A TRANSDUCER Cr oss- Reference To Rel ated Application 5[0001] This
application clains the benefit of priority of Singapore patent
application No. 201006909-4, filed 22 Septenber 2010, the content of
it being hereby incorporated by reference inits entirety for al

pur poses. Technical Field 10 [0002] Various enbodinents relate to a
transducer. Background 15[0003] Due to the ability of integration
with conpl enentary netal -oxi de-se ﬁﬁ@ﬂﬁﬁ%&@R(CNCS) circuitry, wde
bandw dt h and hi ghly conpact SIZ machi ned capacitive
transducers have been wi dely developed as condenser m crophones,
accel erometers, pressure sensors and uItrasound devi ces, etc.
However, the perfornance 3! Retarence bo-Related Appd ez*'ers may be
limted by the intrinsic phyS|caI Iams 20 [ 0004] Capacitive
transducers with parallel-plate structure nost often suffer design

t r adeoff s [80h Ths mdidatiodt ¢aiasdthrdehefrti mfalbﬁca‘ensiftsmgapyre( eatglt dpplication

oot oot Do B0 eafton Bl 3 RBRTILYE S holet e e HRine IRRFY Rqrpprasee

resul t fr emrkfeencoilitsradrcht for ol phipesee] ectrostatic force. Furthernore,
the intrinsic properties of the electrostatic force nmay generate
"stiffness softening" effect and 25 results in a collapsed structure
when the restoring stiffness forcq.fRiits Fiqmai ntain or counter the
increasing electrostatic force. The occurrence of coll apse for
paral |18l -pl ate capacitive transducers limts their perfornance.
o o Cltod s ARSI ARG Olla PRLRRRg P, [ ransducer s bandwi dtf
and their chani'cal “sensitivity, 1 norder to expand their bandw dth,
the transducers need to be | ess conpliant, 30which results in the
mechani cal sensitivity dropdown. NEreover, the conpliance of the
transducers may al so affect the va UBBstoring force to bal ance
the electrostatic force applied. In the case of capacitive
transducers with parallel plate structure, the electrostatic force
"sof t dhs" [0HB] Srue G therabilisy of méﬁﬁgfdl@@éﬁ‘lﬁl Wl%@éemﬁéalt%dﬁsﬂmeﬁnducmr

structuregc o Qﬁ
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col | apse @ﬁpatchefecapmdud:elyehaveafnse:lucxeﬁslyl sietrehqnddem clrmdieiwrt Inécroplases,

accelerometers, pressure sensors and ultrasound devices, etc. However, the performance

of these capacitive transducers may be limited by the intrinsic physical laws.

20 [0004] Capacitive transducers with parallel-plate structure most often suffer design trade-
offs such as bandwidth and mechanical sensitivity (e.g. for sensors), thermal noise and
passive damping (e.g. for sensors), output power and collapse voltage (e.g. for actuators),
etc., which result from the nonlinearity of the electrostatic force. Furthermore, the
intrinsic properties of the electrostatic force may generate “stiffness softening” effect and

25  results in a collapsed structure when the restoring stiffness force fails to maintain or
counter the increasing electrostatic force. The occurrence of collapse for parallel-plate
capacitive transducers limits their performance.

[0005] For the design trade-off between the transducers® bandwidth and their mechanical
sensitivity, in order to expand their bandwidth, the transducers need to be less compliant,

30 which results in the mechanical sensitivity dropdown. Moreover, the compliance of the

transducers may also affect the value of restoring force to balance the electrostatic force



5 voltage and the gap size between their el ectrodes. The higher the
bi as voltage, the transducers may have hi gher electrical sensitivity
but becone nore likely to collapse. The situation may be worse when
designing capacitive actuators. Capacitive actuators generally have a
narrower gap size for higher electrostatic energy density, which,
however is |limted by the ability to avoid a collapse. 10[ 0006]

Anot her spegi fi ion of the.capacitive tran cers.is th chani cal
noi e 11 olefufidhd e 8 eapPEg LR b PR TR RS Rty Theeiantd
danpi ng caetd fseftet’ theliRcmddi temsdudersdadpifig thel thasdRvestricheesnNicsapse
fl oor becones. wever, |lightly danped transducers nay displ ay

det er i or at*@n FhlkOsigHs fUFHBsromen Girafes Sean Ge irpstarifig foksel thatethe Firegigres
transducegg’ a8 ipedVidel ThO QAT s&of the cifarftd lti%ﬁ'srdu@t{rf R¥thed i3 the Ml ¥
tol erance between each transducer cell 1s critical for the

per f or franteltagt andethargapysizeDbetween tiedr tlabrédeat Ton higheuds, biakerodtags, ehe

vari ationsg_]j he hani cal sensit.ivity .of, the mcro- hi ned
capact t 1 vaekuceE nlE 00 e SEARLY' i) bt e S TR B eptigse
t ol er anceThekitddien aeanBs Siotde Wlieaddesighing &PaGivel hupsRC CepRYIVEEShGors

trade-of fs haye pecone major limtations in inproving the_ 20 .
capaci t i vEEralNshRYEet J1ATREEF SrRCelor) Highggrlestnstatic ey Agpsay, which,

t r ansducensw &Pl AnifARAThd ARy d Hdi@a WhBlp8e tUning is linmited in a
single direction, or magnetic tuning which requires a conplex

t r ansdcel0086k duetherespedtioation ol 215 §20000}e Besdnating thomachaarsbudisefiogr, a
t ransducer | hQWVI T ’ 1 incl ude fir el ectrade,
" Second Es DRl b GRRRAREE pREN e EpIET gLl ThE Pl dfe
first el eddmpde thethvidnehsnaanfloe! teesmed @ldwaren tightpedinmped €apRdicts Mgy

el ectrodes. af capaci.tor, the second el ectrode conpri si a core |
por ti o afiePiay JeEBRE BB R ae A desaIB iy Guurers fisdesducers
rel ative gqjdphe second el ectrode such that the third el ectrode
overlaps with the peripheral portion of the second el ectrode, and a
pi ezoél ectPY BErentasdeses srgpdhe sersitsstly tolesange beiwieen ghchpansdeeer gell ihe
second el i t 10, €4.a,.f i

For ce. pr ov ad by et R AR Dbr e By TG AR e SERLEMOA
by varyi nip the picehanidaé stnsitivity off tlegeicapplackided edpaciene trassdaeagnahich often

el ectrode_and t hi el ectrode. 5[0010] According . to an
enbodi rrenfh,owéﬁg@n@%“f‘%‘“b%b‘?&ﬂ%wemg‘l FIHALGRERPIRES i ncl ude a
first el egbogdthe fe&ARRMEsBheEHE OHS hiVSRRSRE YN 1ith8idnk IS ImflbeRbrRde
such t hat R't hse.].fi r%t el ect r%de and the second ng‘%rfect_r ode for rﬁlﬁ :
r espedt i veapeaet itanyhicelse grerfodeancef lm asddigimei tconventineal stemsducas evtplade
conprisin e r.til -2 1:NeLI r.al on, . . .
pi ezoel ec‘%}i}3 ?%ﬁ‘gﬁr %ﬁ@%t&ﬂ I é;tﬁlglgl %cfgtl)lgﬁ {\’fc\ggﬂgtsﬁigle%gﬁ%{ﬁ%groéﬁﬁggr {5 t(l)lﬁmgqul%he
second el equiredeocapttx tldsduter duiurcwite. el ectrode, so as to tune a
tensional force provided by the piezoelectric elenment onto the second
el ectrode by varying a piezoelectric voltage applied between the
first electrode and the second el ecdy@f\@ry Bri ef Description of the
Dr awi ngs
25
[0009] According to an embodiment, a transducer is provided. The transducer may
include a furst electrode, a second electrode disposed over the first electrode such that the
first electrode and the second electrode form respective capacitive electrodes of a
capacitor, the second electrode comprising a core portion and a peripheral portion, a third
30 electrode disposed relative to the second electrode such that the third electrode overlaps

with the peripheral portion of the second electrode, and a piezoelectric element disposed



15 [0011] In the drawings, like reference characters generally refer
to the sane parts throughout the different views. The draw ngs are
not necessarily to scale, enphasis instead generally being placed
upon illustrating the principles of the invention. In the follow ng
description, various enbodinents of the invention are described with
reference 20to the follow ng drawi ngs, in which: [0012] FIG 1 A

shows a sc¢chemati,.c bl ock diagra f a transducer, .accordi to variqus
onbodi menavee ererBfcal hHER BT B etk R0 g B il ot 48 &2
t r ansducetyneacemdidtiad @répredide® b tRPOMERERAE Slenat HQ3 4e fbéad déeumhovs
a schematic bl ock diagramof a transducer, according to various )
enbodi nentVayigop mszokcetiic oyoliage aeplicd, hetwveen thie segendt ¢lrode eand othe hird
transduceg.@5kording to various enbodi nents. [0016] FIG 2B
shows a cross-sectional view of the transducer of the enbodi nent of
30 FI G 2018k Avimdmg tonart lembddineat, i 0 tratsducer| B0dyided. GThS Aasdlovs may

partial pe ctdve.view of a transducer, accordin varj ou
P bod menfiel e gt et RRRRUE P8 B Thn it letifidstch thae the
t r ansducefirst adembodé @dt the Vb sleetdaed forNtdspectil O GhBcifiVeCeledrsdeowst 2
cross-sectional view of ? transducer, according to various )
enbodi ment@acitgipdgpesandslectpdesmmisingagore pario) 2ahad nsripheral portion, and a

pi ezoel ectyfel&e1&4k i i : j
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FI G 60 shdwsiirat geastode,| Jouast to dtnang tembional dhwt ippersgtdob b dtevderockebieic element
bandw dt h chani cal sensitivity of a transducer. [0022].
Fre 7 snofB it Mo TREIEN 67 Vel L pikabtudt Bder BHAE B 1 s
response ekctevdeany értseamdlelecapdei tive m crophone, a conventi onal
capacitive mcrophone with a thinner plate and a m crophone with

pi ezoel ectric tuning of various enbodi nents.

Brief Description of the Drawings

15
[0011] In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments of the invention are described with reference
20 to the following drawings, in which:
[0012] FIG. 1A shows a schematic block diagram of a transducer, according to various
embodiments.
[0013] FIG. 1B shows a schematic block diagram of a transducer, according to various
embodiments.
25 [0014] FIG. 1C shows a schematic block diagram of a transducer, according to various
embodiments.
[0015] FIG. 2A shows a partial perspective view of a transducer, according to various
embodiments.
[0016] FIG. 2B shows a cross-sectional view of the transducer of the embodiment of

30 FIG. 2A, as viewed in the direction A.



[0023] FIG 8 shows a plot illustrating a frequency response of a
transducer with 15pi ezoel ectric tuning, according to various

enbodi nents. [0024] FIG 9 shows a schematic bl ock diagram of a

f eedback control schene for active danping tuning, according to

vari ous enbodi ments. [0025] FIG 10 shows a plot of noise performance
of different m crophone danping schenmes. 20[0026] FIG 11 shows a
plot illu ari s of t nsit tchin .be ween a
Convent | ontf L ERE P ROTMTH cAan Brred e TR ot § iatBG RogOrbime 10" Gibn
pi ezoel ectmbedibignisng of vari ous enbodi nents. [0027] FIG 12A shows
a radiati u istribution of a capacitive m cromachi ned

ul t rasoung&} BLﬁEQS} éﬁ q‘PFMPW“ﬁﬁtIB’i‘%z‘B%ﬂVe‘?ﬁ?ltﬁanﬁﬁﬁ%gaca‘ild‘élﬁor@t vegious
MHz, accokgbhb@indegis2> vari ous enbodi nents. [0028] FIG 12B shows a
plot illustrating an average pressure output at the surface of a
capaci fi véDMPbFEPgmémh@é@ ylargsasetiodalt vigns @lice trafisivesr) avgording to various
pi ezoel ect.Li G }ngmsng at a driving voltage of about 100 V, according
to various en% I nents. [0029] FIG 13 shows a plot illustrating a
conpari son[ﬂ(m)] FIES.afousd i58 shadi plbh Giewar 658 piezodlbct30 elchRns Uishaed @tr a
conventi onal aciti v m crorér? El ned ul trasound transducer (cIVUT)
and & CMUTCHRIER] BYSBEF ML EIEFIo%e GhR HETSRe oo P e BaR REbodiments.

Det ai | ed pRRey FRL.i @5hokd03Pbt Thﬁnétmgl QA SRER ﬁe@ﬂeéﬁetﬁe bhitji@h 4 8L S
to the acconpanying draw ngs that show, by way of illustration,

speci fif ¢ Heekanics] spneitisiinotid wemstecer.n which the invention 5 may be

practiced OO-EE Eﬁf eﬁgﬂ&bﬁﬁ 16t ﬁ’l{lﬁ{agiﬁgcr!: risplra_l S¥idd e lpethcg?%ipﬁnse of a

enabl e th int art rac e |nven ion
enbodi ne ntcmvnmtyodabcaphmtwsmmj:xaphdne;taraontrm:ahal chpgitoelmicapbored veith 4 thhaler

changes be .made t hout, departing from.the scope.of the
et T oDt SR by DB <o h B iuning £ (S ERPPERIeRti val |

excl usi ve[00as] BIDTES eibRei ATl SliGAALRE «C aehidAed rMbdoRscOBE aOfrakbalir Ok T
enbodi nents to form new 10enbodi nents. 100311 In the context of

vari obd eRisERflGeEH nings acgprdiiedo pariehs srbeflimeats- t hat enbodi ment s
d bed
escr | beddodaf ARy, QURGEX L, Bherfiife b@Jcktchfgr?rgégg%? % B AN EHOBOYS! dtive

valid for the : evi ce or devices e con
vari ous edd)mdngr’emrs_a;, a¢doeiipg1toa@soﬂsaﬁtmboelaﬁ¢nt$ubst ant| ally" may 15

ot ude " RIS A0 8% 3 RIDSAEEl: A0 SO gl
enbodi nenidembere A is exactly the same as B, or where A may be
wthi 90 a V%26]alpl%e. I?fshc?\:r/g a 1];1(()){ 111161?‘[3%{{1?1!(;2 cglfnpaarls\g?xlo%%e S%Lsu?wtyorglat\étlugge b\e/t\ewtagg
a conventional capacitive microphone and a microphone with piezoelectric tuning of
various embodiments.
f0027] FIG. 12A shows a radiation pressure distribution of a capacitive micromachined
ultrasound transducer (cMUT) with piezoelectric tuning at about 8 MHz, according to
25  various embodiments.
[0028] FIG. 12B shows a plot illustrating an average pressure output at the surface of a
capacitive micromachined ultrasound transducer (cMUT) with piezoelectric tuning at a
driving voltage of about 100 V, according to various embodiments.
[0029] FIG. 13 shows a plot illustrating a comparison of the acoustic radiation pressure at

30  the surface of a conventional capacitive micromachined ultrasound transducer (cMUT)

and a cMUT with piezoelectric tuning of various embodiments.



