tetragonalcamrm ysdeiddi wmaoadntai nhombobk
of the phtysésal Tpeopgéescovery of PZT and MPB Dbecan
piezoelectric materials and dedwuibcdeasy,, and have been
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ferroel ectri canhbfmbpthestdrragdlmtaiofde rarotel cerchamici ¢ phases, res

Amorag varpiee yo®lfect r i commeshtee rpiod bakr,i wahatire Indere irsearr ang
an external electric field, and e vpehne neoxnmiesntosn iins tche
f er rtoreilceict y, whi ch was 9]i rwshto doi bssceorvveerde da bhyy svtad raesteikc
the pat@eamd t heeleexdtegbihidn Rosaletl | emi gliRBebo®Wws a typic



P-E relationshid 10], known as &ysteresis loofor ferroelectric materials. In general, a piece of ferroelectric
material contains many domains in random directions and need to be poled by applying an external electric
field for utilization. After all the ferroelectric domains are switched to a pesfatirection during poling?

becomes a linear function Bfalong the line BC shown in the figuigheP interceptof BC is calledsaturated
polarization, Ps, which reflectsthe intrinsic polarization in the materiaVhen reducinge afterwards,P
decreassasthe ferroelectricdomains partially switch back tbe initial stateWhenE goes back to zero,

there are still a number of domains maintainingptederred directioncausing aemnant polarizadin P; at

E = 0. Continuing applying a reversg P further decreases froRs to zero at E, and thesimilar behavios

startin the opposite direction. The reves¢hat is able taancelPs is calledcoercive electridield E..
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Fi gu2he t ypi cal hysteresissfLpop for ferroelectri«

A representaeéisedathrei cper ovslageée ele sahreuncitcuarfeB ® owi nuhl a
such as BAE amd elXfAaThphlee PZT sahtoowimi sjtim3 e PhoB-si tes and
ZtiITt'oBsi nelsocated he oxgmtear owslitocawiidadg ianci dence of the
positive and hegat heetempegafisur Whgoeabwiolwlp etbredrmedufi dr
into a tetragonal structure and an electric,dipole
as shbwogldI( &) Si npe® | tehenodient varies with the change
affected by external pressur e, t he materi al e xh
piezoelectricity and ferroel ectadrctitgsgymnsepoienxti sgr

whereas the centers of poscoi mei dceednftareogstyhneneet rci hca rcgr

@ @o eznm

T>Tc T<Tc
Fi gu3Peer ovskitzZsmtduecaywr &@€hefcubic phase above Curie temper.

Curtieemper atur e, i n whiexIn ipbihe¢zsodeelve cattriiocni toyf. at oms



Apart from pi ezmtedres,t,relcgddtydhe adatniye ¢fta tdred etl lewecg r i
dervari ous pheromesrna nghat achieve mutual conversio
| i stTadlllifinlMat eri al s -dwiddondloseowplfi nghAsmramae retrii @ad sar
whi ch can mel tufiipddesdzspdegimm tti vity dielectrics, pi ez
optic sensorsAlanhbeaghaalt®ctsr,i @etmateri als have not
in some areas where tChep @t iptuitwedningaati eartiuali z eax iasntd, i

devihass beencandircaaerntdmilge i nterests and efforts from

Tablel-1 Various effects in materiald {]

Material

utput Charge o » L .
Tnput Current Magnetization Strain Temperature Light
Electric Permittivity Electromagnet Converse Electrocaloric Electro-
field Conductivity ic effect piezoelectric effect effect optic effect
Magnetic | Magnetoelectric - . Magnetocalori | Magneto-
field effect e nly Magnetostriction c effect optic effect
) Direct Piezomagnetic . , Photoelastic
Stress piezoelectric effect effect AR ES EaE ' effect
Heat Pyroelectric effect / Thermal expansion | Specific heat /
Light Photovoltaic effect / Photostriction / Reggté;we

Diagonal Coupling :] Sensor :]Ac‘ruator

1.12Pi ezoedeactgy cesting

Sinchee i ndust exicaels srievveb leaxtpilhbansft uasallse gat i ve | mpact o
envi r ohaneoghsi snugeusc haias pol | ut wam mang gabbiahg for rea
effective utehewabi earr eieddomss ittheand dAppleindatyi emeo
sources, e. g. sol ar,1Pwi nAls dcrydr af bhe mpseomi etocg {
renewab leen eerngeyr ghya r, v dcadrteaits the amtieht energyealectric power, has received
much attention. In additiorenergy harvestinglays an importanrole in the development of micro
electromechanical systems (MEMSSs). For those wireless sensors and actuators that operate in the remote area
where replacing the battery will be a demanding task or even impossiblgy harvestingill become an
expecte solution [L3].

