10

15

20

; kle3e] Z| (6T=C% *(@0D0002* Pi ezoel ectric M cromachi ned.

U trasonic Transducer Array and Method for Fabricating

the Sane Field of the invention The present inv

relates to a mcronmachi ned ultrasonic transducemmmmmmmm“I‘“Hl'”“l
array, 5 which can be manufactured froma silicon r159150*
waf er using mcro el ectro nechani cal systens ( I\/EI\/IS

Cecnolcay"or oifer Som conductr b ecesses” MY
particul ar, the present invention relates to a

pi ezoel ectric m cromachi ned ul trasoni c transducer .ggogoz+
array and a nethod of fabricating the sane. Background
of Inventipn 1 It ' CI,kno rt1eh ultra nln% t ransducer
arrays can E joacime

measur enent and pararretrl c audl 0 systerrs to reproduce

a highly directi omad Matiibdicr Fabiadtilg & Same

Conventionally, a piezoelectric and transducer array

havi ng a high ultrasonic carrier frequency 15 is
f%-‘&@d’-f&pﬁﬁ(ﬂﬂﬂg a single bul k piezoelectric sheet
onto a backing substrate that provides acoustic
[
ﬂ?‘ éﬁgds‘e?if‘ bnvghﬁoﬁ rEB0s RF4 'h'llEro?ﬁ‘fé?ﬁnécf u&ﬁ%ﬁnl@ﬁ?ﬁrﬁgc\ér array,

y cutting or dicing t mat er i1 al
r enlmahgaaar beI enamifactofed Heorar @aysilidon iveafaot esing haticriot electro

I S_not ea use t ho tofo m a_ transducer

g ey Serie WERB) Rk ogor RHiRr s ROBAYGISE processes.

p' Iﬁzﬁéﬂl@@lbf ' fhezﬁréebhf ﬁﬁfé‘ﬁhéntrél%\'ﬂééj%%r piérzbébecﬂ’rb/ lérofnachined
w 'm ddl e carrier frequency can be forned

cdﬂh’é%leﬂ dransdycenriray ande me@ndcnfcf@brmt@@dhwame

Unfortunately, each individual elenment in this array

ty@éﬂﬁr&%ﬁaﬂ!ﬁteﬁ{ bgﬂht ly different peak frequency

' arrayability". 25 Sone

devel opments have |lead to the prospect of

rranuf acturi an ultrasonic array in silicon VEMS
*lﬂ? iR iaRedICe @8@% §88. be ‘t'%eqatﬂ\éﬁfj@@&

ar(ﬁaéhéstfc% u‘étra‘?héﬁs%?eﬁﬁ@haw 1 Q étﬁ 'a‘i’x'@i?o a&été?nsttB

assu rasonlc array |a I"e
ccmpmzdtmeta ptghnpdmmtmav\audmbla $co1mct:mam Colvamﬁbr(ally; a

d t f I
P figndandycsh SHE Habibath gk Yt Bs g ciardreguency
dei‘é%l‘?ﬁé@ﬁ oY ?Oé' §ﬁ1@lé‘§@lktﬂléide$é&lhé sheet onto a backing
transducer/transducer 5 array, U No.

6 sutstrata that proydes acowstic. attynuautl'ageTh@I pmoem i;isheet is then

AR oo T AL Wl Rl Pt AR rectehouler

pl slefrlanty oPtheCAPAL It is\roted tHan s ob edsyitd ues tms method to form
transducer (cMJT) cells, each conprising a char

di apAnadueesl atay kayiag seajler olepa $izey A&ﬁ"@ib’@ﬂ @plezoelectnc
ch

S g8l o) RadhGRIDAAFIIE LR fisfuency gan be
naﬁormeel rbygammnzeting emargeipdividual érapbdn e eIemeetsaIUr;fortunately,
ado ted in,t transduce 0 as to.i ove
A iRdMaal e éRCindhisareay DR CaMDOS A-p It BT aL sk
i's g@% fo nprove transducer
sefr25| t Irf/cﬁ/%ﬂciﬁﬁngt% tbg'urcgﬁhg%% tive m cromachi ned
uItrasonl c transducer, a DC bias is used to produce an