100331 In the context of various enbodinents, the term "about" or
"approxi mtely" as 20 applied to a value may enconpass the exact

val ue and a variance of 5% of the value. [0034] Various enbodi nents
provi de capacitive transducers or m cro-nachined capacitive
transducers, with piezoelectric tuning. Piezoelectric tuning nay be
carried out, for exanple, by tuning the piezoelectric voltage
applied. 100351 In various enbog| t,~the transducers may have a
capacitive parallel-plate 25 sﬂ#ﬁ%ﬂ@#@gggﬂb%% el ectrodes, which
provides structure sinplicity and thermal stability, with a

pi ezoel ect r| c el egfent stacked over the el ectrodes or between the

el ect r oded?038hdhpdellevigaetrtaed | daxirtionnsteants abq yecampanyng (sawings that
StTuct ur &gyl sfway%ﬁfmsh@hmmEm Hetlis PRI bm@cﬁﬁl'en@% hifth NGy @hion
the capacitive el ectrodes of e parallel-plate capacitor structure
may besf | exiydieeprasitedr Thesw ainbedimantd analesosbed meamiﬁ‘icam delallgn enable those

d el l.
meror ane. L AP AR o e b L el PR ENsh o Bt and

eI errent rratyucaﬁijau $dgitdlend 2panich] Mﬁng@rfbi)alﬁhemsdesﬁritﬁdﬂ aslsalﬁﬂfgifromvmé @doFJe
danmpi ng. The manner in, which the tensional force is applied may al I ow
control 010P e S PTIPNAEE VEURMSNGPUBMEIHG S Bof RGeSy SBRERHY gxqlgsive, as
mat chi ng, s&H® @&b@&xhﬁ‘:ﬁé caﬁ 8036hbined Viah &}é%r%mfe%mg? BinBodiRlcRRAE 166! hiw
tuning may provide an efficient way of inplenentating tuning, such as
stiffdésse milmgﬂﬁnd danpi ng tuning, through adjusting 5 the

t ensi onal (Lda&fm Bﬁt@ LR e%—lboﬁﬁﬁ'ebnﬁ ﬂ% ouﬁ’a %Zoeﬂré&ﬁt%c‘i fhat SRLOELERY
al so prov Fregdom anged] gni ng rf of g

m cr o- mac Idescﬁbled: aptei dontegt bf axfesdﬂmerdfvtchs mgfbeSdnafofgﬂeﬁﬁ vhlikhifsrotha ther
active da ng tunin [0037] In various enbodi nents, the stiffness
tuni ng an Vd? PHEVIEES i ve danping tuning may be static tuning and/or
dynami c t gp3nPIn tHe doARxEeNt&¥dus¥mbOAIthés BTBRELTBA ISast kit tank QLY efnay
"static tuning” may nean adjusting or tuning the DC vol tage applied

to thés pi srbeedexacily” eideevarpdesof WAl therehb Asemrexanipleamid not hmstm@hsn‘a‘y

mean onllne dj n r tuning,the AC volt Iledt
pi ezoel ec rltge gf & tagt ?1 < *8yRd %ca PyEmep gﬁpaséfg'ﬁﬁﬁigg ‘8}9%? ﬁ‘gls eéaCtly the

control | @d/k\ﬁeasT}ﬁlQﬁ‘QvHeLH% RghyaRivitHiA € Sarid¥e 6F ¥ 694, hﬂeﬁ&ﬁﬁl@'o&"h%lue of B, or
transducers the ‘advant ages of high power output efficiency, |rrproved
sensi tivi Vige ¥#@2-si gni ficantly low 15 noise floor. The piezoel ectric
tuning sCipag) HPheREARL! br GARAE bhbYEnlchan S0 NorP apes
such as but not m te% to conden‘s%r mt%hng g%#gﬁgsa% t?la%%g.}dé%atag’ o8
t r ansducesamplicditca galapmak ems),mpasscthé exemedles sndachriph@sE U 26 9€ eomRie.

[ 0038] In_varjous enbo nts roviding the piezoel ectric el enent
on the ci gk Yt %Sgﬁmasr yprBYlﬁPhéalé"F’é‘é’Fr daesdyrerg| gt Pige-machined

merbr ane, cApatiieE wrhibABcRY Withdhieelediid afinifg! THiSoeleati8 furlhg tl§ bg%ﬁm%@eét
such as for exanple over the entire surface area, there is m ninal

i nt er f er eff 6xaBpleHty tHpins theniczotleetne vatizgsraphbedand t herefore the
perf or manﬁ@l ?plnt 06 s BOSENAGEEn: MY HQﬁserTe r@qus{irr BRleY %%f Eé?cgtgx% araflel tlzﬂ% r

wor ds, osing the plezoelectric e |rcu erent
boundas y stfucture o‘éiven&leundéemarhtmhqm@wda straciges s&mpla;n@fanﬂ lie=rehlestabilighewith
menbr ane renai ns gexpgse ed with ma! I‘-‘n nt rfer nce on its noyenent.
a piezoelectric’ element stacked over e electrodes etween the electrodes, an
positioned at least substantially around the structure’s circumferential boundary or
peripheral portion. One of the capacitive electrodes of the parallel-plate capacitor
structure may be flexible and/or movable, and may be a membrane. When activated, the
30  piezoelectric element may stretch the capacitive membrane. By controlling the tensional

force, the piezoelectric element may adjust the capacitive membrane’s stiffness and

wh



[ 0039] Various enbodi nents of the transducers or capacitive
transducers incorporate an additional physical mechanismin the form
of piezoelectric tuning. Conpared to conventional transducers, the

pi ezoel ectric structure may show nore freedomin the directions of
actuation and i nproved power output efficiency. By conbining

30pi ezoel ectric layers or elements wth capacitive transducers, the

pi ezoel ectric transducers of varjous enbodi nents may be able to
over cone tHE%d damgRe: TanBerer & WHCk Br HrPaHaree i fanledeaplow ggirol of
t her ef or e thdRiRYE dhiklfe (daARSHUCHNS hn@&hﬁﬁ{ri@?aﬂlﬁ@ﬁingf%fﬂﬁ% diR&s.

enbodi nents, the

limtations of the design trade-offs. In various ( J
pi ezoel ectl¥038] & enpensserabasdipens adezgelestph dvaing ynayy piovidh eanbefifiaigar yapfol

t he capaci:t ] -1 t e t S :
top of (ot "peftefi AMES sl 17 lRE WRE b0GiTsfi ARiG, BBl Bl
of thespi elxoehsotal iforct rranbe seertsahmembagnac Pickadecatd vy oty also provide
el ectrostatic laws to gchi eve, sensi or actuatiqn functians. Th

pi ezoel ectH4c Heggap & @F%P@Erp&{?g ¢ H’é“”&"é‘?%@?eélc‘farpﬁﬁmf’% r‘ﬁaﬁijﬁcers
ability, fhebugxaifRbs thiing B&d d@nBushpisf hWinifpess tuning and active

danpi ng tunin in order to inprove or optimze the overall

tr ansducer{@o37|?)§1r Feigns rreebadiments dhe piéideese axiing andf o the 4e]iva/demping tuning
enbodi nmen Ve AL, QW - i 11 i i .

o1 ez0el ool O MhE ahBRA R chi T BEHE TRtk ENRRLS bhBients the
t he bandwitatinh'stéigy hming” owayg ensint adjudtingvar huairgoris Bad vbitagk appdiiedtto ohe
pressure oqutput. . Piezoel ectrjc,tuning may. be .inplenmented wth but not
P o ed t SRt RaE s ublehe v SupEiis HninBbugy fievs ohlits SHEHe e
ul t r asounehninighths QAT &b BadeClddiied to de[fibkbelkcMarelddtsdBrdaamany, sfof@Yample
provi de capacjtive transducers incorporating piezoelectric tuning
that may PBroUditRetntagtel lagswbhess tinprg abikfiegrHesy give Higrmapaaitiaivistyagys the

| ower noi g 1 | TR . N RYA chi 3
convent onay s SChH »oURIBLAH ARG AGNSbld YallRhaD A SHATRANEY 160
addi t i16n, neibe floapaldiet piesdactis tmngr Shwnt mg)i bawél eapacitive titmshgesf with

vari ous enboﬁi ra-|ow ther
araliel

ts ve . an .ul mal noise for.. 20
capact &1 BN FER T o R R Bt Sttt PR BosE Iasb il wRguses:
I n ot her widrdSpedkbs, &@plamnidiareaid mBsdiecen®rf vari ous enbodi ments,
w th piezoelectric tuning includipg active danping, may help to
decr ease f@é&(. PREPUSH FER HHRTS }ﬁab‘loi"ﬁ]&’gt HEetI?lazf?jaekfﬁE’@r slamenpdthithe n
a smal | diemsbQhtiall Bbua@iy ' dSthe FRAYEN b QAL o&ARRRIINLE rdh G NBM GEESa
have a | arge dinmension in"order to keep the thermal nolse | ow as
t her @ nbrgss shadenares 9€ihe membrasd sech 25fdexainplensicotls oftire herface area,
t ranSduce[h%{'eS N R RhiRral [igtglé}g’llenr;[ehfo E}{eaﬁl%g%gl{tsofo Ihevl%léh Hﬂ% € n Oﬁm‘err}:?or}'% Sthe
may be formed on a substrate, Tor exanplé a silicon substrate or
waf er or perfirmian@nednhé nenbdacar nePQlgt Saubdtearade diRvicdgla oklay eword, by
dielectri g : }h%OQM Variglus enbodi ment s of t%]e transducer provide
a sinpl e SEPUREME RIFFFIBY EEentaen Wi RTHHPEVEY frepfay iinle, cleigde
may be fabichbaingda UsigRdarEM? tHE QGRESHS SnembriROARdaihd e QB WillAtnikiRe1
invention may be readi|ly understood and put into practical effect,
parti éul a?ﬂt%fY?B@GF Rt OXEMENthow be descri bed by way of exanpl es and

AR L S b e T R el e

additional physical mechanism in the form of piezoelectric tuning. Compared to

conventional transducers, the piezoelectric structure may show more freedom in the
directions of actuation and improved power output efficiency. By combining
30  piezoelectric layers or elements with capacitive transducers, the piezoelectric transducers

of various embodiments may be able to overcome the design trade-offs of conventional



5 various enbodi ments. The transducer 100 includes a first el ectrode
102, a second el ectrode 104 di sposed over the first el ectrode 102
such that the first electrode 102 and the second el ectrode 104 form
respective capacitive electrodes of a capacitor, the second el ectrode
104 including a core portion (or core region) 106 and a peri pheral
portion (or peripheral region) 108 a third el ectrode 110 di sposed
relative to the sega g 9‘_ﬂgectrode 0 such that the third

el ect r ode PR UG &S ST ROT IRV ES ?F‘ pegrs’ Reriermncephevsnd theddinaiationg
el ectrode of @b @égﬂgnafrarae%@faehﬁcatﬂdu@ cfb6MRRhts 144 Hb2RReG e@&ﬁéﬁeﬂegﬁﬂied
peri pheral portion 108 of the second el ectrode 104 and the th

el ect r ode petipherally qysr thg boundars of tsapasdivefabyetrodes eified ddtvwpgn theeclectrode
pi ezoel ec l n el ectrode 104 by varying a
pi ezoel ec %?%(go %ﬁag(é; ggggbé?&%ﬁﬁf %esecond el ectrode 104 and

t he t hsrd[0(4D] &laschs @ﬁiﬁ)dﬁﬂﬁl’ts dhehetpivzbelectie tlanaitieerd h: @paditve drfdeemploy

pi ezoel ectric ele nt 112 .may have a shape qr eo rlcal
confi gur aF[eSIﬁOSH’i’ét g t%uagrfl ‘?gfenélﬂﬁﬂf e 3“@8 etﬂﬁe&PEIB‘fm? hger or
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[0044] Various embodiments of the transducer provide a simple structure at a low cost

30 with improved performance, and may be fabricated using MEMS processing.



15di fferent planes. [0054] In various enbodi nents, the second

el ectrode 104 may include or may be a vibrating nenbrane (al so known
as capacitive nenbrane) 126, which is novable or stretchable. In
vari ous enbodi ments, the piezoelectric elenment 112 may be di sposed
bet ween the peripheral portion 108 of the second el ectrode 104 and
the third 20 electrode 110 so as to mnimze interference to
novement { second el ectrode 104. [Q055]. In FIG, 1B, the |ine
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enbodi menp&iphchepfiies 06t eChé kosd eleBRIde1d2. may incl ude a materi al
selected froma group consisting of Aluminum N tride (Al Lead
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material selected froma group consisting of silicon
25  second electrode 104 may be disposed over the first electrode 102 such that at least a
portion of the first electrode 102 and at least a portion of the second electrode 104 may be
separated by an air gap or vacuum.
[0049] In FIG. 1A, the line represented as 114 illustrates the relationship between the
different components, which may include electrical coupling and/or mechanical coupling.
30 [0050] FIG. 1B shows a schematic block diagram of a transducer 120, according to

various embodiments. The transducer 120 includes a first electrode 102, a second



carbide (SiC) and silicon oxide (SiQ2). [0064] In the context of
various enbodi ments, the respective dinension of the first el ectrode
102, the second electrode 104, the third el ectrode 110, the first

i solator 122, the second isolator 124 and the piezoelectric el ement
112 may depend on the type of 25transducers and the applications.
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different components, which may include electrical coupling and/or mechanical coupling.

[0056] FIG. 1C shows a schematic block diagram of a transducer 140, according to
various embodiments. The transducer 140 includes a first electrode 102, a second
25  electrode 104 disposed over the first electrode 102 such that the first electrode 102 and
the second electrode 104 form respective capacitive electrodes of a capacitor, the second
electrode 104 including a core portion 106 and a peripheral portion 108, and a
piezoelectric element 112 disposed between the peripheral portion 108 of the second
electrode 104 and the first electrode 102, so as to tune a tensional force provided by the
30 piezoelectric element 112 onto the second electrode 104 by varying a piezoelectric

voltage applied between the first electrode 102 and the second electrode 104. The



[0071] In the context of various enbodi ments, a piezoelectric voltage
may be applied to the piezoelectric electrodes for piezoelectric
tuning of the transducer. In other words, piezoelectric tuning of the
transducer may be carried out by changi ng the piezoelectric voltage.
The piezoelectric voltage may be a DC voltage applied to the

pi ezoel ectric 30el ectrodes to actuate the piezoelectric electrodes to
generate a.stretthE%wforce on an | ectrode or, el ectrode nenhrane
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that is afinplessrstadipss¥liEqtially sinilar to that of the peripheral
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25 transducers and the applications.