Amongthree mechanisms to convert mechanical energy to electric power: (1) electromadrtsic [

(2) electrostatic16] and (3) piezoelectric, piezoelectric energy harvestigH)Fcan be easily integrated

with other transducers to create gafvered devices due to the rapid electromechanical respbiéé]|

The inspiration of using piezoelectric materials to generate electrics derived from piezoelectric dampers,
which intended to consunhkénetic energymore rapidly 19-20]. However, instead of wasting the generated
power by converting to Joule heatany problems in piezoelectric configuration, circyipgwer storage
etc.need o be deal with. Until now, there has not been an absolutely clear criterion to evaluate the output



performance of PEH devices. Most studdesluatethe output voltage aactivepower,but it is difficult to
compare them with each othawe to the diversebration source and device configuration.
To simplify the discussion and highlight the effect of piezoelectric materials on PEH, the output

performancer this dissertatioms evaluatednainly based on the piezoelectric configuratiéni g -4 e

shows two basic working modes for piezoelectric materidédse,a v ai | a bE,evheé cpgar @pgor t i on all

to the oumpptr ese@d)i avheEqadhalrgo mar al | el pl ate capac
O -0w (1-

whe€C®tands for the capamatanvVitalesivolthagpi geneltatedi

mechani d&li sskmewb2wist lEEigmb e s d o nFigilkeen i n

5 — (1-2)

whereUis the dielectric constaof the piezoelectricaterials According to the piezoelectric equatidhin
the 33 mode Rigure 1-4(a)) and the 31 modd-igure 1-4(b)) is expressed as Eqgdl-3) and (1-4),
respectively.

O —,Q (1-3)

©w —,Q (1-4)

Susbt i tEItEL-DiI¢L-4)f or (LBH)gEab e c 0 me s

0 -—, & forthe 33 mode (1-5)
0 -—, & forthe 31 mode (1-6)
(a) (b)
b A 7 Ad | A a |
. .
h h
a
_eab _ €ab
" h " h
d d
V=—"20n V=-"20hn
£ €
1 d%3 2 1 d%l 2
Ea = ETO’ (Rbh) Ea = E?O’ (abh)
B Piczoelectric plate Electrode “ Poling direction =~ = ¢ Stress

Fi gudTewvo basic working modes for piezoelectric material
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0] &, araef f ec tee da pbpyl ilend st (0e® §-) whidelh i ingfd @isre tof me
(FOM) omdet eésmi ned Iy etcphréoipoedntieyr,i ailet hoH.&r o mampit gv
based on twtowpitewmpai migs dthwer bdaefvg ec ea psatiridie d 29 t raecshs e v
piezoel ect r iage xntaetlelrefnate sFoQM t mi zati on for the device
the specific octchaesifolnesxXiidPoac aRMbhHstdarvee ,as wear abl e or
to scavenge mechanical ener gtyu nmaoli2ahBiEhaan mad a ptn st o
vi bration with Abovariaéd ,hK frtédgueienmddod . sveerst atthieotnh emparionvley
piezoel ectitrih & earlad cetrri iad sl and se hwd ¢ & dei nseccuhsasndidtea | | ptr ®

sectaisonnsh@omaior
1.1.3Pi ezoel ectric materials for PEH

Up to new,nt heindngeneetce@insel gt edonmimamitous piezoel
appl i cBaetsiiodness t he outstaM®Bngompopetibes neéearn st lad
el ements are ®dasye dt @ osnghld wtihe ipionowB bdiesso lembtrieons wi t h d
pr opeRotri eesxampl e, t he cpRMherani elx hpb€ 2o0el adagacss ¢ con
hi gh as 593a$J/4N pLrsdNowi ng a FOM iz} toHle45343L Tnoad e (
Furthermoreryshal sfagteswedlectais/NBR)bePZbNTa XGP ZPNT ) and
Pb(iMgh):00P b Ti(POMNP Jdevel oped RYW BRBarokvedtoaaelg.i d0t0O0 pC/ N
FOM3I s8 7t i mes | argeHowdwaar tl Haedidcaaidssf @ Z Tt o t,hbehuman b
of e.cadnt ai nwinlige irteesmsr ecaa@ad mdiree ReBNefvuetrutrheel es s, i mp
the piezoelectric properties of PZT and clarifying
canudbesdgaai daomcexpl oi t ilnegghdehee peixeczeddleendt ri ¢ materi al

Except for PZT and BT, many prospect iFvoer ceaxnadm pd aet,
( N&Bsd )sTE(BNT), which was fiet6t3aldi sepehviriiggh®e2r®yA CHa diuv e \
| oweireezl ectr i(Z 2c @nFRECOmith af ed wi t H hBRT.b i ShidBrNyB Tatghse re m
beémensi vel y 3ignpfeost itdhaet edsamoiephreonpselratei 2e0s0 4, 3FPai t o et
pregdgakilMNased dbwydiovpailtni ghhaaOh d Ls,iabhO edysd gl 6 p Gh/aN i s
comparable to that of PZT ceramics.

Apart from piezoceramics, piezopblygtrenh ¢filit waenw adse
(PVDbFy Ka3walihe[ piezoel shoawscefplodwimeirhdt gati ng a muc
working |ife span t.hansmhamugdi:4-oguer NMi o fh @hitaalReZ T,

readiBiFPadue to a | ow [@F elwehdtcrhi d scREMS thganptl iec &biron he

l2Research topi E®Mopif @ znperloevdtnrgi ¢ materi al s

As menti oned above, FOM i s an i mportant criter
piezoel ectric tntaerea iiad ss e lHbowe vsetrr,ai ght f orward way

i mprove piezoed etcgatdhcecoicweetstanbn OBetween dielectric



Fi g5*hows a r asfgoer osfo meOM ommon piezoel act rEOM mat e
bet ween BT, PZT, KNN and PVDF are comparable to ea
PZT can be one or two orders of magmnfi tR&ZT llkarigieghd
than that ofguRdbRduticereeiwiemawsa FEM Thealsoulid behadmitt
i mpr aviengoi ezoel doesi acopropettd@&diMct with i mproving
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Fi gu5FeOMSF or di fferent pg3gzoelectric materials