SﬁHﬁ-o q#ﬁm%@t@; ﬁﬁpg@ft‘q nwz?\g/céggqa dﬁaéﬁ%ctlﬁ'in%taeﬁ ultrasonic

array in silicon by MEMS technology or semiconductor processes. Its

advantages are (i) to suit for high-volume applications, (ii) to assure an

ultrasonic array having reliable and consistent performance with a low cost,
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toward the base plate. An AC signal is applied across
the capacitive plates to cause the di aphragmto
vibrate and emt ultrasoni c waves. Conversely, during
reception of ultrasonic waves, the di aphragm vibration
varies the capacitance of the sensor and thus outputs
a current proportional to the input pressure. 20 Note
that the DC bias voltage nmust e carefully controlled
so as to maintain high transducer sensitivity w thout
short-circuiting the transducer's capacitance. As an
alternative to such arrangenents) a conbi nati on of

P ST ol € VRS 88 st S T deicel a plesggonics

stm@@gtgtsmges;hgﬁl ficantly higher than electrostatic
coupling strength, and al so, piezoelectric

m cro-mechani cal devices are not usually restricted to
SREHE ddurdé g@&@élﬁﬁlngfé) HI@@W%&%%&@E& ic '?l%n%bﬁ&éﬁfr&nsducer
gap required tor e ros I'c mcr

demaye@ SAPAt. tNmsGsM@,ﬁomBeslspuedltwle D. Brddee disclosed a

Capadtie tierog 3'@3@?3'&@@3@% eseHCel I BUs disiosirs, the
t rARSALESis %ngy brﬁ?ur‘éﬁ of3 a?'a@ﬁ’ibé %Efd?ﬁé‘&?}@@@ ult}&onlc

nost m cromac ul tras ransducers
trapadlaxgaﬂ(nmuil'r)aueéls; eacfrocamaprismg a‘a:hawgegi diapdpagmtplatg a
f, I 1 h '
S FpedfivafppPiinG an SHoNER SharSEPgse pisie, The albrhragm piate

?i’et,) (9|§fe'?1'd%9 tbﬂ@r@ﬂffé badephate b?“éeﬁlaé é‘@es W’Hmré\ﬁer': ?éb bétween

ter that silicon nitr pOSIte
t napa@ltwe platesals usually adoptes inrbisrtype oﬁtrgnsduc(er)so ahto improve

S bk 10 35D, E5iorbE B GET B e Sl S
dwmrwwmméﬁaﬁmeu%ﬁéwgpu@lanifpmaré@dédm@ micromachined
transducer array has nan elenents, and it is not

e HHfasEpiciaNFdICeH 0 D@‘oh@sss uﬁ@q/tcanmdgcman elertrgstgiic force

RERes o, AP bR EedlMing FEAEH Bpinbobf bfRG shecte:

wWhdwdrdi the el plge. mrA@ stgreh |saapsrslwdr@m§s the cmenm\m plates to
transducer array Summary of the Invention_The

praysmnthe W@@qugfﬂ t%VilPéatﬁc? it Wiraraniaw@vag<panversely, during
UL ARBRIG (it ARRHLGBUOS Wb AT AR BRI RS theTabBGance

VI Ces enera I nventi on
t lofitheasgnsor mkidbtns loatputs aacuorent ptoportional ¢o thae mnut ipsessure.

281qﬁﬂé%yth§m€5 388 Mustba saphil qoryaliod Seras tadnaintain
S5sduder %@Hy t.r/. WHRGUSHIEL- &?dUlt‘iﬁogSﬁwg tTé}‘?sdiLéeg gon

a er acts as a gﬁragnl and I's pr

picapaecitascer i c Iayer and el ectrode | ayers sandw ching
it, so that deflection of the diaphragmis coupled to
(i.e. can be produced by, or alternatively produces)

elpacan bl@é\*naﬁw Wbﬁch erbﬁgeﬁ’nbﬁ% BQsHrabinaflorof Sifie6r | bed

in detall below, fabrication of transducer arrays
amomwumlngta‘m piazesiectoio fimddpesitionfis attractiveidines ng