[0065] In various embodiments, the piezoelelectric element 112 may have a thickness in
a range of between about 0.1 pm and about 2 pm, for example a range of between about
0.5 um and about 1.5 pm or a range of between about 0.8 um and about 1.2 pm, and a
size in a range of between about 50 pm and about 1000 pum, for example a range of

30 between about 200 pm and about 800 um or a range of between about 400 um and about
600 pm.
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second el ectrode 204 and the third el ectrode 210, in between the
second el ectrode 204 and the third el ectrode 210. The piezoel ectric
el enrent 212 may have a shape or geonetrical configuration that is at
| east substantially simlar to that of the peripheral portion 208 of
the second el ectrode 204. The piezoelectric element 212 has a

t hi ckness 5equival ent to the gap size or distance between the

capacitiv | 1 el eIe trodes (i,e, t second el ectyode 204 and the
third el ed0fghin wr F@@%ﬁﬂ%@%?@ﬁﬂagﬁ THARGFtEr HZendripe mnmlm 124
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tensional force may be tunéd or varied by varying a plezJﬁTect
vol t age apﬁbﬂaﬂmbdﬂmeéﬁ;nhen¢emnm653h3©tamdgglﬁ%e@ﬂﬂnhh@nahuﬁdndabmn
10e|ectrode 210. [0080] The tensional force (which may include a
tensile strd#n) is in a direction substantially perpendicular to the
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As shown iraspéetiGS.tradfiuacd 12B, 120)614’0] 1§11 lﬂiveetcﬁﬂtdhl 2Rape, bhguars chaieosr a
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configured for capacitive transduction, while the second el’ectrode

204 and t H@ekr phiheligatdugele 210 are pi ezoel ectric el ectrodes
confi gureﬂmfﬁgfhp{ Oc%b%'te‘?&toﬁf'ﬁuk’%ﬁ‘k&go ﬂ&@{ﬁ%o %H% LG, RE6ONE A d%S'I R4

204 functions as a capaci a pl ezoel ec
el ect r odeglecteddat imeddfmetalvapdcitoséndalsed for omlﬁcﬁﬁva tmmzllutﬂirm third

25el ectro espectively. [0084 St

ener oy solPedl B SRSk TSon BRbrmatts by retm Bihiistiie slFsren piran
the fir st cletiarles aoe a70dsedMer hReoSREMNANRIE G KadRis 28thod fn@dnt€%adRE endi®
provide a capacitive voltage such that the transducer 200 may perform

capaci t i vEIEURS it POROMMAN A dief Snboth the camgiiendegipdspane @iezsz@eqﬁlafy
be provi da@cﬂdae@ﬁcathbp%rdgogﬂm &@tél&ﬂo s Bab R el d{% gb&lcup%ﬁve

210 and the second el ectrode 204 exanple to provi
plezoelecﬂ&mﬁuvmhwa@ewzmdhﬁmhamughe plezoelectrlc elenent 212

genergfes [@90] In the context of various embodiments, a capacitive voltage may be applied to the

capacitor electrodes such that the transducer may perform capacitive transduction. The
capacitive voltage may include a DC bias voltage and an AC voltage applied to the
capacitor electrodes to sense the movement of the electrode or electrode membrane
through a capacitance change or to drive the movement of the electrode or electrode
25  membrane.
[0071] In the context of various embodiments, a piezoelectric voltage may be applied to
the piezoelectric electrodes for piezoelectric tuning of the transducer. In other words,
piezoelectric tuning of the transducer may be carried out by changing the piezoelectric
voltage. The piezoelectric voltage may be a DC voltage applied to the piezoelectric

30 electrodes to actuate the piezoelectric electrodes to generate a stretching force on an
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el ectro-nmechani cal coupling effect during piezoelectric tuning.
During piezoelectric tuning of the transducer 200, the piezoelectric
el emrent 212 may provide a stretching force, as represented by the
directional arrows 224, on the second el ectrode 204, or a conpressive
force. 5[0085] The first energy source 220 and the second energy
source 222 provide the sane electrical potential to the second

el ectrode %%4, whi | tQﬁ respectiyve glectricalgpotentigl of the first
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Phe” secontt-fi AT 204 Sucth ot 366 RRELPRRL oL ot fibs i BRBER R

second el patipnd®83068 thed sauodd tdetribtié 204 eTaetthivd ecl@&ibde THE has a shape or

pi ezoel ectric el ement 310 have a shape .or geqnetrical ,

confi gur ag?oﬁt???itco? %Tthngggft lss"ﬁﬁgatshﬁ'f s P?}Tys gFﬁl apfo thyt ofy the pariphpal

peri pher ahorfioh bO®BE BO8c0fid tlb&re20nd el ectrode 304. The piezoel ectric
el ement 310 has a thickness equivalent to the@?ap size or distance

bet wedh t HE7PI &5 seqverinFIE. dbetieriggtealedtiode 202 hed Secormidelastivdoit S04t
and the tgggt%usgtsﬁfangggraﬁ%yeawt%gg%lhem O;ﬁlafo%%%{rz%cﬁxﬁihg iSLEMEN L3 10

may provi atensio orce onto the sec
addition, the second electrode 204 and the third electrode 210 are at least substantially

parallel to each other, when no piezoelectric tuning is carried out.
[0078] The transducer 200 further includes a piezoelectric element 212 disposed between
30  the peripheral portion 208 of the second electrode 204 and the third electrode 210. In

other words, the piezoelectric element 212 is placed peripherally over the boundary of the
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el ectrode 304, where the tensional force may be tuned or varied by
varying a piezoelectric voltage applied between the second el ectrode
304 and the third el ectrode 314. [ 0093] The tensional force (which
may include a tensile strain) is in a direction 15 substantially
perpendi cular to the direction of the piezoelectric voltage applied
bet ween the second el ectrode 304 and the third el ectrode 314. [0094]
The transducer, 300 fu er_includes an isolator 316 di sposed between
the first “e1%88 998'8‘1%%@‘[]ﬁl?fhthleﬁglr‘géﬁeﬁ’i’iﬁpee?]é)@1"?’ geegpipe sppnd egftipdg 204

316 may haye de Shad&IQiro8& DTB! The ghieLRREABUERMEAN [N Ry fadd 2l §88E or
substantially simlar to that of the peripheral 20portion 308 of the

second el €semeieal 3paligwdior thehis athlieast sebssantinldyl inglaa to [tipn 98] thep&ipiaml
shows a cr - t] ' . a 40, accargi to,.

vartous oFBRREAR ARG jecthE eOindd JRRERRALAAR: SBEER Ho0hel P hjokpess
t he transcegaealed00 thf gdpl Gre FAlistandetbesiosra ke capatitivapardilélfddctndes(i.bothe

illustration of.  djf nt ,enbodi nts, viewed in the direction B,
duri ng pi§8§3§F5%?W%gﬂﬁﬁﬂgﬁﬁﬁgW%gﬁgﬁgﬁgg er 340 may have a

25c¢i r cul anomy U6t Wikzoeldtifl WahRnd DI MGhHY Fro9ldedn (RGHALIBAT Sifth URL WESnd
[ 0096] The_ transducer 340 may include the isolator 316 that extends

to and al 61¢§tredse 2phambierst thehéensiopalt fateonnode BOd surcMatiddabyt waryingr 8t
el ectrode S: i di gensi S n_t.h econd
ol cot  odo PR0q e PylhBe HmBEh ARk HPISCOR BBl A8 b T R

a fourith eleewededd®. 342 di sposed 30bet ween the second el ectrode 304

and the pi ctric e nt, 310. The.fourth el ectrode 342 may. have

a shape oﬂﬁéﬁghﬁ?ﬁ?@ﬁFngﬁngﬁgﬁgiHﬁytﬁﬁﬁHFsaé?mﬁEd?PI uﬁthﬁtH%T*@n

simlar teulishatialpf pérhendneildr pH icdirdRQbh 0P mﬁﬂ&oefecﬁihwoﬁgg@%ﬁ%h Petcese
304 and/or, the piezoelectric elenent 310. The fourth el ectrode 342

may be a ﬁ‘@tsﬁfm’éleg‘é{rﬁ’@ﬁj@“ apedhe Gid elecepdectlfode 342 nmay serve a
simlar f mtl] ?Re A3nddiad: R %Hﬁelsf?ﬁfﬁg% & Es%ia%&dﬁﬁ&éaotiﬁ]%ﬁtgj Qf, ¥he Brst
ri e ed, ndw ched

pi ezoel ec c structure may provi aving a s
st ructitir eclaptrdvet 03 ang thé droktlegtode @168! Biwlatno8 tRaghy dwivde dhoisolaonddd is n

bet the 4 hi L ect 314 and the. fourth el 342. |n th

cont oxt of ianete S GRS arthy opiE e i deefioft e0B aheitlore; i i

aT_rr;st alCh Séﬂe_@tﬁdc&diﬁﬁ@i@mlgte%f)wggﬁwﬂﬂd(ﬁ N})la;&g‘u-%e(l)egg]u@e'l T02By( A )solatdrt2ani um
1), r a enum . n_ varil ous

b mon 82| e STt LTS 2t GRlboBa e ity Aetrots 282, de iolaigret L+ i

10 exanpl &i@ dIRtBle SREHe baNBncd hPleadt Q@os@lﬁﬁ@ﬂ ﬁlglgékg-ng\%wgﬁlane.

pi ezoel ectric elenent 310 (e.qg. AFun1nun1Nitr| so that the
pi ezoé¥ ecl083hix warions ewbodimentp, the diedt ebscirpde 202candrthe SecOndralecived e idvane

0 beLigtat, LIRS ALY o LOOERL. aiptld, oiEPhEci e
t hat ext edldstrdde 28 dind| thaghirheldqetrade 200 ad idzodlsdtrie lebgirodsdeconfigurear for
the fourt lraliezo]é ec%cet%tmrn%fj%hg'gf%i'e, the second electrode 204 functions as both a capacitive
electrode and a piezoelectric electrode, relative to the first electrode 202 and the third

25  electrode 210 respectively.
[0084] As shown in FIG. 2B, a first energy source 220 may be provided in electrical
communication with the first electrode 202 and the second electrode 204, for example to
provide a capacitive voltage such that the transducer 200 may perform capacitive
transduction. In addition, a second energy source 222 may be provided in electrical
30 communication with the third electrode 210 and the second electrode 204, for example to

provide a piezoelectric voltage such that the piezoelectric element 212 generates an
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[0100] In various enbodi ments, the first el ectrode 302 and the second
el ectrode 304 are capacitive el ectrodes configured for capacitive
transduction, while the second el ectrode 304 and the third el ectrode
314 are piezoelectric electrodes configured for piezoelectric tuning.
Therefore, the second el ectrode 304 functions as both a capacitive

20 el ectrode and a piezoelectric electrode, relative to the first

el ectrode 302 and the thlrd el ectrode 314 resPectlver The

pi ezoel ecFieFEo-Beehavifel soppling gitert ey Pigprelieing: twves: ~ Prangpiraptlectric
capaci ti ve@leet iHedgandfitter 204,041 pﬁ%o@l@&i‘i@ ddhdit ©12 3By ﬁlofvicfesat strEIEH i 8y
source 344 may be provided in electrical communication with the first
el ect r odef@oR aaneprpmtedénmhd dateeltanab aieo 80 424, for thexsanquideeleatrods 2p4.0ui ale
a capaC|t| ?]%%1 98- such that the transducer 340 nmay perform
capaC|t|ve PansductTon. In addition, a second energy source 346 may
be proyi dg8EhThE a6t enagy seeee22( a4l theBedvhil Rnége sbinice d22 basideatie sald
and the fourth el ectrode 342 r he second energy source 34
may be pr SFEEY Pofpatfide i et sriris 204 PN TR A T L PUER 8
314 and thR HACARECE BB iAdRe B0d cldttbi 210 Wi BOUE shii€ of Bttt from each
el ectrode being 30provided in the transducer 340. In various

enbodi nene®er.t he fourth el ectrode 342 has the same el ectri cal
potentlal e d 04 0

brer gy solitael BRL 2 shigs 3TERAA So-SEHhRCei0e o (Rl 200 PR
t hat the pmﬁmeelnémﬂrmmselle mhmid JikOappedoenteal é&t anGe Bﬁchlromsnawhhalf @ﬁlthe

coupling e ct |ezo ctric.,tun . Dur.i ng piezoel ctrLc

tuni ng of feitoer aHbdad ré"’z‘&b tlﬁ&ﬁ@%@@?’m RSSO fagintous
provi de acsiffp8tatibh 0 tHeQ{acnesm@ﬁué EPNRSeMER PG, BhcadbihfGtd AR lﬁ‘faf@%
348, 5on the second el ectrode 304, or a conpressiveé force. [0103] The

first enefgyalstipenresd#IGndA H@wgé@oﬁdh@%bgypmm@é tid ghentgapserest POk

302 and t e TRr @ B cafe R it 18 SRR L ke R bR o R

at | eadst anpnnelon of the first electrode 302 and at 10 least a

Capar ot eal 7 B pEaS-eR b B 18 AtfrodEaOhrengal st phcroas 56

addi ti on, digpqaed tdven tef fitsheldeabdPher,alvhaerthé aist388ctRfdet 312 HRE @Rdsecond
el ectrode 304 may he separated from the flrst el ectrode 302 by the
gap 312. fleatst 38 Ko Ry e gelegdiad SEf aeipRciion Hiecsg Slagfrode 302
el ect r odepR02odsREctRREU I henston ﬁlb@t%ﬁt‘i %@% t@ﬂfé sbfdleichaei et r ode
314 are positioned in substantially rent planes. [01061 FIG 4
shows2& cl988] Eleciccornatledtiwly ¢ tas tarcanBMerstma@ne athewraparyof o may be
various e t p| oelectrl The .transducer, 400
may have ggr&:%gé\i/gg g %GCP °r cungabrﬁ 3 ruc{ewgan%ﬂt@?}neg i°f aé’ﬁ‘&?ﬁe i SHIOH 30%
appr eci at @Hert hiad pdripheial pnsidGO8 iA4DQ paRjontRY €athhBEzoslet 1iG leldhidnt Sh@REE,
for exanple a squarﬁ structure or a rectangular structure. The 20

t r ansduce?veieeP R fspiszoelertic clameat 3 e 402 and a second el ectrode

404 di Spoﬁ)gdﬂoﬂ?ertratnla&ctzf 5680 (RIBLIERAS 4088 dMEDLE: B dishtll rahBel b arle