In recemtasydars, fiound that t wqg calsa ssBhieogvintipatir mp ol ar i
correlated with the piezoelectric response: (1) p
pol arization by ionic displacement and (2. poHeri z
|l atterthahagireatly af e pibenl sudddeesp imovmadb@@temifoel ect ri
domauimder electric fields (daolmai e@s pahodnea mamft iwamég an d
However, controlling the polarization rotation is
statedomain evenctbheephnde of $Sthrafegresltematdonhmatl
rotation would be obtained by clarifying the relat

(b)

(a)

Polarization extension Polarization rotation
Fi gi6Tevo cl asses of polarization behiavifoer t haltected iad ematoe
Pol arization extension and (b) polarization
121Pol ari zation rot aMABompositobhed by the

I't has been amépettréed mat e ect r omewHlH &niPZal cemr apme



ar ot hMP B o mp o sTihtiiso np. h eresaltrfrenntbermetastable coexistence of tetragonal and
rhombohedraphaseghat can increase the ease of changing the polariz&8ynHowever, for the PEH
application highly-oriented thin filmsare widely used and the scenario is quite different from the bulk PZT.
It has beemeported thathe piezoelectric responsé the thin filmsis clearly suppressed by the substrate
clamping [40-42]. Fa example, t has been reported that even thowghkingledomainthin film, the
piezoelectricconstantis only about 1/3 of thator the bulk with the same compositiorin addition,
considering?ZT as a referenceMPBs that involve simple phase transition and do not change dramatically
with temperaturere extremely rarelhus thisstrategy may not fit the situation of other materials, which

requires to explore other innovative strategies.
1.22Pol ari zat ioomt rrooltlagtd obny ct he external field

Si ntchee MPB composition may not play a dominant r
such as the external field (e.g. electrical, me c h a
repdr tdbbani nmowdda@am dbeveanelbeydtirgiluk t o the energetica
domai neend ar ge macr ossc ocpaiucs edi sbtyo rtthieochs 8 moforf@mal f er e
domain mdBemdrit h[las al so been reporteodathatr avdleas ta
mat eirn atlkped Ingpm ect i on, t he dogrnagmtewaéel ect sipdff prrape b
not esheain itmdkaumeaeidn bwalaln rmeet icobna s ty dreespacbriteetd e-ven | e a
free mat eBT ad®am saung heel aescitnrdiucc efdi esltdr &ibn o albddut i D%, |
approachdiopftamrfdtfeerr r oel asti c materi al sera@ampostheainet os
t hagdsdmci ated wit hc afmermecshnmuwaHl 4 & anolt 0 % nJ

I n particul a4 hdulhe delse¢ ctai inc il fairdglede tbhiakh Maihwdh eads
whitcthe contri buti on ofa tetrigih ed @ meenomanwsad |t hmort @ oins irso
retimrgom itnhisttimatieerh e v onloatp g ETiheedadgegy f ocusi #hg nerart lbe hraown
of permittivity and phezbeleotkrdreatboarstduonmdddtlend s
2000s,i Baenpdo ritted t hat id® maé mafwlaedtl ghmo t bnyo hthhiABK nke s s |
recentwiytdartshe dsséct aobseasnftamissasobyeliactron micr
anxtr ay di XfRrpa,at ihbams been found that pebeaeatrtei eggale aandy
affected by domat Wfewanitlh rmdtei amiekenipdsEspAlno welrt etrheasnt i Ir
phenomenon in the film cl ampiedil-tbe Dutede tssturbesstsr aftreo ni
substhaete@domain sttroabénistiatden t adlugdnt riibke cfaibdiled ed |
Thiaditclhhatesi tt despgnrsabustirquwiet uroeeabitynthiun i i zimng t he
constraisuppwbiedhbg aftabcetecart he cwoine weplidthieartesdflor e, deal i |
the constraint from the substmptevewothd pierabnleé mmpbd

ferroelectric fil m.
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Stress from substrates

FigufSechematics of domain wall moti onhhf aof5flf emsoel ectric

| n pbryi euft i Isitziiemsdspu ¢ vk by t he sulbbsealttelsough thlke pos
perspectives and eaxtiiewvei ct hmpisesezoohesl @bcetdiimcat es from
reorientat i odr iovfa mpxolyert neacla tf icamd i fed rdrhdienl ercst r i ¢

130bj ecatnidveor gani zation of the dissertation

1.3.10bj ective of this study

As mentioned above, electrical and electromechanical propeftiles ferroelectrithin films for PEH
can be improved from the perspectivehofv to deal withthe internalstressinducedin the films. For one
thing, it is possible teeliminate thisintemal stres¢o avoid the disadvantage of the substrate clamaimy
thusachieve the piezoelectric propertismmparable tdhe bulks. For another thing, it is also possible to
utilize this internal stres® control the polarization rotatiomyhich can extbit the similar behavior athe
phase transition neaPB for the ferroelectric bulksln this dissertation, methods and analyses on the
improvement of piezoelectric response and output performance for the-bigdriyed ferroelectric thin films
originak from these two perspectives, and two objectivesstablisheds follows.