technl s fro ect.ro.. nechani cal, syste ,
r e Rl ol A R ety BBhAT tnedlSipflstati
S'chéHHg strength, and also, piezoelectric micro-mechanical devices are not
usually restricted to specific geometrical configurations like the electric gap
required for electrostatic micro-mechanical devices. All these features provide
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m cromachi ni ng and pi ezoelectric filmdeposition. This
nmeans that such 5 4 enbodi nents nay be produced with
a | ow manufacturing cost and high perfornmance. In
preferred enbodi nents, wafer fusion bonding between
the silicon wafer and the silicon layer is adopted. 5
The silicon diaphragmlayer is preferably noved onto
the silicon wafer by a handle gwafer which is attached
to the silicon layer, the handle | ayer and silicon

| ayer being part of an SO structure at that tine.
Subsequently, the handle |ayer is renoved. The term

S BORFIBIOL B AR VS Mot Bnaile Bl S8 BES oblifipngucer
t vkl E@eR uttdsdnic fransdudyr elerent inblades andiaphragiy menbrane.

el ongate, this is not a r_ecggérerrent of the term as )
ude Masd micronprchined litraspnicisansdsicats he diapbragm/membrane is

TyDI el . e, | ' : i..C
BRI R g, uct AR Moo
elsilicbhaibstrate cheshown irafigr 1 (), phe tioen patteining that sangificial
a bottom el ectrode, anpother adhesion 15 |ayer, an

i havarak iasrhowein Fig g1 eAtien thabailiepn pitiide fis dgepsited onto the
b : r - narf S.
paREfficb a1 ras Siowitin FIEE 1GPTRE saBRfHE I8ler | RHHRR
wiremoved cap shdwn db Fig. slid)s thurs fomning thechaokscavitenddbaum

BiiHeBR e ab SRR B Siedibet Sy has many
| &hehtd, ¥AG wmno%gs{, h\‘.t?eﬁé\)/rbt R @ridisibhcy Afidhg aldI8 by

some applications o e Invention, the array ufilizes
arusing/thiss tabpicatior mathod cespecially to ensure/anifors diaphragin

engr I nto nec ical ener i.e. ., .echani ca

< Ahlaftes< i pNE Al bR erem, Mbicn s Srouf T GBhaeriprmance
ul ifrAScHi¢ ranBdGeerldirit her applications, the array uses

a direct piezoelectric effect to convert mechani cal
energy into electrical energy. In this regard, the

% ' gf f " .1on in the piezoelectric coating

d may cause the silicon di aphragm
to produce a bending vibration, and thus an ultrasonic

Wit plddedit ividntiohyainidto provideraededhe aseful/vitrasaric dransducer
in the silicon diaphr (I;m tngueto an ext ernal
pradavicase apgdynethiods fererm o thedeyicesocel ectri ¢ coati ng

to produce an accumnul ative output charge. It is

p%%@h@ra@' t??m*s? ther "ﬁv%hﬁ&ﬁ r fdlpbsES! féf‘eé‘t@'g'kﬁelbﬁﬁic ultrasonic
struCture, tor exanple wthin the silicon fer. I'n
t Hransdaser arfay isefonmedchy psoduging oneaot morectrenghiassinga silicon

na ein rated jn one,single chip. Ugtrasoni .
{ rlaretead PR b 3SRt T e raRHeR, dbpishy forming
| Nhdd s ilieBAl A8 Qis"Y dRstiragin, diebis provided with a
(nméé}dkg%ési’tﬁ?eu%éﬁh vegl§gval uéa%ro%?‘gsyst ens, g P
piezoelectric layer and electrode layers sandwiching it, so that deflection of
the diaphragm is coupled to (i.e. can be produced by, or alternatively

produces) electrical signals in the electrodes.