402 and t second el ectrode 404 form respective capacitive
el ect Podesscord glegtagsiec?@dopuchTiet ther girde¢lesrade di 440verhaps with the peripheral

ol cot 1 oae O RS TR RS ARLARA 388 1B Tkl kol SR SRR Batbongos

el ectrod efirs he S&cond “el e
are at | egpinesithbtaifiguadtioy thariald édast cube@aiialyt digvilar 2bWaenf i@ peripheral

pi ezoel ectri.c i IS C i [ 0107] The second el ectrode 404
has a con?FHﬂb%gﬂgﬁg%§¥ﬁ? ee%ﬁgFg&% part of it may be defined as a
core por tjog9o4R8 s eI, enmicd ﬂ&t eﬁaﬁodéejozn% RS0 a@&fdae%aland the
portion 408. 101081 As shown in at | east a portion of the

first3k| ebird ghstrade?3 ldrage at lehséésbstaaltlpldw paralel (te cach ather, wberenppieroabertric
406) of tggnéqggﬁﬁgfgﬁptrode 204 are separated by a gap 410,
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30 for exanple an air gap or vacuum [0109] The transducer 400
further includes a piezoelectric elenent 412 di sposed between the
peri pheral portion 408 of the second el ectrode 404 and a peri pheral
portion 414 of the first electrode 402. In other words, the

pi ezoel ectric elenent 412 is placed peripherally over the boundary of
the first electrode 402 and the second el ectrode 404, in between the

5 first el de, 402 nd t econ Iectrode 404. The piezoelectric
el ement 4@%&@1 g & pﬂ?%o g Ro<H i Flegh P Huisadisapsed tRefwies the
| east SUb%Eﬁ}SHe'lzﬁlﬂol/tlo%m &FShd Eb%bn@feleétp&iepﬁﬂ' R eh&|niRILd0e 498 mfotide

second el ectrode "404. The piezoel ectric elenment 412 has a thickness
equi val entvorgs, tthﬁepgatpﬁlmhzced@menﬁ stiiscplagrst prmhetaHe cvapdwi bdupdary of the

parall el @J-: g)%l epe%%? %%ﬁf anﬁﬁl@ tltuH %fe t% C3t1r40§| b(?irew% Qj%fte(r:]oend é?lec%oga é04

el ectrode 4 e plezoe rlc el e
t ensi onal afibrthe thnm Glécheds edénﬂrhellﬁeztoeladlﬁﬂaém(wmm&a Iﬁdjzeh&\&nsl s(hapé or

force may be tun vari e a piezoelectric v

hopled bERTREH T oty Sora et ¥ etk 05 g e o et ks Bt
[0111] Th@ok@ASi08NAthd ek ErabrigaR fmyTh@FieQ&&ec@né SBREAE3 1@tﬁaalar}hmk§esg n
a direction_ 15 substantially perpendicular to the direction of the

pi ezoel ectayivalgn|te digezan sigk pedistiaeafasweantbe piepedlectietleqtivdes do2thanetonthe
second eIgﬁgﬁggy%gﬁgﬂ?ﬂkQ$£?PﬁéFﬁ@g?_.y source 416 may be provided in
Ion W e fi

el ectri cal communi ca rst electrode 402 and the second
el ect node [0002] Thopiexenptie ctemept GV0 denyapiooldeag ensiasalbotde eapahd sécoad

vol tage an z rlc voIt i ch na i nclude a S .
vol t age aﬁ]g fg?f‘e @‘lLAB nEFSiEndly EOQC@ Juh e ed 16 F?Iﬁsgﬁcwwaoa
may perf opiéagagd tvolQgd r@pﬁe&%dt@eﬂn andl csl Sdisdolibatod had the third

pi ezoel ectric el ement 412 generates an el ectro-nechani cal coupling
ef fect dubleriPdsilddZoel ectric tuning. Therefore, capacitive

t ransduct {@R3pPHe RERZHE! ok | it W9 BERIEA HhRG Whidiskng: LNe: S A0k

el ectrodes. In other wor ectro the secon
el ect ﬂﬁ)deswbtswnfmibcp@rpemda@lab@fb thecdipation bf theghiemtieotdie svoltage applied between

piezoelec ric de hat voltage is applied as
both the chéepsg%olnt%le\lleé: 0o idﬁ aélhe(r}‘giragl%ﬁti’%%egﬂ ectric vol tage. However,
such a co[fioguThé amsdaest mdﬁlﬁﬁeﬁ ﬂiieluﬁés?adwaﬂa@ir Fl6eikitistd b¥iwedn N FiRY
t he stiffngss and t he gptlve danpi n 0113]. During piezoelectric

tuni ng of SleFEPder His gt die spopnd elgetr ee%%l"él%?( ’rSP]étOél%lﬁeWﬁy Agye gespape or
provi de aﬁme%@aﬂceﬂﬁgﬂt% th@Sis’ & ALES SR sBktiRYy Elﬁﬁlaii'té lPngd p?{d;hgf’#

418, on the 30second el ectrode 404, or a conpressive rce
Corrpaﬁféd potiph 0 ofthe gerad ploriraie 30hend/paths thivkderti®3d03 {41 G 3A), 340

(F G 3B) rgl‘def?f(‘?gf gl%i) soanczggsf hteona'i I dg{; §h Ensi%ucér 34@83&_?01%éng 9) Val‘POUS

requires uce Frcation

mai nt ai ni agb(a;hmhmastrhs ukakdusti ald vis s;umthrafangaﬂmﬂal td tlensehRiBter 300 of
per f or man d piezoel ectric coupling effects fabrication of
the 5trantiicdr ‘ﬁlébsm girucgyral, @3‘%}%@9 %rfl F 9N Pgﬁﬁ@éﬁﬁ (FTPeEimegss, as
mask | ayegiswed il #e] difebfon ﬁﬁdﬁh%;f_\ﬁe@zo%@tﬁc%ﬁn\g Ofhedr. &Ecﬁféﬁﬁjmﬁla?ggvé)ﬁ

a circular configuration whi | G 5B shows a plan view of
t r ans &tc epir®ay shEctares s stopiliegiraesiergulagostaeng to vari ous

enbodi r’renfo%%] The transducer 340 may include the isolator 316 that extends to and along the
plane of the first electrode 302 such that the first electrode 302 has a cross-sectional
dimension smaller than the second electrode 304.
[0097] In addition, the transducer 340 may include a fourth electrode 342 disposed
30 between the second electrode 304 and the piezoelectric element 310. The fourth

electrode 342 may have a shape or geometrical configuration that is at least substantially
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[0116] FIG 5A shows a plan view of a piezoelectric elenent or |ayer
502 di sposed over 10 a peripheral portion of an electrode (e.g. a
second el ectrode) 504 of the transducer 500 of a circular
configuration, according to various enbodi nents. The el ectrode 504
may have a radius, reke, in a range of between about 100 gm and about
1 mm (1000 gnm), for exanple a range of between about 200 gn1and about

800 gmor a range, of t ween about 400 111 and 600 de en g on
the appl i é&?‘fladntg th%h?fg‘et PREPEEFAL PRIGIOR| 3(9% %%é"eo“fec?lﬁiee e‘i?dél

nmay have 1é’z€§ibéi§e efeﬁféﬁﬁl(}oﬁ“h@fﬁﬁﬁﬁ)é!e@ﬁé@é a2t ERs SHRL @lléct%der ?he fouf[h
(i.e. 0.75*rd"). Therefore, the E@ezoe ectric ‘el ement 502 may have a

width, w, e%ﬁctle@ﬂo?r@xnm&ee‘r% omplgr upgtian 4sohat pf ﬂﬁlse;ongele@h@@@% Bhemafore,
view of ap %ﬁ%ﬁécﬁ%& ga&cnﬁlee teO logﬁx&r %ggeq' SRAGRAeP Bl resﬁvzltho?he

perlpheral Ion of an electrod con
t he transgiezeeleGA0 elofment 3120 revjdad er oomdéd GLisedémnhe &ﬁﬁicmd:tmge B4 and the

varlous e nt s e electrode 524 may ve a w dt Ien t

in a ?bﬂﬂbe ‘thélét%/\geﬁl dsotexH e @'?}i“%‘(ﬁoe”gjé’gl]’f‘enis ? 26?
ex arrpl e aniANegeudd a BRIABEBcaD aYk 2HQup BbANding RO WiuRRAmIMIP rTlanﬁlaﬂeﬁ)
of between about 400 gm and 600 g(@‘dependlng on the applications,

whil e the f@“ﬁdﬁﬁ]@ﬁlﬂQBbéﬁm ectrode 524 nay have a width and
ength, njods) APRESAI BN 3 wzgéa%e 32 R b i Qeeaﬁagw for

Therefore pi ezoel ectric e
appr oxXi rrateeziryple @25nétaln seefd0 lay/81, fdovwbw ecteposmon; hxfuﬂhel Ilnez@tanre:c Ieb:hﬁdt t3hat

the t f t h th
P L ansugols YOS AP YL TR B R MRS oLer, S RS i

di mensi On%lenﬁﬁ{ OBy barbe vaod ekr &fir Ftﬂ/e@ gdiyments of FIGS. 2A
2B, 3A, 3B and 4, the second el ectrode 04, 404 may i ncl ude or
my be a dMIPETishowd beapprsriatcd Fhaac’thieb?labq%@entﬁrew rbaﬂ?esmhlhlfehewwlqa@e

novabl e o I t r
Toyer 515 OFAGH DR a0 2] Bbfly ol e NP 0SS ARCEde 302, St BBy

408 oﬂStheksEQbﬁHQelectrode 204, 304, 404, such that a majority of

the surfa of the.s con 0 30 404 .g. ,t
ool 11 L0108 ERuont BELSERRAE, FeTf RaRof on Filing Geiond Shoflpes M are
and 5B). Bypdbiivei B@ctosdes i ghitigardiontdi neaphbitivei ezgah@hf | whitd efieniecdda,

310, 412, e peri pheral rtion _208, 308, 408 of t he capa0|t|ve
menbr ane 8 a*focgé@“* %@4thett§gﬁeecf?féryd%e’*lﬂ1 457 PRTZOFIREIEF relsclinges enlighesd for

dynani ¢ bghaviiQhsc fhilgTheRRAC th yeo%@nam é’wﬁma%s a8 Qth Qegpa\e&w@h

may allow the use of a thin and conpliant nmenbrane for sensitivit
i npr ovénerkectgrs amécmmw¢ctlumpl@@tmﬂ@elqhﬁtvcﬁp rbg ﬁns@[elmz@c}e 3oR tulrdathe thud

d
gggt eéZOOf %tgéde%;ﬁ 19 Seg} gﬁ'ﬁles plc%.éfec?# réfgmgnt\%éguu ac?_ldI % 0?) ci‘)f eotr \Rérer t%e

the fir st nelvelde caueiti2@2lectdfi2, 30402 and the second el ectrode 204, 304,
404. [012 n t{he ca ve voltage is applied between the

capaci ti thlg?ft& e%%% c%?é B%e't‘\ﬁé%nenﬁ ARS8t Poaiovies magiesiriond 2
and the seeamdnRRS Km0 elé’c%de 404 and e se&eﬁd %reeﬂé&&mr f&Q:QamﬁféQ@

340, 400 perforns capacitive transduction, which may be ei t her
act ual$ onPEIvidsensiangritives veltngepsush olbkle dher iransdiesst 3450 amy apastasiia capaditive

C,3: oot e e SR 00gh o Gy B S8 Pl eltate
402 and t h@nmemoaftcbneh/&htth@dﬁrd4@léctm‘deFJ1@ ard], the Mfeurth ekkorbdeC34d, ®rahanmbat

(233' f2 e Cf’ 10, Sé(l%gd ell‘i)fg ;fggultceo 3 rr]r?ary te p1%{']1dg (131? Ee ectnnaccrg)%}}u?n%atmnu\glth Hi% third

electrode 314 and the second electrode 304, with or without the fourth electrode being

30 provided in the transducer 340. In various embodiments, the fourth electrode 342 has the

same electrical potential as that of the second electrode 304.
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20 [0122] In various enbodinments, the poling direction of the

pi ezoel ectric elenment 212, 310, 412, is at |least substantially
aligned normal to the plane of the capacitive nenbrane 204, 304, 404,
t hereby enabling the use of the "d31" node of the piezoelectric
actuation. For the "d31" node, the first subscript "3" represents the
direction of the electric field being parallel with the poling

direction e second subscript »1" 25 represents the .

corres ponémg] ggﬁ é‘?cgfl‘ga“%éﬁ’élh‘ie 40> o F%"é@pﬁ‘&lpé)'ﬁﬂg‘fsi?eplﬁ%f’tere%’ﬁtvﬂtage such
di r ect i onthatkteGheFeRESIc leltdtent ) RineaR8 a8 Cldeirs nRCBIBM cHBYNing @NeL i Jutnd
| ateral strain on the second el ectrode (or capacitive nmenbrane) 204,
304, 404, Piffetlecipiaige DEEPE Pezodedtag Bining efjpe franpdueeiid)eths wisgoelectric
bet ween t i i lect i -he.. di j of
the pi ozl ort et ploveR RERAAg Tee. o rb b KD Bib iSulyl Bt
t he pobi ngnthersecindatectbdd Wet, pr ezoepressiveiforcel ement 212, 310, 412, the

nmechani ca LN nerated b e pi.ezoelectric elenment 212, 310,
mio. on_+ HIVLERA AR REREY ShusY ot Sad R et ut 0R Boiiee,
i s tensil ead r@i QiffefiRr ele@rical hHE@niUIL %O CHRC it ClobiRIMRNB02 1dhd 3D third
412, may provide additional stretching force on the vibrating
nmenmbr ane 9§arods@44 404, through the "d31" coupling node, where the
strength i r g i i

gth af1okP&s Shwh ﬁJ‘FI[Q%. ggl £ I R GUASR deafle e et 8 8%

pi ezoel ectric voltage. 5[01 i'rection o
pi ezoéd ectepsta paotiomfpes. ithe ere perion 386haf the técahd yleoppirs Medry selatagidy a

with the poli irection of. the piezoelectrjc.elenent 212, 310, 412,
the nmec haﬁ?pcgpgsfgf STRORYE P8 4t &8P 15 vtaﬁl&mbie%z%délftbo& A %“‘é‘i"bﬁiﬁhe Iﬂ?’,heraﬁ
310, 412, pafioh Be8 s£teRebonl @ELiredte3 (Uaha L ePaphilateddrdie e Bedlccd@ds 3B0dy

404, is cqnpressjive strain [0125] Therefore, depending on the

di r ect i on'51%8P Ré2-pi ezoel ectric voltage, the 10 piezoel ectric el ement

212, 310, (443} AGaAUSHS iRl FTORT 3Whand ARACLLE W HEMRBNE:1204:3080%he 408nd

to shrink or conpress due to a conpressive force or to elongate or
stret ¢h delectrasled 04 endthelthirdeléwrode 3 14 atpeitiviad o sebstotisilyidifferegt plhees.

ext er nal e capacit.ive penbrane 204, , . 40 the .
pi ezoel ecfh;llﬁ@sgh{(gefghoﬁﬁga ? %E%%?CE? %agevti%“érc’fve\i/i ‘ﬁlsglhcgr gﬁ é’u%cf: ﬁé}ﬂg to-various

r est or i ngembodifaes,sdurify pieselechidyug@EpPahe titnsductheo@iidvakdvie Vi overall
el ectrostatic force befween the capacitive e] ectrodes,  thereby

mi ni mi si g or* prEvErt ﬁ?@v Ve 1‘"%8?@&1?3@%?9&%@4 @‘Ft f}ﬁér@é‘ﬂ}%&é’f #¢Q gay have
transduct b@er sthR&rdl ship&, MnaEhH109\LElH: REuQHLad, @Bec@{ngﬁiaﬁ SCRRAE) The/ €
menbrane and the derivation thereof will now be descri bed as bel ow.