(1) Fabricating and evaluating aligned PZT nanorods to improveulut performance, from the
perspective ofeducing the lateral stre@Shapter 2 Chapter 4. The finiteelement method (FEM) ante
experiments conductdxy pulsed laser deposition (PLD) will be use@évaluate the FOM of a nanorod array
and compare it with that of a dense filin. addition, fabricating PZT nanorod arrayg RFmagnetron
sputtering will be attemptefdr the purpose of commercializiige nanorodbased”EH devices

(2) Fabricating and evaluating PZT superlattice films to improve the piezoelectric resfronséhe
perspective of utilizing the lateral stsee€hapter 5 Chapter §. The dependence of theteral stressn the

polarization state and piezoelectric properties in the PZT films will be first clarified based losnthaas



GintzburgDevonshire(LGD) phenomenalgical theory Then theretically analyzedlependence will be
validated by the superlattice films fabricated by PLD.

1320r gani zation of the thesis

Fi gl8slkkowstheor gani zati on G@brthespoddsagrtattba. aboven
t woy poefs nanostructur e, nanorod arrays andl escutpreircl at
property and output performance and compared with
theoretical analysis is first conduct efdalroi ateidorct:
t he nanostorwecdt uroe viad ifdaltle t he oOfleaecolr ectdirmepatpd rpir eed cit

det ai | as foll ows.

Chapter 1 — General Introduction
Stress strategy= PZT nanostructure = Electrical / Electromechanical properties

Utilization of the lateral stress

Chapter 2
Theoretical analysis on the output performance
of piezoelectric nanorod arrays

Chapter 5
Theoretical analysis on piezoelectric response of
ferroelectric superlattice films

Chapter 3
Enhanced FOM from the decreased density of
PZT nanorod arrays

Chapter 6
Large piezoelectric response from polarization
rotation in artificial superlattice films

Chapter 4
Fabrication of PZT nanorods by RF-magnetron
sputtering

Chapter 7 — General conclusion

Fi gu8Cr gani zadi eseonf at hen

Chapt-@8hedr atalcyastihse oopud rpfudranfaine 20 enlaencotrroidc arr ays

Frm tppespective of reducingugibrigeclpamziord estré €s ni
would be an effective way to i+ofprl ane tdhire dauitigouct.h et
a theoretical mo d eslt uatfinceldle nanbpod wokrtgge sand powe
expressions from the piezoEEWMCcsiI moh efiue EOMBtOWama ¢
Mul ti pThhyesistsudy eifdelcudeod ((th)e as pamxite zrcaelieoc toefi co nceo nn
(2) effect ofnatnhoer odde masrirtayy oofn tthhee o wtnfB@) wvompagesa
with -mdbhede 3Bi I m anwWadeded fcialnmidrvtemei r output perfori

Chapt-E&mnhanced FOM from the decreased density of PZ
The theoretical study has predicted tdwee etndhatnfce C

i ncr ésaasnedd t he decreased dmmnda tifti ldmempvaorrd ch wiotth nag 3I &



density achieved in tthe inmmroawe FROM afyor stthhee gREH sa@
seldom straightforward way to achieve a high FOM
between dielectridid&mdwepieezodlhecterfifecpr wmgert he dec
val i dated by dlimecchi sax preampdrecnd sarray made of t et
piezoelectric property sbpwRiLIDar Ftoa da hde mpgua ipdolsiemgo fi k
significance of the decreased dendi sguodi otnheonna(n:
crystallinity and domain structure, (2) dielectric
(3Eand FOM i dncarmduwctsadidy.

Chapt-€ab4ication of PRPEdag meaeatnroaro dsp btyt RrFi ng

For the purpose of clhasmed cPBEHIi dengcésde RAMonado
grow in amseaeeahdpmhos the RfFmbgnhnetatoomnsalsémgi nhg
consi dBirfat é meant drnom time PILDQhrii¢e is difficulseto us
the growth rate Wiyl It hlere | :1d weraelt y.omlertbdftctaidse apheasp tneorl, €
to grow PZT nealneovraotdiesrs gvittihecapid t he opti mal fabricat
Effect andmethermdéhmandent of ,t hseucprmoas eRiem etnéeo ggeyt s ,
tarfngehstrate di stanaréeiiamdesbpoeheéendionysamé| grhewt h r @
PZT sampthes effect of temper atthpeae t a dae pere @ :asvgenset i vghai
on hcer ystahdi posgi bility of forming naparodsle pnepa
algdooys an important role in forming the nanorod st

pressure sputtering.

Chapt-@8dhebraniatgki s on piezoelecstsupertadgdmesonee of fe
Previous Béetudtalkes dphaasvsei bi | i t yo eolfe citnrpirco vri ensgp o rhsee phi

| ateral stress. WHalwiedaetre thi s sphagdif biciuil hywiobhat Bé n;

1 0 0 imwhich a multidomain structure will forahue to the local deformation determined by the méhim

elastic energyOne of thestrategies to achieve a singlemain filmis using the superlattice structure with a

thin layer thicknessin this chapterthe LGD phenomenological theory is used to clatifg stabilized

polarization state a singlelayer film and a superlattice film, with the assumption of sirdgenain structure

in the films. Calculation on (1) the phase diagram of the misfit strain and external electric field, (2) the

stabilized polarizatiostate, (3) the dielectric constdand (4) the piezoelectric constast andes; in this

study, and the piezoelectric property of the superlattice film is evaluated by comparing to trei€iitéd

bulks with the same clamping stress.
Chapt-éar@ge piezoelectric response from polarizatio