As described in detail below, fabrication of transducer arrays according to the
invention may be performed utilizing techniques from micro-electro -
mechanical systems (MEMS) technology, especially the techniques of silicon
micromachining and piezoelectric film deposition. This means that such
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automati c rangi ng systens, paranetric speaker systens
and m crophone arrays. 10 The invention nay be
expressed in terns of nmethods of forming the array
devices, or alternatively in terns of the devices

t hensel ves. Brief Description of The Figures Preferred
features of the invention will now be described, for
the sake of illustration only,4with reference to the
following figures in which: 15 FIG 1, which is
conposed of Figs. 1 (a) to 1 (d), shows a prior art
method of form' ng a silicon nitride diaphragm FIG 2,

rrpose of Figs., 2(. and 2(b shows a .
oSt ierf BhaY e meesiish AR Sk nabutaRbiie fost and high
ar‘je%br,ql,ghbg_e which is a first enbodi ment of the
present invention; 20 FIG 3, which is conposed of
Figs. 3(a) and 3(b)) illustrates two possible
od@rﬁﬁf&f@edﬁmdﬂﬂeﬂﬁe wafgndusiearbending hedyeer the siligpn wafer

2, s‘n‘llcofﬂég@rlksad%gf%osed of Figs. 4(a) to 4(1),

shows array fabrication nethod for
produci ng the array device of Fig. 3; and FIG 5,

\AhTrcdwsilleom;nhapmagrnofayE'r i préfémblyanibvedbontosthevsilicon wafer by a
ive 5 vi.ews, of tvvofurt er transducer arr
GeRAnGE, WaTpL RS S A RENRS I SURENJPEgRihe: handle”Tayer and
[ [ [ f

Rk Ser bed BhR! ofth FOPRHILANS & tnhl BrilBSfbRRkRty. the
i sheawdleeldyedismemovefd.t he present invention is shown in

Fig. 2(a) in atop view The array 1 includes 5 nmany

. '%Ii]éngﬁg d ig ir{git Pﬁég )heﬁ% twn%l?sﬁ%mssg)%tcltfﬁzgﬁ%aqenwhen viewed
ealﬁ thé dfEBtidn %klﬁ@%rdéi tive Qillé@ﬁ‘ W@B Thist aRRGGYH thettrenches
substrate 20. The aphragm 2 is a mul t|-Iayer

stmay baredorgater thés ﬁ@qt@r@nylremem of thedermrassysad hers.

materials, nanmely, a top electrode 21, e.g., Au/Pt, an

e ol ey e iR S Blemelid Typlealy i A i, frere is o

Ptdiagiragehadichis! corfpodatpdf miitiple layerg)- namely, a top electrode, an
adhesion layer, a piezoelectric coating, a bottom electrode, another adhesion
layer, an insulation layer and the silicon diaphragm layer, bonded to the ridges
at the top of the wafer trenches. Between the wafer and the layer are back-
trenches, which are preferably substantially vacuums. The vacuum in the
back cavities of the transducer array is automatically formed if the wafer is
bonded to the layer in vacuum, and the cavities are air-tight.

In some applications of the invention, the array utilizes an inverse
piezoelectric effect to convert electrical energy into mechanical energy, i.e.,
mechanical strain, displacement, and vibration, thus producing an ultrasonic
wave. In other applications, the array uses a direct piezoelectric effect to
convert mechanical energy into electrical energy. In this regard, the varying
deformation in the piezoelectric coating due to an AC voltage may cause the
silicon diaphragm to produce a bending vibration, and thus an ultrasonic
wave. Alternatively, the varying deflection/vibration in the silicon diaphragm
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Ti) an insulation [ayer 24, e.g., Si02, and a
substrate 25, e.g., Si. Under the di aphragm and on the
maj or surface of the substrate 20 is a back-cavity 26,
which is at a negative pressure (i.e. less than one
at nosphere) and preferably substantially a vacuum 15
The piezoelectric mcromachi ned ultrasonic transducer
array may be used in either ofgtwo nodes. Firstly, it
may enpl oy an inverse piezoelectric effect in which
el ectrical energy is applied to the el ectrodes 21, 23
and converted by the Iayer 22 into nechanical energy,
nechani cal strai | ac nt..20 and . .
it B8, XPRER pretstd mk SHLSETES Ripre5P APfocleatio coating to
“@f@éucesﬁﬁ%éumwdthefmﬁmlﬁ'ﬁﬂa@ge.a di rect piezoelectric
fect to convert nechanical energy into electrical
energy. The benefit of effecting a vacuumin the

bakis- R%Sih'? ajep fosfarmaglecironie ponepnans ins h@e@&lﬁftﬁi‘e dor example
b%h‘llﬁﬁ'?éjgﬁl @HI&P Ll'ﬁttﬁlgrbas?yﬁ{e nﬁfﬁhgﬁjﬂgf aqgétare nd electronics
conventlona iezoél'ectric F9a6hl & tFansaucer

anmay bp detefrated i onelsmg‘le oRip. ul t rasoni c transducers.