20[ 0128] trasduqep AR iivpindss adfirmiodecide 48P ané aragondeclenttods #0h aléspbsedtaver
fol I ow ngyplRL&IGRBEE BhA AviRid B! B e1RY4We 5P Mnd The UeESHALLEAR dd 104 form

respective capacitive electrodes of a capacitor. The first electrode 402 has a cross-

sectional dimension substantially similar to the second electrode 404. The first

electrode 402 and the second electrode 404 are at least substantially parallel to each other,
25  when no piezoelectric tuning is carried out.

[0107] The second electrode 404 has a continuous structure, where a part of it may be

defined as a core portion 406 and the remaining part defined as a peripheral portion 408.

[02108] As shown in FIG. 4, at least a portion of the first electrode 402 and at least a

portion (e.g. the core portion 406) of the second electrode 204 are separated by a gap 410,

30 for example an air gap or vacuum.
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where w = w (X, y) is the transverse displacenent of the plate with x
representing the x-axis and y representing the y-axis; . d w 25w
dt 2 54ws4w 54w VAW +2" +; ax48x5yay4 D - Eh3i ,s the elastic
constant; 12(1-u- ) E is the Young's nodulus of the plate, which is
an intrinsic property of the material and may vary depending on the
material used for the plate for different designs and/or

applicati t hi ness, of the p i's Poisson'

Bt 0, wh 10509 Ehaﬁamﬁ?ﬁf%ﬁ iﬁ“fﬁ«ﬂ L‘Fﬁs %Ple%?%%& Frpept 4&%91%39‘6‘35%%
dependi ng tlibrbehbﬁmﬁﬁio@ﬁér@t%%?ﬁﬁie Je@asndt detRiakes by a gérfpfh@fa%ﬁrngﬁawaﬁhe
and/ or appllcatlons is the plate materi al density, whi S

an i ntrindire oacapds 442. dn Oﬂmé Wseihemie@ﬁﬁcmyema@y 4d|%p39nld¢q‘ﬂgpemhmhéy
materi al ‘d%&%é 961111{:191%' Jt ltﬁé ﬁxs agcth)l Uﬁl@ﬁ %'& thg%§écglﬁsele%{}gée 404 in between the

5  first electrode 402 and the second electrode 404. The piezoelectric element 412 may have
a shape or geometrical configuration that is at least substantially same as that of the
peripheral portion 408 of the second electrode 404. The piezoelectric element 412 has a
thickness equivalent to the gap size or distance between the capacitive parallel electrodes
(1.e. the first electrode 402 and the second electrode 404).

10 [0110] The piezoelectric element 412 may provide a tensional force onto the second
electrode 404, where the tensional force may be tuned or varied by varying a
piezoelectric voltage applied between the first electrode 402 and the second
electrode 404.

[0111] The tensional force (which may include a tensile strain) is in a direction

15  substantially perpendicular to the direction of the piezoelectric voltage applied between
the first electrode 402 and the second electrode 404.

[0112] An energy source 416 may be provided in electrical communication with the first
electrode 402 and the second electrode 404, for example to provide a voltage, as both
capacitive voltage and piezoelectric voltage, which may include a DC bias voltage and an

20 AC driving voltage, such that the transducer 400 may perform capacitive transduction,
and also such that the piezoelectric element 412 generates an electro-mechanical coupling
effect during piezoelectric tuning. Therefore, capacitive transduction and piezoelectric
tuning are carried out using the same electrodes. In other words, the first electrode 402
and the second electrode 404 function as both capacitive electrodes and piezoelectric

25 electrodes and that a same voltage is applied as both the capacitive voltage and the
piezoelectric voltage. However, such a configuration may reduce the freedom or
flexibility in tuning the stiffness and the active damping.

[0113] During piezoelectric tuning of the transducer 400, the piezoelectric element 412
may provide a stretching force, as represented by the directional arrows 418, on the

30  second electrode 404, or a compressive force.
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10applications; and P is the external pressure. [0129] Wen applying
a capacitive voltage, an electrostatic pressure is generated as P _
dAc v2 e2 dw EXEXEX ) . EX where di = Rcosh(--) - cos(H - a sing-
- sin - aaaaj} {cosh(-a-Y-6 - cos(al6 - cc sinh(-al-8 - sin(' Ka s
t he node shape for

10

15

20

25

30

[0114] Compared to the configuration of the transducers 300 (FIG. 3A), 340 (FIG. 3B),
the fabrication of the transducer 200 (FIGS. 2A and 2B) requires a reduced number of
fabrication mask layers, while maintaining at least substantially similar general
transducer performance and piezoelectric coupling effects. The fabrication of the
transducer 400 (FIG. 4) requires a further reduced number of mask layers.

[0115] FIG. 5A shows a plan view of a transducer 500 of a circular configuration while
FIG. 5B shows a plan view of a transducer 520 of a square configuration, according to
various embodiments.

[0116] FIG. 5A shows a plan view of a piezoelectric element or layer 502 disposed over
a peripheral portion of an electrode (e.g. a second electrode) 504 of the transducer 500 of
a circular configuration, according to various embodiments. The electrode 504 may have
a radius, reec, in a range of between about 100 pm and about 1 mm (1000 um), for
example a range of between about 200 pm and about 800 um or a range of between about
400 pm and 600 pm, depending on the applications, while the core portion 506 of the
electrode 504 may have a radius, rue, of approximately three-quarter of 7
(L.e. 0.75%ry.). Therefore, the piezoelectric element 502 may have a width, w, of
approximately 0.25%r ..

[0117] FIG. 5B shows a plan view of a piezoelectric element or layer 522 disposed over a
peripheral portion of an electrode (e.g. a second electrode) 524 of the transducer 520 of a
square configuration, according to various embodiments. The electrode 524 may have a
width and length, m, in a range of between about 100 pm and about 1 mm (1000 um), for
example a range of between about 200 pum and about 800 um or a range of between about
400 um and 600 pm, depending on the applications, while the core portion 526 of the
electrode 524 may have a width and length, »n, of approximately three-quarter of m
(1.e. 0.75*m). Therefore, the piezoelectric element 522 may have a width, p, of
approximately 0.25%m.

[0118] However, it should be appreciated that the transducers of various embodiments
may have other suitable shapes, for example an ellipse, an oval or a rectangle, and/or
dimensions.

[0119] In the context of the embodiments of FIGS. 2A, 2B, 3A, 3B and 4, the second

electrode 204, 304, 404, may include or may be a capacitive membrane or a vibrating

19
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square plate with fixed boundaries; 25ii is the nodal coordinates; t
is time; ais the length of the edge of the square plate; and

{s=4. 7300408, a=0.98250222} are the coefficients. [0131] Wen
expandi ng Equation 2 around the equilibriumposition (go + wo)

t hrough Tayl or expansi on, Equation | becones two equations, being the
equation to determne the plates' equilibriumposition (Equation 4)

20l e IO SRl 3, KU LS, SUSLARTE LLRGE Lin, uatien
+W0) element or layer 212, 310, 412, disposed over the peripheral portion 208, 308, 408 of the
second electrode 204, 304, 404, such that a majority of the surface area of the second
electrode 204, 304, 404, (e.g. the capacitive membrane) is exposed (as also illustrated in
5 FIG. 5A and 5B). By bonding or tightly bonding the piezoelectric element 212, 310, 412,
to the peripheral portion 208, 308, 408 of the capacitive membrane 204, 304, 404, there
may be minimal interference on the dynamic behaviors of the capacitive membrane 204,
304, 404, and which may allow the use of a thin and compliant membrane for sensitivity
improvement and mechanical impedance matching.

10 [0120] In the context of various embodiments, the structure of the transducer 200, 300,
340, 400 may be sealed so as to form a vacuum chamber between the first electrode 202,
302, 402 and the second electrode 204, 304, 404.

[0121] When the capacitive voltage is applied between the capacitive electrodes, e.g.
between the first electrode 202, 302, 402 and the second electrode 204, 304, 404, the

15 transducer 200, 300, 340, 400 performs capacitive transduction, which may be either
actuation or sensing. As the piezoelectric electrodes are charged, e.g. between the second
electrode 204, 304, and the third electrode 210, 314 of FIGS. 2A, 2B, 3A and 3B or
between the first electrode 402 and the second electrode 404 of FIG. 4, the piezoelectric
element 212, 310, 412, begins to generate an electro-mechanical coupling effect.

20 [0122] In various embodiments, the poling direction of the piezoelectric element 212,
310, 412, is at least substantially aligned normal to the plane of the capacitive
membrane 204, 304, 404, thereby enabling the use of the “d3;” mode of the piezoelectric
actuation. For the “ds;;” mode, the first subscript “3” represents the direction of the
electric field being parallel with the poling direction and the second subscript “1”

25 represents the corresponding generated mechanical stress along the horizontal direction,
which means that the piezoelectric element may generate a lateral strain on the second
electrode (or capacitive membrane) 204, 304, 404, when a piezoelectric voltage is applied
transversely between the piezoelectric electrodes.

[0123] When the direction of the piezoelectric voltage is at least substantially aligned

30 with the poling direction of the piezoelectric element 212, 310, 412, the mechanical strain

generated by the piezoelectric element 212, 310, 412, on the second electrode (or

20



10rl o represents the initial state of the system and the

el ectrostatic voltage or capacitive voltage, V, being deconposed to a
DC bi as voltage, Vo, and an AC conponent VI. [0132] By introducing
the piezoelectric tuning to the original governing equation, Equation
| becones, [0133] Wthout considering the external pressure P on
the el ectrode nmenbrane, and where the el ectrostatic pressure, I n

t he case I lel.plat t sguce .e atlon
of a noveg%)qagﬁ%?a#gmggm gg%a%&{’]l % nend nsslﬁg\{mf&\/\ﬁl%q‘gﬁ V%?) Z&ﬁi?%ﬁ*
, *N, (Equatehent 2)123%{¥8%2% gthay wowlder &lditicralv skrétchiviy foscel B Wher vibfadihg

dIS | acement of t acitive nbr ng with x representing the
X - a>F<) i s ana‘leg;n & ﬁﬁ \ 48041 Hgo S‘%g,] peupling mode where the s%ength of the

stretching force may be controlled by adjusting the piezoelectric voltage.

5  [0124] When the direction of the piezoelectric voltage is at least substantially oppositely
aligned with the poling direction of the piezoelectric element 212, 310, 412, the
mechanical strain generated by the piezoelectric element 212, 310, 412, on the second
electrode (or capacitive membrane) 204, 304, 404, is compressive strain.

[0125] Therefore, depending on the direction of the piezoelectric voltage, the
10 piezoelectric element 212, 310, 412, causes either the capacitive membrane 204, 304,
404, to shrink or compress due to a compressive force or to elongate or stretch due to a
stretching force.
[0126] Without considering the external pressure on the capacitive membrane 204, 304,
404, the piezoelectric stretching force, together with the structural restoring stiffness
15 force, may compete with the attractive electrostatic force between the capacitive
electrodes, thereby minimising or preventing the “collapse mode” of the capacitive
(ransduction,
[0127] The dynamic governing equation of the capacitive membrane and the derivation
thereof will now be described as below.
20 [0128] The vibration of a moveable plate may be determined by the following plate
governing equation.
DV*w +phw =P (Equation 1)
where w = w (x, y) is the transverse displacement of the plate with x representing the x-
axis and y representing the y-axis;
- d’w
de*”’
o'w 'w  d'w

Tt sa s T o
Ox ox“dy- oy

25

Viw =

Eh*

———— is the elastic constant;
12(1 )
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D-is the elastic constant; 12(1- IA-, ) Eis the Young' s nodul us of
t he nenbrane, which may vary depending on the material used for
different designs and/or applications; h is the thickness of the
menbrane; 51 A is Poisson's ratio, which may vary dependi ng on the
material used for different designs and/or applications; p is the
menbrane's density, which nmay vary depending on the material used for

di fferent design r._appligatiens; 31V.N =P ah .i.s.the
stretching for %eﬁptgfgdﬁoﬁllntg%l %ﬁ%‘fq > 3 (t)q}legp lgger 6"'?1%(::\[!{ bsd?lhérftmfsig pﬁpﬁny of the
10di recti on dueatepial el phezragl dpendit actheahitensl JsetBioyphd\blaehfor dithirah
is simlar to Nx.due to a synmetric structure; Y(1 -1.1)tp a is the
length of the ECRESIPVPR@PHEMSne: d31 is the piezoel ectric coupling

coefficient;  histhe thickn¥® dfShd figev ol t age applied to the piezoelectric
el ectrodes, i.e. the piezoelectric 15voltage;
5 u is Poisson’s ratio, which is an intrinsic property of the material and may vary

depending on the material used for the plate for different designs and/or
applications;
p is the plate material’s density, which is an intrinsic property of the material and
may vary depending on the material used for the plate for different designs and/or
10 applications; and
P is the external pressure.
[0129] When applying a capacitive voltage, an electrostatic pressure is generated as

P, = -—l%\iz (Equation 2)
2 dw

BFWy
where Ac is the capacitance variation due to electrode plate movement;
15 V is the capacitive voltage applied;
w = wo + w’, where the transverse displacement, w, is represented as equilibrium
position wy and dynamic response w’; and
the gap size between the two electrode plates, g = gg + wy + w’.
[0130] When only considering the fundamental vibration mode of the plate, its transverse