The theoretical analysis has predicted the enhan

strain to induce the pdoolmaariinz aftiilom. rTohetpoadiint ian
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fabricating the swlpaep(tiladmiitcaaxtfiafilimsg .all mutpkeird atti ce
PhzZ(g Tas )e®a nR/Z(5 Ted J)aOWer e f abbyr iRlalwleidch i s i n accordance
modehe abricated Ifayenws tohdtdhk ht2hseammmd e3 characteri zed
crystallinity and periodicity of the structure, (2

(3) the piezoelectric property with comparison of

Chapt-&ener al confaltpriecpeandve

A gener al cloln ctlhuesasotdudhitoetsh @ diss ga rvteant ii oin tihoins, c hap
the effectiveness of t he @tperadseegmpteesd ebnipeh omigedz d enl & cht
constant and FOM achi everdeeianr cthh ipsr osgthuedsyp uabnopnega Lti hyee

based on t hiesypmmasieimz ¢ thit.ss dyhapt er
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Chapter2-Theor atalcyastihse oomd rpfudr onfanc e
pi ezoenlaencarraod arrays

21l ntroducti on

Frm tbespective of reducing the clamping stress i
[5255/woul d be an effective way to i mppbaemrettereatpa
this chapter, a theoretical mo d e | of a,nadryorded uarn m
their expressions from the piezoelecitnid¢chequsafitwm
COMSOL Mul.t iTphhey ssitcusdy i ncludes (1) effect of the a
conskant2) effdegt odf tthiere ndaemmsiod array on the outpl
compari sonmovd e hf itlhra BrBada g dce fcialnmidrevielmei r out put pe

22Theoreode hl m

221Di résetf a cl amped film

To evaluate the oun@uod pampay . nddiece Wdtlhma champed
subswilalt ebe nfereeigpuwdetnhtiFsp rs ttuhdey .t heor et i cal mo d e | of a
t he | at edxaorp |sHltrieahdy: aitnseld t hus t he nandefoar matl il ore xdisd bd
material, for which the theoretical model ,tcheen be ¢
deformafibmabfia fully clamped by the substrate i :c
affects dthrei pipprzopdrety, especially in the direct m

Fi g¥sehows two commopi 8t peubnsHoetrhea tte ead fed is( s R e 3n
corresponds to the crystall agmpapghlioe Itfehrwetrmee ciosh uni okteh ip
l'imit the deformation and thus the(matreri &f-&&rendse
di rewthiiore) expands al on@h eved ktrit3dlé o e g ha b h Bhhiegunrees s
21(a)F a pi @A hdallienct motnsiolcte asi et o e mapEieconnit ke a
substrate and t hu3ditrhedo ¢d enfme s mateiadskiogwni( & jnd hese t wo
Sstr escsanatpgetreo k y mdescri bed as

. . mh, T forabulk (2-1)
6 o mh, 1 forafully clampedfim, (2-2)

w h e uaadl standfor the strain and the stressspectively
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Fi g2¥Deef or maapi ez oeuinedt rviid h di ffa@)r ansvetsesdefbamasi on

(bl)ransverse defor macdli ampiéeldm not al |l owed f
Equa@Bgnvweérse gener al piierz o ltegngdrc feqrumt i on
|
o :C] IF 2-3)

r Tk

where the upper equation is used for descrililmg converse piezoelectric effect and the lowerisifar the
direct piezoelectric effecD andE arevectois which representhe dielectric displacement and the electric
field, respectivelyu and( stands fotthe strain andhe stressrespectively, in the form of the secendier
tensorin Voigt notation.J is alsoa seconebrdertensor representinghe dielectricconstant under constant
stressd is the piezoelectric coefficieim the form ofa thirdorder tensoandd: is the transpose af. F is
the elastic compliance constant under constant electricdigitknown aa fourthorder tensatn this study,
the differences caused by the boundary conditions (denoted by the sup&rsciipif measurings andU
are neglectedVith respect to the clamped filsthown inF i g 2+2(b& the following equations are obtained
from Eq.(2-3).

é i i ” i ” ’Q IO (2‘4)
6 i i , i, Qo (2-5)
c ¢, @, -0 (2-6)

w h eaneassumes that the physical propertids and2-direction are isotropicThepi ez oel ectri ¢

or

S

ds£Lan be figured out with the m&&aniwetdlle ‘@preodart y

cond,gtiivdsr@Them!| ving t he ¢2i4nmauni@6)aonreeo uosb tEagisn. s

(2-7)
(o)

a

c

C

C

To discuss the cl|daaegletdweftilum kh emantheprainvealn,t ttpi ezoel e«

Qpredefiromdi nitthieodpgudsk fr equenthley dieede!| B dltjiisc
given by

Q. — (2-8)
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Substit@8wnghEghe sol @7)iQnp igi wxmpries skeq. as
Q; Q Q —m (2-9)

Fromhe above edixpuirsdsyjombt onl y bdteite rpmi enzale |beuctt ri ¢
albypy the dielewhiichemsodgaoimertehnet pi ezoelectric con
mode. It is difficuldt to concl u@e; ifsruopnp r tekgise He o mp |
clamping effect whed®s compared with the bulk