In addition, under the negative pressure, the

r Qﬁg%&%g ?qﬁs?u%}aﬁ%?%&%ﬁgé‘éﬁ@éo%%%ggg\&?qc lﬁ@ﬁ'ﬁ afplications in fields

”s%?:ﬁ%c bd&%ﬂﬁhé%ﬁb%steﬁhe N’h)ERHbﬁ-Q!&%thtnﬁé bval§ §ystems,
comne rom nolithic and uniformmulti-[aye

mmmmat}c randingaisystenisar pgranaedric speakeo| $yisteros aantd mlcrophone

uniformsilicon nenbrane 25. This wll result in good

c HEaYSt ency anong all elenents 11, and inprove their

arrayability as well as transducer performance. All

el e iHveniidn TRdy e dikpreaBed Nn ptéfrﬂé'cﬁ" methddsC8 fdinfifg the array

ul trasoni c wave” propagating through air, water or

bidsvingisc aF atterativelyimiermssoithedanicesdhemselvest | y in

FIG 3(a), where an AC voltage signal 31 anplified by

a e ih.ﬂofﬁhg%ﬁ &mgpplled to the el ectrodes 21,
2éﬂﬁﬁggéﬁgﬁaée-an-ufrgasu ic signal. For clarity, onIy
one ultrasonic elenent 11 is shown in Fig. 3(a). In
t iPreferegrhfedtureseofthe ynwegltidew\tilt neawibendéscribled, for the sake of
pi el ectric c atln e t he AC volta e causes
P HEFBHeR o i e Erhrss ih%?ﬁ@mg gesdn A
V|brat| Hﬁh SOV I SR04
Alterngﬂlvely igb%ﬁ@éﬁn 11I y spohg to ex? rn\gl%rt
prrasthodeof(ferrgingi ansiliben fitride dfappeagmj el pressure

f h FLG 3(b)_. |n thi , | _
e 1 eotk G 2e MEIGH Ischomiessitonrion i) and 2 b shb ok difbzoelectric
t OmRoiiERInBa uIPASSe randducer Ry ddiceswhichGs 8 first embodiment

pi ezoel ectric coating 22 to produce an accunul ative
owrfdhe peesanjdnventioni ng to an oscill ating signal which

reacu ddl G itfcrEis ChBSSAERY b gt Bt Bl it Eads o
t hfbs%ﬁtﬂéWEFarr@ IPOHED bf trntranstiueer bﬂay&vwee@ﬂmgdzs

h sem conductor processes,

t 0 i nt diatde Whiehisreaaposed weFlgﬁa‘i@améﬂ) a&hpw taﬁ&t@mseof an
S BPrERIoT el R ArbbiEind e Bral MeiMba gt 653, e

l nto onEIGig)whicke [§ scomBysaxbot Figs! 5(a) aadGiby, showeaespectively
bul k plezoelectrlc ultrasoni ¢ transducer typically has

meiawAicE Avo frther transdeicet aray devicep xdich apnemberirgents of the
ci IST%% t R%ﬁﬁjon Possi bl e steps for fabricating

pi‘ezoe e P i cr omachi ned ul trasonic transducer

arrays of the kind shown in Figs. 2 and 3, are shown

in FIG 4. A bare silicon wafer 41 (shown in
cross-section in Fig. 4(a)) having an <100> or 30 <111

> crystal orientation is used as a starting substrate.