20  displacement may be represented as

w(x,y,1) = d(x, y)n(t) (Equation 3)

where ¢ = Hcosh(f—{J - cos[ﬁJ - asinh[-s-ij - sin(ﬁJ}
a a a a
{cosh(ﬂj - cos(ﬂ) - asinh(ixj - sin(ﬂ]H is the mode shape for
a a a a

square plate with fixed boundaries;
25 1 is the modal coordinates;
t is time;

a is the length of the edge of the square plate; and
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tp is the thickness of the piezoelectric element; Ev2. s the

el ectrostatic pressure, P" in the case of parallel plates 2(go +
w) transducers; Vis the potential difference between
the capacitive electrodes, i.e. capacitive 20voltage; go is the

nom nal gap size between the capacitive el ectrodes; and a=4. 7300408
Is a coefficient. [0134] Equation 7 may be |inearized around the

MRS CE R Ui KN A,
aY2 i2(90 [6180) AvHeplexpuddins ERGHIRLI DRrofdd The@I1Brium position (g *+ wo) through
Taylor expansion, Equation 1 becomes two equations, being the equation to determine
the plates’ equilibrium position (Equation 4) and the dynamic equation around its
5 equilibrium position (Equation 5).

l g

DV, =—————5 V¢ (Equation 4)
2 (go + Wn)
DV*ém + phéii — ;3 Vigm = ——s—mz- V, Ve (Equation 5)
8o+ Wo) (g0+wo)

g : . —— .
where (— ———3V02J 1s the negative electrostatic stiffness coefficient;
(g6 +w,)

. dzn
n=—z:
dt
10 7o represents the initial state of the system; and

the electrostatic voltage or capacitive voltage, V, being decomposed to a DC bias
voltage, Vo, and an AC component V.
[0132] By introducing the piezoelectric tuning to the original governing equation,

Equation | becomes,

2 2
15 DV*'w+ph¥ =P +P, —z—(Nx g ‘:’ +N, Zy‘f] (Equation 6}
2 2

[0133] Without considering the external pressure, P, on the electrode membrane, and

where the electrostatic pressure, P., in the case of parallel plates transducers is

(— ———-—SV_—QJ . Equation 6 may be represented as Equation 7 as the dynamic governing
2(g0 + W)
equation of a moveable plate or a capacitive membrane,
20 DV*'w +phit =N, 2% N W &V7
ox” oyt 2(g, +w)'

where w = w (x, y) is the vertical displacement of the capacitive membrane with x

(Equation 7)

representing the x-axis and y representing the y-axis;
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sVo- , (go +w0)3 is the negative electrostatic stiffness coefficient;
and the electrostatic voltage or capacitive voltage, V, being
deconposed to a DC bias voltage, Vo, and an AC conponent VI. [0135]
The right-hand-si de of Equation 8 represents the linearized

el ectrostatic actuation while the |eft-hand-side shows that the

el ectrostatic pressure may "soften” the plate 10 structure and reduce
the system equival ent ;stiffness, whereas the piezoelectric stretching
force may tune nhtﬁuiqg%telaggéggﬂgggﬁ in either positive or
negative directiong(l-\Wfén the stretching force, Nx, is tensional, the
stretching force increases the equivalent stiffness. Therefore, by
adj usting the VaPdke Spunge medabue of dha mpmbiase.t wjsh ™y, varpdependiag Po the
bi as, Vo, of t t Akl GV %ﬁﬁ% . em equi val ent
stiffness may et(?ﬂﬁglgsﬁﬁ?% %H%Ig?tac{%%l e yd)iééaé\%nggﬁ?ﬁzsfﬁge. Ther ef or e,
there are vari busthpdselnsid dftthemembradesi gns with regard to the tuning
of the_piezoelectric stiff.ness for sensin nd acgtuati on, ere the

i ncorpdration 8 BP@?’(B‘esl 1gpy yhich HWVH@%A’EB%? 0%%3%?1%8:‘% fsr Sitferent
bal anci ng the gtealhasbaldficatinkapse and enables flexibility in the
design of capacitive transducers. [0136] For exanple, in cases of
desi gni ng capaeiit thgeneelrgoy’s densich wigchningy optyatepsnding @0thelmatasd usdl for
receivers, the ﬁf{epagi tive r’ryrbraﬁe tsho,ul d be thin and conpliant so as
to obtain a ref At ers I GRYSEMRERUERF- acousti cal coupl i ng
coefficient. FbV\BVQEdsIWhe conpliant nenbrane structure may have a
relatively | owl¥,es il eigubn eyretching dhromeger nengtulengtht 4leng a longitudinal

pi ezoel ectric ele tH0r layer to provide electrical stiffness to
tune the resongnt fr to the.desired value. When manufacturing
t he trlgdi tiona Ir%:cgﬁ gﬁ%‘gﬂﬁggle%ﬁe?:erc%bchagﬁlé‘?o?’he ni cr ophone nenbrane is
stretched |ike a "didjead” and the tensional force is adjusted to
tune the m cro#ﬂ}oaﬁﬁ—s—resl@)n‘ahph isrsegilarie Y« dhioteeveymmethi¢ struetiyeinot  be
practical for the '_cﬁ*)(SP machi ned capacitive sensors due to the small
di nensi on and «Iiﬁerhé:f%ﬁéﬂg ogfthené%né BENE o, pa%,ef ore, piezoelectric
stiffness tuning provrdes an ﬁpproac or "devel opi ng smal | -si zed,

hi gh- sensi ti vi dy inthe plezodahinedpiapaeifidisng, sensors. [0137] When
desi gni ng capagi t.i ve act uat ors such as ul trasound transmfters or
m cr o- machi ned" ritt 5 ¥ ?ﬁﬁépg,le‘f%t eRIEFIEETEIR Sletipdse oty Airedeciie
the stsength apgagéficiency of the power output. In order to match
the energy density of the nmgnetic or piezoelectric actuators, the
capacitive actiuat®e iglpssrdie piezosigrimcgiomeatsml | gap size, 5 which
may reduce the,coll apgse woltage. On the other hand, the actuators'
menbr anes shoul| d_bé&Yt hj n| £ i.cal i danc ' '

medi um whi ch (g, edule Esﬁghegfa ?ﬁ%?ﬂ&ﬁg pg%sgp nieicsglﬁ tgﬁﬁg%a%})%%ﬂeéﬁ%
di m ni sh the coll apse voltage. By providing piezoelectric stiffness
t uni ng, incl udirangdstessti ¢ stiffness tuning and dynami c stiffness

tuni ng, the capacitive, actu rs maintain a thin nepbrane and . .may
rel atively 10i hcf e‘ges é’o{eﬁgalg‘iyg‘sep‘“zegg%ﬂ”ﬁe?%rtl?enﬁarpé‘%t‘givﬁd’retcﬁ% Tol-Faffpaciuve
vol tage. [0138{ollgrerical simulations and analysis of the transducers
of various enbodi nents are now described with reference to the

fol | owi ng non-ilpdheinqeninst gapsiasbetyverngby capapitiye eleairaigsicad desi gn,

there is a traéj_gr-_ﬂ%ﬁ%e}ts%g&ﬁ&ilggt bandwi dt h and the
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nmechani ca
parall e

| sensitivity. As an exanple, in the case of designing

-plate capacitive 15 transducers, having a thinner plate

provi des for higher nechanical sensitivity. However, as the plate

gets thin
reduces t
design as
Smech, na
C( Equatr
capaci tiv
at the m

square ca
coor di nat
pl ate; Eh
Eis the

ner, the structural stiffness decreases and consequently
he bandwi dth of the transducer. [0140] Using a m crophone
an exanpl e of the transducer nechanical sensitivity,

{028 BELA, A MRS SRR A PP ASER y o820

eomﬁminrthmﬁ)llowmgl@nﬁ;on wll2 is the response or di spl acenent
ddl e of the capacitive plate; (1) is the node shape for a

paﬁbtr ve hDJ at e eWit h f | abwjnggr |&fsrj i se¥he m)dedV v,

es; R t'h he2 uag epca e
3 k2f| V Cdx§§ Eﬁ i s the | ast onst§% Eg 17 PZ' )
Young's nodul us of the cappgidtiong)pl ate; h |s the t hi ckness

of the capacitive plate; g is Poisson's ratio; and

5

10

15
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where -————SVOZ is the negative electrostatic stiffness coefficient; and
(go "'Wo)3

the electrostatic voltage or capacitive voltage, V, being decomposed to a DC bias

voltage, Vo, and an AC component V.
[0135] The right-hand-side of Equation 8 represents the linearized electrostatic actuation
while the left-hand-side shows that the electrostatic pressure may “soften” the plate
structure and reduce the system equivalent stiffness, whereas the piezoelectric stretching
force may tune the equivalent stiffness in either positive or negative directions. When the
stretching force, N,, is tensional, the stretching force increases the equivalent stiffness.
Therefore, by adjusting the value of the piezoelectric voltage, V,, and the DC bias, Vy, of
the electrostatic voltage V, the system equivalent stiffness may be tuned in a relatively
wide range. Therefore, there are various possibilities or designs with regard to the tuning
of the piezoelectric stiffness for sensing and actuation, where the incorporation of
piezoelectric tuning provides an approach for balancing the electrostatic collapse and
enables flexibility in the design of capacitive transducers.
[0136] For example, in cases of designing capacitive sensors such as microphones or
ultrasound receivers, the capacitive membrane should be thin and compliant so as to
obtain a relatively high mechanical-acoustical coupling coefficient. However, the
compliant membrane structure may have a relatively low resonant frequency, which may
require the piezoelectric element or layer to provide electrical stiffness to tune the
resonant frequency to the desired value. When manufacturing the traditional condenser
microphone, the microphone membrane is stretched like a “drumhead” and the tensional
force is adjusted to tune the microphone’s resonant frequency. However, this may not be
practical for the micro-machined capacitive sensors due to the small dimension and the
costs of man-power. Therefore, piezoelectric stiffness tuning provides an approach for

developing small-sized, high-sensitivity micro-machined capacitive sensors.
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P is the external pressure. [0141] FIG 6 shows a plot 600
illustrating the relationship between the bandwi dth and 5 the
mechani cal sensitivity of a transducer. [0142] FIG 7 shows a pl ot
700 illustrating a conparison of the frequency response (or

bandw dt h-sensitivity) of a conventional capacitive m crophone 702, a
conventional capacitive mcrophone with a thinner plate 704 and a

m crophon e t L unj f _various .enbaodi

[0143]  TdVPL 3RhFBIENEE b Dby Sul of AlleBlig NG pE midd-
di aphr agmhmﬂbnmpbd«ﬂmgthamengmdnangi the 6qnsﬁlfe1eabamet th20&eeng@Mand d
a thickness, .h, about 2 and, its resopant frequency set at
about sooﬁf%em&gl” s ROMEF HB%"%;}H PR & Fﬁ@dﬂ%emrgb[ g@&kﬂ' OB{he BALREHA §T
the thi CkP%(Selédﬁj@ﬁlﬁﬂié@éﬁ*s Nk @hyacivé @Malods adehvd B hl@ﬁl'iﬁfi‘%esn{alﬂegap size
mechani cal sensitivity, its resonant frequency decreases to about 550

Hz, asS shatiehi may pdupg theeeallapse7pdtagan®e tharatebbardo hd anindfions’ membranes
o1 ezo0l oot TR by A L8 Bientthd Bha bR Sty RY B RRUB. high may, e
appl yi ng ehepstﬁxcmda eﬁffness, wal hmgeﬁlﬁhelaﬂmxmxh ¢ ebYaple Oblidge. By pENtng

frequency o 6000 Hz achi eved shown in_ the resul

be e plpod R sPites i RO BPEOHAIC RiErest GRS i (Bames giffness
achi evi ngnaily, ghe agseiet doviatots qﬁa@mmtalaoa #Bn 20cA0ARATRE hey thStvely
conventional m crophaone. Therefore, SE enmenting piezoelectric tuni ng

may oVer cHIFEEsHEe gassighwhilpiaercaning thec Yolgbandwi dt h and t he
mechani Ca!()l%gpﬁhngkfféa‘a%?mﬁl%ﬁng E'xﬁ:f a mgglstoﬁ' ﬁ‘[%stglﬂg cérP?& v ‘%Ifs %ﬁ}%odlmems ar

enbodi nents ma e to overco this tra ainin
| east s ube@mrdbscab&:@wﬁh rdfd:ramcebaﬁch/ﬁnﬂo\hmgﬁnohﬁmlmg @Gaﬂ’lplhig t he mec hanl cal

sensitivi spite a thinner capacitive rane. FI

shows. & plPOBEE"? I Falicheh FGEn RBRE e qUERSRY detioaterbandeiish aihcbs
Wi th pi ezaetieaical entitifitn s ACEQRBIAGn HR d4dd bO&S RHROMHATRMbRte Jdpacinl Ot
800 shows the results for an ultrasound transducer havi ng a square

shape renBFaREcess havipgedhinasr phate arrsidss dordiighangchaneal sgesetiviey; Hemever,
about 100, t:lqMé)latt@ LK 'ﬂﬁﬁl%r fle sﬁ‘ﬁctﬁ@? Wiflsé dRasdnghd éhggntgﬁ%dﬁéeé &he

go, of about 0.3 gm w th an applied capacitive DC vo
about 20 bﬁl@ﬁdﬂthcf@ﬁ@zwme@trl ¢ tuning vol tages Vi,, of between

about 0 V, |fferent piezo tric stiffness

t uni ng. Thogg?}gggﬁ% aBdﬁlnyEL%rbt arned Fof" \Fﬁ(amp% \9% t[’%e“?négliﬂef Bghanical
obt ai ned §emsitiVity,Sn30 n\éytiehieﬁﬁa’saslfbll&% is obtained for Vp = 40 V, and
the result 808 is obtained for Vp = 50-{ The result 810 is shown as
a reference design, for exanppe i ®h.a |febdidyed pandvvl dth, to
illusthate the tun|$1@c116‘f p%ez oetec|ritvet Geuatiosrd)t he
transducers of various enbodi nents, so as to at™l east substantial ly

mat ch t heywhae dwidinb Véﬂf’;&lhﬂ?lﬁ%%@ﬁt%% AFRIER mdh4dd od Jlaar i Ous

enbodi nents, the piezoelectric stiffness tuning may adjust the
overal | equi vavexis thetrpsppnsesy disblackmend apthe intiddle of ﬂﬁmsmasnesﬂattﬂr ough

oi czoel ect ri o BRTORSHERE ESRTECiray St ol GRtL et MoaBeng o tne

transducer or [s<aRSAUERoSHERM t hrough a feedback control schenme. By

25 a is the Iength of the edge of the square capacitive plate;

kn =15 (1 H “p¢dxdy;

Eh’ . :
———— | is the elastic constant, D;
121 - %)

E is the Young’s modulus of the capacitive plate;
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10 statically changing of Vp, it is meant as setting up Vp in advance
and that during operation or in operational node, Vp is a constant or
remai ns substantially constant. [0148] In various enbodi nents, rather
than providing a static DC piezoelectric voltage to the piezoelectric
el ectrodes, an electrical control system enploying a feedback control
schene 900 as shown in FIG 9 may be fornmed or provided by feeding
capacitive sengi - t g .a.controller of the control system
and driving thEI%@8§é§?§%V$ﬁ%3% g%?vgggg’through the controller

out put to dynapiicPbikypnadhtigtand he stretching force on the el ectrode
menbrane. The controller may provide control for active danping

and/ or stiff neBds thggxisEal pgsus The feedback control schene 900

i ncl udes [ | e olc :

el cct i calt SLLR  ESARE B6P Lo ity (BE Rl EnP LR TuPbihaniat apg
bl ock 904 theanechpaicalsensgtivityrndia mgnsgglacer. bl ock 906, an el ectrical gain

bl ock 908, kK _contr r. block 910 and a pj.ezoel ectric i
nctuat | on AP FF LRt Ro DB e trding 4 dtwinioer of R SBGRERY ghpse (o
bl ock 904 bpdwmidtiasnsiitifanst ercohvieibh rbagﬁci{i‘hﬁ mIBGPRdHeCAY2, td 20SRHESTal
itself and the capacitive sensing gain block 906 transfers the )
t r ansducefFRacibiye gricropheste wih i Nt ite JBAeand pMmistaphaps it pészoplpgtvc
capaci t angfing?MmeRvhAddsUbodikieR, the electrical gain block 908
anplifies the capacitance variations to produce an output voltage.
The ouf pui01gd] Theyeesuls 7@hmsriopz owivdettbnabmidiephiose dtithdis diaphtapgol bemelbook
910 where, the output, driven volt for the piezoelectric enent 1S
det er mi ned®He 31&f’$ elea%th’p?’nodp HBBW?%@P HI%\RPE?H lcg?eé%&’eloiél’?lf@ Hee 42 itdn
gai n bl ockes8dadt freQleBSL R &t HOuESIO0 R SdetdrirdaliSthd MARKON t hat

converts the electrical actuation voltage into an electrical
30pr essur &144] Bri rediusing thenthickessalni awropmesbup@. wm[ 01 6mer Ag increase the

capacitiv i ovi d i.m state info tio for anp!