2220ut put per ft dneanmaorced odr r ay

A moder amdaroadacyo n m ewitan ext er nRandeisi stcdgoiuv al emnrte
showhi gaxFeor t he moRieg22(seh),wnasion dad x pri dFsaEd ial)y
wheRnes t he maxi meny dfllo@rgeency of ttthe itvsi roerpaptiiifoend nal nyd
al otnhge axi alt hddamn e ¢ D idkshne obbkexri ea | direcdiorainhd ottt s netde
operati onnaodero dkfrnavie@edsosilea ot ntahneo r sids utnrietat ed as a
wi t hheei glhd ntdhfiei dtthThef tcotndla et weheen nan arnad tairer asyjubstr
occupi echamypabaish igapdewi ddlaendd t he r at ipoatraf tthieg trod rad
denomiexgh The bototfon hsewsirnfaanicoeoxtdedds p(1 a cad mweargts oi)staompd t he
surfac@wietthout.Conampliemgng the | ow working frequenc
| oss i s negheecpieedzl caey @entt thiressccsp ar al | el wlidtheddh®epacet ol
ofXe. Then the mechanical and electrical boundary co
piezoelectric@8quation from Eq.

o Q, -0 219
h e rlise= F/(Axwr) accordingo the above definitionsThe current in the circuitr, and the voltage applied

on the resistanc&®p, are expressed as showrFin g 2+2(bg

(a) (b) d(AxgeD)
X
b S
Top electrode —~ | —
(free)
+ 4+ + + + +
Nanorods
,, R
Airgaps ——=| [ ||| | @ —=-——--—-- _
Bottom electrode —— —
(fixed) A
b

Figa2(eeSf hemaomnmfti gurnmeotdiednaoofdr ad atredh neecsoim®Re ¢( by alEgmutofci rcui t

the model .

The opercircuit voltageVopencan bededuced from E¢(2-10) atDs = 0. Substiuting Uz andEs with F
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andVopen ONe obtains
) 0Q ——OEkIo (211
Simi thel-ghooun kkea Es=0wi t h t he shyibstextprteodnedfas
0 b — 1Q OATT® (21»

With respect to the amnextodr malr arye £ioidniee ¢ modt ovu a thie
zefMdhhe rel ati onshidp fdanrnEpn@-1 deidtucepe dity ttes t h e

— Q — - — (213
Subst DywanEwg t he above e@fpBbeescsa noenss , Eq.
o Q- —F 213

whereVris knownaRlraccor ding to the Ohmbés Cyaolithe nrioredsse qui v al

expressed as

0 _ — 1%
thenEq. (2-14) becomes

o Q- —— (1%

which is a partiatlifferential equationHere the initial current is assumed to be zete& Thenthesolution
for Eq.(2-16) is

0 —— —O&lo AlT® AgD — 21y

Assuming that the PEH devi céd hoep erxgtoensenndt® rttear ns el f 2 &€ c
th elq(2-1 Ybec o mes

0 2L HETe . (1B
¥
%P
wher e
OAl — (219

Theffecurikental so known as the rogt imean square (RM

0 — 000 — 22 p

antdhus the Bouitsput power
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0 "0'Y Y @ (22}

The maPiyomemot eRd,i wi tolbbwhad mealnd R=Xc gyt wwiheiinc hk nown as t
opti mal Rm®msi stance
The aebgouvaet i ons for the output performance can al

33 modewr=Wha®d Q ..Here one gives the ratioVatn the n

ankRhas ol | ows, which wil Inéxt faagdthiean.di scussed in th
o — (22 7
h R
—-— e (2-2 B
h f

whefNdanfddoi n t he s ubtshcer icmansaed eonfo t etalr @ ay acdeadropfe da f i | m,

respectivel y.
223Theoretical model s-ebpamkenteddevhadt he finite

The output performance based on the abovementioned equations is only applied to some simple and
ideal piezoelectric modelsorthe more complicated modelsuch as a partially clamped film or a-8bde
(cantileverbased) film,the finiteelement method (FEMjonducted by theimulation softwareCcOMSOL
Multiphysicsis usedto evaluate the output performancerigure 2-3 shows the simulation procedures in
COMSOL, taking the 3iImode PEH device as an exampltée output performance of the-g&iode PEH

device is also used to compare with that of the nanorod array from the figespkthe practical applications.

(a) (b) / Fixed constraint

Vibration

In connection -
with a resistance

(d)

Fi g23Sei mul abicend COMS (iLavyo d e | buiSlkeditawnd d&rby conditions. (c) |
Compudanagresult display

In this study,Pb(Zr.35Ti0.65)O3 is selected as th@ezoelectridayerfor comparison with experimental

results. The dielectric and piezoelectric constants be®ed onthe average othose properties of
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Pb(Z1.3Tio.7)Os and Pb(Zs.4Ti0.6)Os, which are obtainedrom the study ofHaunet al [56]. The elastic
compliance constantsf a PZT ceramiin the material library o€EOMSOLare usedSteel is selected as the

material of he substrate and seismic mémsthe built modelsThededailedvalues ardistedin Table2-1.

Table2-1 Properties ofmaterialsused in simulation51]

Property Not atiVal ue
Piezoelectric dss 133
(pC/ N) dz 1 -45. 8
i . . S11 16. 4
Piezoelecgtric Elastic compl
i _ _ S12 5. 74
ma d eP bo(f Z¥ri . ks © ( T'oP d)
S13 7. 22
Relative permU 155
De n g Ac ) J 7. 75
You@gmodul e ( Ysub 200
Substrates an ) )
Poi ssadn o 3 0.3
made of steel )
De n g At W) Jsub 10

23Resul ts and discussi on

23.1Ef f et haesopfect rati o

The aspect ratio determines the clamping state o
rati o wild.l l ead to a | arge proporRiigptsehisavt REMc | a my
modela @fuboi d pi ezoedefcdrrmetpieondtéedea oadls ptEice batnhnodary
conditioniiFs gix{ledst mabhedothedtdalb VvV @ ctelnee ntototfom sur f
fixed tdo tiZzegpua faame i s fTheeaspectl amphibmghdeh@s. e . t he
thickness of the film or dgmhe nhdebtodgnhity ovfa rtiheesb.ma ntair o d
Asinusoi dal vi tbrreas s oaaInpMiR ahu e shéeqfi b @ c y aopfp | 1i0e0d Hazl oinsg
ouafpl ane dwhrieccht i comn dr -radrdecantaendts vl chee ahabnor e frequen
onwi-fliexuend t i s ovneradldi MHzo.n t & edtollealt deefad r nsattri eosns,, te X
" », and represent eids hboywhti hge4(cdn)l oakamadpcg hbui=0i. © So f
exemplified ffdrihiteemnédeel af cawmd.be conclmage avbf noamttshe
t hatl ow | atienrdallcient t dhes uin/g, t i widti It ad i Inagr gdéhe rod will
exhibit | argenspaepvoehaentthe fil m.

Wi ttth e morFd egl4,ienef fhlbeah ©Ohe apparent piezoelectric
clarified by calrcalphaéagsagilt hiegbiplehne do rbdyi vicdditdeage r at i
as descr @BpWhehtbi Eqsmal |l er than ,Ohé&Odoloradarigeral ha

which can be assumed as a fully clampéd<fLDm or
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W pj0 pimeases ghbbewcaolmeys dsarge, indicating a part.
Si nigaentdar e set to be constant and the @Bffsemtgodfect e
t hcehandgdoepdn realitage it® the chanwgerdingpparteheée equ:
i Fi gk e Therefore, dstanmnsbéendncaeéasedhby 33% i f one
instead of a dense fnhexperaiemem8@8®&nmade as@vaBsor at i
obt abyh eBlar z ¢5gfa r whbds ealveidmi | ar ebkyhtahReZ €@ me ewiatolf cvwsar i ous
aspect Adt hosgh the materi al properties and size
expertmensimilar dependence supports our scenari o.
(@)
Amplitude of stress
o5=1 MPa

Vibration frequency
/=100 Hz

Free top surface

Constant height
h=1 um

Lo _ Fixed bottom surface
(b) () Lateral stress
hib=0.05 Joi + a7 (Pa)
0 0.9
e :
Fi g24Eef f ect of t he edopamttiinoht deoddion@g & rea die | in FEM atied the

bowdary odqmidhe irengulat f/bd0m OWbILh B cr)esul t Wb=br a r od wi th

film j:

Vopen,NR-" vopen,f
33% enhanced

-—
o
o
l
L OE
-
Il

090 L 1 1 L I 1 1 L
) 10 10° 10
Aspect ratio h/b

2

Fi g5kEf fect of the aspecuitabubdbpoh wWbobétapgen
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For fubkeé pnfpiednt he c ogndvieBng(d2h Q r can be figu@6d out w
Using t hespawasbaibelQe;riss est BhabedCl d adig 2t31Be pirGa tNi) o o
Qyis Wh%ch basicaléyhamge emesnFtvigméewm ef diirst chiesrs ihen
converse clamped Q@ exzaorellkaetfigp odbsyd @trhtet of o711l owi ng
55F.

Q: Q Q — (22 3

't is founds:sisbhakat per didabguttt hset iclolh nsemepkelceknp a rhiasno n
of tdhhevenst ants can be fur tPZEr welt @Zzidi Tédr@&mito hvast
Fig26 e The piezoelectric [68BndthehbstmEelec @dift s mieadn ti f
S99 Are assuwcmed ttam ttbheeen d7 alH asleassb2lgeh vlent hem composi ti ons
in the tetlrtagiomnadhpwmmasteh @i )sthadptnefaor thke( ZHE c omp
di rdesgts smal |l erdsdpluand e h ehteb achoysyhehressee f or e, empl oying

structure to enhance the piezoelectric response is

500 T T T T

2 o— ¢, in literature

2 400 = Converse dy; ¢

:g »— Direct dy;

©

-— !

2 300 R,

o \

(&)

Q

g 200 _

2 ~

@ 100 e

& s

O 1 |

L L
05 06 07 08 09 1
Mole fraction PbTiO, in PZT

Fi g26ceompar it bhendpzt hdeo n vt sasnedh e  deizfre@PZtT wi t hZd/i Tif er @&tnito s .