Tho- ot at o sraRalfeaB oK) I8 Tpoch sl ST E B oL b0 s ST T

i npl ement reshile 704 twhidh hieebtonc kow fortntiotopBairempli@ionv t h t he sensi ng

out put vgﬂggtﬁg feqqggcked into the controller 910. Then, the active
danpi ng ¢ WPVES1RY WFPDERUPRBICRAFEI Wateite th Vs HeSR Hb Nngge
VP. 5 CopRayAd abPlyldfae Sikidelcl8RSiolthdd NhpprREARMRGEY VP dsSndht fibflenSy
DC val ue, the active danping tuning schene adjusts the piezoelectric
st r et chi ngf floue 08 dtznnan be yackinyesugshshorna imothe rresulte706p ginpilar tyithat aftheh
i ncl udes ek i, O L.0ent $, 1

et ve. dares il afbeol il vl itk s SRR ECHAIRE T oebllf o0 g

t her map noig@)rsd foche exarpli@abntoodens.eFhemdforep phyg anentingqiie®eleddic frhrng |
which is related to,the .m crophane' s SSi v ing. Therefore, . .
transduceF@Y°¥ﬁ5ﬂn%§mé%ﬂ§%ﬁ@@$°§£@?88E§W3??Sﬂéap%@¢g%§? 12 SENSHRY o
vway that hich tRasi ¥sdeeksdfivaabustamdidifentSBRE BEERE 10 Bvdrbén@ 8 eideCat
holes, is kept lowwhile utilizing electrical active danping through
pi ezoel echy PRINIRING Gt dsicuhpanidly simber hapdwidtinwdile crerepsingythe meghanical
per for mange . r reavt di : gﬁﬁg with a large effective
danpi ng. ge%%ltl%%gggﬁxtfﬁéﬁm?%]% %\%\%V%gﬁp otﬁiooo of noi se performance,

i n t hes f ol6lf FigoBeshowp aqtletad00ddnsiatiyg thef freljukher erponst of olaosdecer with
danpi ng schenes,.to illustrate the effecti.veness of. t ctiv

danbi ng. SCAERECiosTpin, SEPEEE oo gt HEDCAHENS: i iabete At Fessls
for a noi g ah @RPEOER HDGR1cHt Bdving JafiRicNBagedhb@brafie 5f 8nl8Ral RArdIHES of

response 1004 with a danpi nlg ratio, = 1 and a noise response 1006
with actileaetl épﬁ-ﬁiigf-g a, of about T00 pm, thickness, h, of about 0.4 um, and nominal gap size,

2o, of about 0.3 pm, with an applied capacitive DC voltage, V,, of about 20 V and
30  piezoelectric tuning voltages, V,, of between about 0 V to about 50 V, for different

piezoelectric stiffness tuning. The result 802 is obtained for V, = 0 V, the result 804 is
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20[ 0154] The noi se response 1006 shows that active danping provides a
substantially simlar danping response and a | ower noi se conpared to
the noi se response 1004 with = 1. [0155] In various enbodi nents, in
addition to providing active danping to the transducer system the

f eedback control schene may adaptively adjust the transducer's
resonant 25 frequency and sensitivity through piezoelectric
stiffness ntr hi s i.n per ma
transducePEﬁ?%Hggfgfcu dYI¥EIC%5§¥§ ﬁ@é%”§9F§ Vﬁﬁf%ﬁvrgﬁﬁﬁfé?uggigm

consi st en@ytaofedeﬁacwb + ﬂ@irvvll“ﬁumsult 810 isghowh en®rffererlc@ Hefiln, | fBr d@fdp@irSith a
enbodi nent,s, tran ducer dﬁ];l gnséﬂay requi.re an array configuration

for perf offitiife L3ABIOR eloetstain e g oh dhs, Pirgesledifia olioascer Vel Biehe

of the ar Ezﬁﬁ{sd'u&:@gf Gk B fbolithedY So h‘éﬂ'iofé?ﬁ@as!?ﬁfb%iahﬁagl)} MatR" h@%ndmdt
i npr oved array erformance. However, even for transducers fabricate

t hrough MVEMBepeiocaesdasign it is difficult to maintain uniform

o pr ocesd7] it B8t RHBhaRR" PR Babt e i RnICHRL PN B R

cause a vaquiedleronstiffnesshef th cimeﬁm qfant;dieexisntﬂnougﬁuﬁhtlcﬁllﬁmaﬁgimg \uffli 16
t herefore recL:il res ter or Ig];t hods t o provi sensitivity matching.

Hovever, BY“PEHI DU EEPnYy pTIE RiFZ9RIEFE 261 p%mnat&méwwmlge

of the 5d£1ﬁ§1ﬂ§@M%H&n@&)ﬁepbpﬁh]ﬁ@udeﬁm&é&ﬁ%% %h% tfée\ﬂbaak SoRbbOEALRY. éf
an array of transducer elenments, thereby itse providing sensitivitly

mat chilfig. SpiEdy chmeme of Vys Héwseant ps SHIELPOV; inladwancaehdthabdwingpariaton
of the Segphto?glla[l narfﬂ{o(agl\g% 2%51‘{%%@ 091‘3%1%“‘1 esﬂltr)rélt%@%il%%ns?%t of

capacitive m ones an ar ones

pi ezoel ec{t148] hmwmgs éxﬁ@dﬂiméntvaaﬂlm@amﬁboﬂumﬁt&ic Iaaq;li‘eméleap{c hélv:igs go
10 six in VIdU trans er el nent respectively based on

simlar de$iRFoSs °t518nefl? g‘ﬂ&%& iaBr‘f gmﬁﬁ‘é‘fm‘loi SY%%“@BW{M% B%e‘iﬁlb@%‘ gontrph e
i ndi vi duakcheinewonassifvntiREIG! 9 Ay BB YorbRd 3F pRFARE bwee’au%r dagad@@&ets%ﬁﬂng
of, for exanple 3 colums x 2 rows. The y-axis of plo

r epr ed&nt S9PHelod B SPRIrEEs rths conbiohpstean rRé driwing ‘-‘heemezwle[ctﬁCPd]ﬁmodeS
refers to f r
h?o thd gxg}ﬁl%ll\étal)ﬁ{ 18 dyhg}ﬁue& g(ﬁﬂétqhe &Eetﬁﬁﬁégﬁge?%n the e ?ctlode

20*1 ogi o(y_va ue/l The termy va ers
sensi ti vi mgmbring.elhelvoairoléal may pmtmldile t{cmtlﬁhi[or atﬁt%ﬁﬁ]npiﬁgemdﬁm‘sﬂrﬁiess tunmg

ar amet er s..f,or~ach of .the e e conventlonal ca i
lrc:‘i cr ophon@ lf‘r@yT ee%%egﬁacgt c%rolasé r?g{) hinclEdes, 2 SHEERALOs o eRF T gh% with

t hi cknessacokiitioopreadapditand dIHﬂS’tndﬂhlple@sdlhfas e ifgdts, PacagieitRe Sirdneduceagindf
t he el ement l;gr the m._crophgone wt hqé;ﬁl ezoel ectric tuni nq{zof vari ous
enbodfren?8kdl Beapasitivg seasing aga blaskqi0R, amelegfical gaokleclo B afredhack a

t hi cknessgonh8ilerdflodtAtand a dickodiMiric actuation gain block 912.
[0150] The capacitive transducer plant block 904 provides a transfer function of the

mechanical transducer itself and the capacitive sensing gain block 906 transfers the
transducer’s output, for example displacement of the membrane, into capacitance
25 vanations. Then, the electrical gain block 908 amplifies the capacitance variations to
produce an output voltage. The output voltage is then provided to the feedback controller
block 910 where the output driven voltage for the piezoelectric element is determined by
active damping control law. The piezoelectric actuation gain block 912 represents an
equivalent transfer function that converts the electrical actuation voltage into an electrical

30  pressure or an equivalent mechanical pressure.
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[ 0159] The actual thickness, h, of the individual elenents may be
defined as h =110 (1+48), where 110 is the nom nal thickness and 5 is
the thickness variation. [0160] Wth a thickness variation 5 = 0. 2,
the result 1102 of the conventional capacitive m crophones show a
sensitivity variation of about 9 dB, while the result 1104 of the 25
m crophones of various enbodi nents with piezoelectric tuning show a

sensitivi riatio | ess th bout 3 d such that the

sensi ¢ vi 9B BeregiR sonBRipbuor BRRh e Sotormtiad. B attale el
pi ezoel ecUfsplcdmhidtt,fle coRHDIs@deifbithd tlahiRBET mby ﬁgﬁ%@ﬁ&h@b edback
[0161] Capacitive m cromachi ned ultrasound transducers S) ma
provi de afPHipl serea’ 0 aritioihe sensigteuEg oi heing ﬁeecth@@lée@rlanoltb%ccamller 10.

rel ative Iy aGousti ﬁaﬁ%ggﬁrﬂ R t}eagg fhe SE Efe%ekf&mgtgége V.

acoustic power out put the col l'apse vo
Howeve$, ©Chmphrdoppbe a;tsz@csscthmpg es:b@hemﬂlerecvg, uniangiatice Eitanalem theyadnek p

to increase _the.radi a ssure of, the S. 0162] . The

odi i1 on SEPRGE i fheRe iR PE et af Sy b iy teyshahe
| nt egr atIQcﬁhtﬁ)iflelf@.{ti)lﬁ\"ﬁ, %8R iffides DCahlibl ACialugly' (Equation 10) 211-
where r' =r' (x', y') is the coordinates on the transducer plate; r =

ro(x, V) i%ls{llh@ a@&% srabodimets. ¢ the asH¥e demplgpBinFEs scheme may redpcy the g
a 102 (1)gxd¥cers holsd 6. MEAal HORPLNSE exddhilc 37 463y microphones’ noise

10 floor, which is related to the microphone’s passive damping. Therefore, transducers, such
as condenser microphones, may be designed in such a way that its passive acoustical
damping, dependent on the acoustical holes, is kept low while utilizing electrical active
damping through piezoelectric tuning to compensate for the transducers’ dynamic
performance, thereby providing transducers with a large effective damping.

15 [0153] FIG. 10 shows a plot 1000 of noise performance, in the form of power spectral
density, of different microphone damping schemes, to illustrate the effectiveness of the
active damping scheme via piezoelectric tuning. The plot 1000 shows results for a noise
response 1002 with a damping ratio, & = 0.035, a noise response 1004 with a damping
ratio, £ = 1 and a noise response 1006 with active damping.

20 [0154] The noise response 1006 shows that active damping provides a substantially
similar damping response and a lower noise compared to the noise response 1004 with
£=1.

[0155] In various embodiments, in addition to providing active damping to the transducer
system, the feedback control scheme may adaptively adjust the transducer’s resonant

25  frequency and sensitivity through piezoelectric stiffness tuning control. This may
mprove the performance of the transducer, in particularly a transducer array which
requires consistency of each individual cell or element.