232Ef fefctdehresi t panbawiay

I n abtheeveec ttiheenhanced prieeszpdoenlseedtereinc c | ar h/bfwii e ch oluyt en
changhegappllin@mdnes tcrases, the force applitdoe a@amppdikRH!
streschawigd h the tdheonosriotdy, saagpfe @aiyftiheealdont actt haea ea b
pi ezoel eacntdr itch el Tatyechref f ac ¢ . of t har demes oawt pdt tper fnarr
istuavi ¢th t he médeki{@omoun char ysocfontdhiet isounr f aces of e
are the siafmeg2s@aAu.vyedr ati on forodi recapphjedi ahohblce
oFn=2%Nana frequency of 50 Hz whichihesatpebfsbomtt be
10s empl oyed t,0 aandi midimes i 0an @bf @ ade dneavniocrep di0sl | i mi t e
em fsohror t eni ng t h eA cccoompduiteagt pieooni thihientea | rRZTu | ntasn of rooudnsd
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fabricat@@ fliyt HLsD easy to achieve a namar dthhugi t h a
uncl adpdd5 piG&G/ Naehsei muhaned ods

Thmaxi mumvolt p@pead ciud at ed-cwirtciit heoopéeni on and th
power i swietvlal ubeée e d diren eocpttiiomd&dgfooe sithtearnada ter condit
curirdepended on time is chigad @l)te di b ys HFEWN atsh asth otwm«
i s i n accoer deaxnpcredravgmii td@d Jahh(@-18 The anlpils tsudpeprodssed &
beginning due to the exponenic otngpram,e dand ttthee weawe o
F.

(a) (b)

(1) Open-circuit

R

3
Current /_ (a.u.)

S

x107 m

z 0 i i
*~].-* Free top surface and fixed bottom surface 0 20 40 60 80 100
Vibration: F'= 25 X sin(2m X 50 X ) (uN) Time ¢(ms)

Fig#(eaModel of t hea sreadsntfuodtgh eagerfafyebe density on t(bhe aethputatpe
cur treepended onwitfimet bgt&BMnecti on

Fi g28sehowg hteloeoeptaincradui t voltage and output power
of the natheorhee ddansiatyy ofi st hdee mgatndmdeodbdy matrinca yanfa ntor o d
patra t hdee vtiFooteadl, t he piezoelectric | aPegr=9%. Fspa@/mkéd
is empl oyedFi g28 kat) lspempd 9 eéViypdber mdt\e,d sbywsed as the ord
bl ack dots represent the result of the FEM simul at
cal ed| a{2-1fwi.t huenc| addpea ;,respedttc i shyt t\Hi sesasase
xwxpdecreasedsaonti nooasr shfingm the film to the nanort

indicating thdsdeehdrmcanrentc hoafn g&ko nopfartimegg avs g éhc tt hreat

between the red Iine @ndf@&dhepadti uravhi cnrat caiugledhl dya
i mportainncirmdhapamrealitiangea.dtiet FEMf oesuh é nagroeesd ar
well with the r@$§hiwitt ho atthceadongk ¢ ¢ &3( bby) BdFoBAM stihneu |l at i ot

of the mpawémudtepsntwrdHearr t he pioswede fdiemesd tygs t he o
divided by the vol unilehaoefp etnhdee kylriees m oateot danocbkaweth
openrcuit FVvaglgds(ag)ee iTnhi s dad pbeen dcel nadr ek fjcé2edPa n @-2 B

which i s d@lho fé lgauwse skbnootwhn vtohlatitage and ppavweromarle tion
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densixitgryl, oand the discontinuellsi shhaggeofdubetpotwhke
ofroportiionality

(a) (b)
100 ‘ ‘ 300
S . F_EM simulation FEM simulation
Eq. (2-10), —~ 250 | 1
E 80 , >
VE with unclamped dy; g
i — Eq. (2-10), = 200
E 60 - with direct dy; ¢ . ,_E -
<] *§ 150 .
S 40+t o .
E = 100 .
(&)
é 20 Ig 2 u [ ]
2 Vopen,NR=d33 ()] o 50-Pm-NR= d33 (xNR)_l -
© Vopen f d;g? NK Prm g dgglg
0 1 1 | O | 1 1
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
XNR XNR
Figa8Deependence of the @Paweosutomutt heolatr®gae rand o( ) t he
Therefore, the nanorod structure is proved to be
PEH device becauset hds tFh@M)e nehmach cetdr ess of dsitse pi ez
knotwn be al wayks Hihgetheki ndphamode wi |l | be more effici
stress is complddmadé eusodtihmtaodanmnthiel ever structure
There are, however, sever al Il i mit &broresx aimpt et he
enhancement of stress has a | imitation because of
in the environment the vibration cannot be appliec
inevit ahleer atthaeotscli | | ati ons of a |l ow frequency are
stresses in the nanorods, which become | arger with

nanogenerators have t o shter edsesseisg nceadn sboe tehnaotu gthh eb eil noc

should also be noted that the output vol tage and
mec hawdi edlecpiréezoalnect ri ¢ damping, though atth-eoyf far e
resonance Ffore exampiles. t he effect of dielectric | os

the | ow workhongdfedgheh®EH) defvi ces.
233Comparaofsodeviec 8388 8ito dtels

From the per snpgecnta nvoer oodfs atpop lpyriact i c al PEtHhed evi c e
nanor owi talr rtalye canti |l ever suttriugidzuérden wthh icdhe hatsd e teunr
(1naaorod a@Br3mocadye2ifn atm@mo dehed81fd & mh3elnoaa rsee | eacntde d
compamedcval uate the output Aer &b owagn2dee pif e 2 hel encatnr
|l ayers in the three modéhs wasm@sp)y Itiok e Theeamba auv d lonme
source is expressed as
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