[0156] In various embodiments, transducer designs may require an array configuration
for performance improvement, where the individual transducer element of the array is

30 required to have uniform sensitivity for an improved array performance. However, even

for transducers fabricated through MEMS processing, it is difficult to maintain uniform
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0) is the angul ar frequency, where (a)/2n) is the frequency, f; 10p
is the plate's density; and 4) is the node shape for a square
capacitive plate with fixed boundaries. [0163] Increasing the driving
voltage, V, increases the radiation pressure output. However, as the
driving voltage, V, of conventional cMJTs is limted by the collapse
voltage, the increase in radiation pressure is limted and may not be

i ncreased _as.requi.ted .15in various applicatigns..[0164] |In cantrast,
For omrms GRS bEadim e Tos R o ESbule Biriaions tpngesS Hhgodtions
driving vab#iegebriVatidhoaid Nard fRREO MMRHeHaPealt aSaM M dnBiflQhe MBckmdfdofAthe
AC conponent VI may be increased beyond the conventional collapse

vol tage | inditigesl shementie vdigh thesaipiei feguires sepsuemmiihgriefo pratiida pamitivity
pressure. ne@hHOHowel G b aftonlitii it AR ROl CORNGE eﬂfb?g%%lgét%ﬂpﬁ

1200 of a capacitive m cronmachi ne trasoun ansducer
pi ezoeb ectmisluternimay ptovalsonpréveiiHeensitivtp noifogmityo faann auay of transducer

Chun € (Ao ST eRE SRR SRR s ik o0 Ust r at i ng an
aver age plESIPFET.OM! fhatysat plbEl BUNThRERing 2 oBfpadsdnodraGt knkRivity matching

m cromachi ned ul trasound transducer (cMJT) with piezoel ectric tuni n?
at a dri vPFyeedl & sg8veatioslotrayi 08 $pagiirermicimpheeesyat§opd an amay o
enbodi ment e, SHOA didoEbGric LaR i atdn :

about 40 I\(Pcamégofﬁ1 be ok?tlaione(gi%ngt a goﬁ%mggl\ﬁlzi{o Q%@E@@gégﬁ&u&gl{é%gé\gn%
pl ot 1B00si| lindyvidadli trgnwlucarnmprnieson whpectieclncioased | on radiimilaondesign or

pressure at the surface.of a conv i.onal. capacitive mcr chi ned
ul t rasounﬁor{f} regie %&a?érl\j}]f)coﬁtﬁﬁtz‘%{aﬁ&f 2 @R&ﬁ%ﬁl{‘%‘l a%gjfgtéloggﬁer frgay may
tuni ng 136&a@ingedii Husd parkadbfBitHetampRBERIunlie. Bk&bs. 1399-&&%@1@@00

results for both the conventional cMJT 1302 and the 5 cMJT wit

pi ezoel ectaPresents fiindB 13bws oh sealhyharestha derer Sgkiple (BB tefass ¢ a reference
structural f of f 0

thi okneso,ETATEHE St of SR URS! 2GHEGNy Sl 1) PR 208 et toghy
1. un, 1w t meamnappienadvitapeded ¢litaiveddC vndtl[tidRpd, Vo, of about 5 V and a

capacitiv | tage,, VI, of about 15 V for the conventional cMJI
1365, andlieeh T SRR diedimant Pk Sl sFugelor Ui Son i caaoee o
capaci ti vaickeifMon¥ hdyageset Wl an edgcaRAgth, 400 Moaghod Bh @208 BfkhisS, by, of
vol tage, Vp, of about 0.1 V for the cMJT with piezoelectric tuning

1304. 10189ut Theny whild the 1R0dnd! paranteters dorveaah iob izl elevtf foh dwsmarqpbake

g‘? Og;t)hf \rggg I\?aﬁ%zlgg re]:c&gl%: 21?1}3#% ga Qf]::ui(?‘ubsoéjl;[lbo%ilﬁgntswllanaéyvget shet aat %1(1? leldg'é) ?e%g%ﬁ? Iat g‘ €

20 about 2000 pm and a thickness, hg, of about 0.2 pm.
[0159] The actual thickness, h, of the individual elements may be defined as h = hg (1+5),
where hg is the nominal thickness and § is the thickness variation.
[0160] With a thickness variation 8 = 0.2, the result 1102 of the conventional capacitive
microphones show a sensitivity variation of about 9 dB, while the result 1104 of the
25 microphones of various embodiments with piezoelectric tuning show a sensitivity
variation of less than about 3 dB, such that the sensitivity variation is reduced from
about 9 dB to about 2.5 dB with piezoelectric tuning, coupled with a thinner transducer
element.
[0161] Capacitive micromachined ultrasound transducers (cMUTs) may provide array
30  fabrication, front-end circuit integration and relative low acoustic impedance. However,

cMUTs suffer from low acoustic power output, which is limited by the collapse voltage.
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separately), while the result 1304 for the cMJT with piezoelectric
tuni ng shows a peak 15acoustic radiation pressure of about 16 IVflia
with no collapse voltage. 101701 Wi le the invention has been
particularly shown and described with reference to specific

enbodi ments, it should be understood by those skilled in the art that
vari ous changes in formand detail may be nmade therein w thout
departing and. s.co of the invention a

o appendioy Ui ancor U DR ERR e iR erRs et By iAo o st b
by the apmﬁui@dpedsajr%fﬂaedlvams changes which conme within the neaning
and range of equi val ency of the clains_are therefore intended to be
enbr aced. h&hle radhﬂloer BISEMIR dom @ orabilsds platp maythe detergpiped pydeayleigh
second el e,ggérgt%églf@p%ed over the first electrode such that the
first el ectrode and the second el ectrode formrespective capacitive

el ectrodes of a capacitor, the ee‘ﬂ‘ettrode conprising a core
portioh and a peripheral pdki rcrn*— CFﬁﬁi)d el ect thsatiati ¥Bosed
relative to the second el ectrode such the third el ectrode

overl aps wth ;hlerggeg )gpﬁg%o %{%ggt&fnah%cgl d el ectrode; and 10a

pi ezoel ectric ele I spose etween the perip eraI portion of the
second el ectroder(md) tshbe tdurdidated efthe olsbervirmpoaistst 0 t une a t ensi onal
force provided by th zoelectrlc el enent onto the second el ectrode
by varying a pi ezo Yyoldyage applied between the second

el ectrode and the h2(g9l+gDectrode 152 he transducer of claim1,
wherei n the tefsional IJT 68 &Ed”%‘lf [95RO%Pezoel ectric el ement
onto the second el ect odg) I'S |n a direction substantially

per pendi cul ar h ol tage applied
bet ween t he segégs‘n%'Q P%’lé rel:ﬁe hQ& &P%e??ﬁﬂféc% IZ%{“GHC £ 203. The
transdpucer of §isahap1$tewdaﬁs@waﬁﬂel n the tensional force conprises a
tensile strain. 4. The transducer of any one of clains 1 to 3,
wherei n the fi¢#tthemeds shepe fandquse canseitinelplafeseith Guied bovadarisnf i gur ed

to be sub ﬁflggf fn@lleaéfntp aﬂ:lgl Arﬁjmé Ovo?tgg gh 9t h&creases the radiation pressure output.

However, as the driving voltage, V, of conventional cMUTs is limited by the collapse

voltage, the increase in radiation pressure is limited and may not be increased as required

15 in various applications.

[0164] In contrast, for cMUTs of various embodiments with piezoelectric tuning, the
driving voltage , V, having a decomposed DC bias voltage, Vg, and an AC component V,
may be increased beyond the conventional collapse voltage limitation, thereby resulting
in a much higher radiation pressure.

20  [0165] FIG. 12A shows a radiation pressure distribution 1200 of a capacitive
micromachined ultrasound transducer (cMUT) with piezoelectric tuning at about 8 MHz,
according to various embodiments. The axes represent the (X, y, z) geometrical
coordinates in unit (m).

[0166] FIG. 12B shows a plot 1210 illustrating an average pressure output at the surface

25  of a capacitive micromachined ultrasound transducer (cMUT) with piezoelectric tuning at
a driving voltage of about 100 V, according to various embodiments. As shown in

FIG. 12B, a radiation pressure output of about 40 MPa may be obtained at about 8 MHz.
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25 5. The transducer of any one of clains 1 to 4, wherein the second
el ectrode is disposed over the first electrode such that at |east a
portion of the first electrode and at |east a portion of the second
el ectrode are separated by an air gap or vacuum 306. The transducer
of any one of clains 1 to 5, wherein the first electrode is
positioned substantially along the sane plane as the third el ectrode.

7.The tra aim 6 rising .a fi i sol at or

di sposed Em%ht Efv’ S#’ %t pg‘(l’tect boglés%?ﬁggtah%m? F PBgC Ediatnn
t r ansducepre3furaaythe Berfak of bk @bikeniiodad cabaciite ifidr Bmhﬂﬁndcdl UlfhsoBhEEhdsaser
conprises a cross-sectional di rren5| on smaller than the second

el ect r ode CMUFR &3 aderMET vath pigrpelspiaic Giming K ol varienssmbpdimentsy
conmi si ng é@i@Fqﬁ@‘Eldt Si@b@fs%wéj{h%g@s%ﬁg f&ewﬁg}gb %431% lﬁﬁc{nﬁf cz@tﬂqmd&datﬁg

the second el ectrode. 10 . The transduc aim9, wherein't
first él e@M{BEI@lﬁaompzqeiﬁemcamums@oéehammmalsqdamshspeomembtast aritsirabtisal

I h de 1. f_cl 9
To wher PSR F eE o P & ot B 00 ik BREBRS Potf Eufl Juamanad
the thirdnehest ca56iar e, BP%bJﬂtQ)“fiQm! %ﬁlux}ﬁsﬁmeaaéab%nwefﬁer% '@,ﬂg%-

12. The transducer of any one of clains 1 to 11, Wwherein the écon
el ectrode ab@ﬁp? |\é a@ad a2 Wﬂmﬁcatwengcnmﬁﬂga,né’], Qf) ’_aBoﬁIthES tV e dhec eomahtional
ween t.

per i pher af ey (1% B fh 8 B ER iRt I heT RPN eY ot PatE S
as toim niad zcdtaug&,t‘ér, fof el 00OV ARy & faabeledtrit RoltsRe Wb fedbetit 6.00e for the
cMUT with piezoelectric tuning 1304.
[0169] The result 1302 for the conventional cMUT shows a peak acoustic radiation
pressure of about 0.43 MPa with a collapse voltage of about 29 V (as determined
separately), while the result 1304 for the cMUT with piezoelectric tuning shows a peak
15 acoustic radiation pressure of about 16 MPa with no collapse voltage.
[0170] While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various
changes in form and detail may be made therein without departing from the spirit and
scope of the invention as defined by the appended claims. The scope of the invention is
20 thus indicated by the appended claims and all changes which come within the meaning

and range of equivalency of the claims are therefore intended to be embraced.
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14. The transducer of any one of clains 1 to 13, wherein the
transducer is configured 25to performa capacitive transducti on when
a capacitive voltage is applied between the first electrode and the
second el ectrode. 15. The transducer of any one of clains 1 to 14,
wherein the piezoelectric el enment conprises a material selected from
a group consisting of AluminumN tride (AIN), Lead 30Z ronate
Titanate I SPolyvinylidene Fl uoride (PVDF), and Zinc Oxide (Zn0).
16. The transducer of any one of clainms 1 to 15, wherein each of the
first electrode, the second electrode and the third el ectrode
conpri ses 1a nmetadars@lRs ceslpfigiggn a group consisting of Al um num (Al),
Titanium (Ti), Chromum (Cr) and Ml ybdenum (Md). 517. The transducer
of any one of ef&tsisciodey 16, wherein each of the first el ectrode,
the segond e! eﬁtsl%%ﬁ @é&ﬂo&@@is&@e& Qv gt rf’td&%c%%ﬂ? [“.{l&le&lag@lgqﬂﬁl electrode
pol ycrystalline silicon or sihgle crystalline silicon. . The

t r ansduc erndfhegagondredecobde fomnrespketie chpacitirees et desaafn aipatitve, the s&bnd

i sol at or apdtl t he second isouatordco ri ses ﬁ.naterial sel ected from
a group cSTET&ERGPEFNE A CPER TN B AP RIS PR i | i con oxi de (Si 02).
19. A transducerthir€ @@Rfrbdd Bgposad frelasie & Akt $06Q1 LoRoReaRAdhAl Betihpde
di sposed over the first electrode such that the first el ectrode and

the seconBlegiedeirsdepsriginhe aspberd petienpbir seoped slegsedcoams of a
capacijjor, the, %@&gggﬁgl: %férﬁéﬂgglsgggmrﬁe?\!v% e %Fl &0 ﬁ%?g%%ggh second

peri pheral portion; . I ezoel ectric "el enent
bet ween t hlectpaiei gkl thiwr thecrodof se s ®wetwada édmsomabdecapdotite by ribe

el ectr Odepiegt())elcg‘:%rié[ &e&gnr}%n% thg S268 glL:ctI‘o%%%?z vglry%ygl ad &gzo%YecErfl}:evoltage applied

between the second electrode and the third electrode.

15 2. The transducer of claim 1, wherein the tensional force provided by the
piezoelectric element onto the second electrode is in a direction substantially
perpendicular to the direction of the piezoelectric voltage applied between the second

electrode and the third electrode.

20 3. The transducer of claim 1 or 2, wherein the tensional force comprises a tensile
strain,
4. The transducer of any one of claims 1 to 3, wherein the first electrode and the

second electrode are configured to be substantially parallel to each other.

25
5. The transducer of any one of claims 1 to 4, wherein the second electrode is
disposed over the first electrode such that at least a portion of the first electrode and at
least a portion of the second electrode are separated by an air gap or vacuum.

30 6. The transducer of any one of claims 1 to 5, wherein the first electrode is

positioned substantially along the same plane as the third electrode.
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20pi ezoel ectric el ement onto the second el ectrode by varying a

pi ezoel ectric voltage applied between the first electrode and the
second el ectrode. 20. The transducer of claim 19, wherein the second
el ectrode conprises a vibrating nenbrane.

7. The transducer of claim 6, further comprising a first isolator disposed between the

first electrode and the third electrode.

5 8. The transducer of any one of claims 1 to 7, wherein the first electrode comprises a

cross-sectional dimension smaller than the second electrode.

9. The transducer of any one of claims 1 to 5, further comprising a second isolator
disposed between the first electrode and the second electrode.

10
10. The transducer of claim 9, wherein the first electrode comprises a cross-sectional

dimension substantially similar to the second electrode.

11. The transducer of claim 9 or 10, wherein each of the first electrode, the second

15 electrode and the third electrode are positioned in substantially different planes.

12, The transducer of any one of claims 1 to 11, wherein the second electrode

comprises a vibrating membrane.

20 13.  The transducer of claim 12, wherein the piezoelectric element is disposed between
the peripheral portion of the second electrode and the third electrode so as to minimize

interference to movement of the second electrode.

14.  The transducer of any one of claims 1 to 13, wherein the transducer is configured
25  to perform a capacitive transduction when a capacitive voltage is applied between the

first electrode and the second electrode.
15.  The transducer of any one of claims 1 to 14, wherein the piezoelectric element

comprises a material selected from a group consisting of Aluminum Nitride (AIN), Lead

30 Zironate Titanate (PZT), Polyvinylidene Fluoride (PVDF), and Zinc Oxide (ZnO).
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20

16.  The transducer of any one of claims 1 to 15, wherein each of the first electrode,
the second electrode and the third electrode comprises a metal selected from a group

consisting of Aluminum (Al), Titanium (Ti), Chromium (Cr) and Molybdenum (Mo).

17. The transducer of any one of claims 1 to 16, wherein each of the first electrode,
the second electrode and the third electrode comprises doped polycrystalline silicon or

single crystalline silicon.

18.  The transducer of any one of claims 1 to 17, wherein each of the first isolator and
the second isolator comprises a material selected from a group consisting of silicon

carbide (SiC) and silicon oxide (Si0»).

19. A transducer, comprising:

a first electrode;

a second electrode disposed over the first electrode such that the first electrode
and the second electrode form respective capacitive electrodes of a capacitor, the second
electrode comprising a core portion and a peripheral portion; and

a piezoelectric element disposed between the peripheral portion of the second
electrode and the first electrode, so as to tune a tensional force provided by the
piezoelectric element onto the second electrode by varying a piezoelectric voltage applied

between the first electrode and the second electrode.

20.  The transducer of claim 19, wherein the second electrode comprises a vibrating

membrane.
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