In the foll ow ng 8 description, we will assune, for

the sake of exanple only, that the wafer 41 is a <100>
vvafer In a first step, a maskl ng Iayer of PECVD

o I L A~ o o a N Y "
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oxi dation can be used. Subsequently, the front (top)
surface is spin-coated wth photoresist.
Phot ol i t hography on the photoresist |ayer creates a
patterned photoresist 10 layer. An R E (reactive ion
etching) process is then carried out using the Si 41
as an etch stop and the photoresist as a mask. The
remai ni ng photoresist is then genoved, to give a
patterned upper Si02 |ayer 45, as shown in Fig. 4(b).
Followi ng this, deep trenches 47 and alignnent marks
(not shomn) are forned 15 in the front side of

. i §hmM1|nF|g 4(c). It
e TETEITL T OTTe e e ench depth in the
present invention is not so critical as that in a
capaci tive m cromachi ned ul trasoni c transducer,

difsBiegaelgctric micsomachined ulisasanie agry Fpvaichis ag. emla@dlment of
adye Bt fenfon i5 PR an Fid, SLINRR, Bk, THE Ry 1 incudes
go??m)bélenms adth aﬁg Fiiget2(bpis ajc/&nsaxsgwegnoaaid/rl]@a&é oattafithem
erl ecri on t he_di gm lae 1r this, the
C UG e Fi6r AL, Toeantuelegionid Tpkale s & diphragm 2
bSO (8 oAk 20 PrephRigh e AnufKRYBt Bfoure
caomprising layersof diffesent respective neatbodlisyreamely, @ top electrode 21,

. b d ,
Eiﬁré‘”&%@%ﬁsae &5l RYPR a0l shawdl &Gy i Ple2elBRETE ipting 22,
SPT, Athdtford @lechdeR Z’Pﬁlf , PY, aladHesion Yﬁfe?'(not shown), e.g.,

FoI OMAng the formation of the trenches 47, the oxi
relkan insufation layer 2havgd Si92vand atsthstigte 2% eggu&u Weder the

o IR 8o bt fiddnsurdbaTiE FuBRatay Wapapkcsgvity 26.

( avhighisat & hegatNpresBule (i @mss&hamhefmmsbﬁéfe rahdlepreferably
The SO wafer 50 conprises a silicon handle vvafer 1,

a Sypstandialx p@cubrer 53, and a silicon |ayer 55.
Preferably, Si-Si fusion bonding is adopted to bond
the SO wafer 5 50 to the wafer 41, since it can

acthecpiezeeleetric micatmBaonifed wiltsdsoni@transdutey apchynaagibedised in
interface quality. This process is conducted under a

v &itheroE e madasnFirsthn dsmay employ, andaverse pigzapledric effect in
a

HCR el ical engrPi et (SMrbiechBHp8o1, 28 dRiRReRed by
nethatayesr amatcsmeehanichl erergy, itdemeichanioal straiphdisplaceéhent,
to aduce a di ed 10 sha tion of a vgacuu .
o GhtAtiop: rep g i1GP cRRera Innot RS aves » Sedarly, it may
ardrivlohy diRdcipisdeléctric BRESI toldeRvER Mgl R pihtd s

a va ture of the enbo nent Subsequent

t reletteioall energyer 51 is renoved by ei ther DRI E or KC]—|

15 etching, and the buried oxide |ayer 53 is renoved

by HF wet etching, to give the structure shown in Fig.

4(fre b@b{eﬁ'tQif’ef@cﬂi‘i% alvalchlifm IFRARHARR-caVRYy DBgs Bt Erdmoves any

di aphragns in the Ultrasonic transducer” array have
bewed for mabckragoustic @ttenﬂaiircm@iyah @scidgpiedgnconvartional bulk

ol BROR At s A s ABF £5Fer U6 P iy thtasonic

f etpdriddeicefs. IR Qdﬁﬂ‘bﬂdUﬁ@éﬁthe'Hé@aﬁdd préstuee Othetdiaﬁhragm 2is
process is to maintain good consistency anong

al_|
t rdistended towneshihe: kack mgg,or@sumag in atdlm@I%&@anQa This will

Crgtreye et el RRTET R HBph RS gL B 1 e from

I ahe'méenolRicEhdUnifdamitRRBialyedmembrage Pamd pdrtivalaely the
stack to insulate the wafer electrically, as shown in

Fig. 4(g). Subsequently, a layer 61 is deposited which
wi Il be the bottom el ectrode, as shown in Fig. 4(h).
Different materials may be chosen for the |ayer 61
(such
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10 as Au, Cu, or Al) as long as it is electrically
conductive. Preferably, the |ayer 61 is conposed of
Ti/Pt since this gives the good characteristics.
Subsequently, a layer of PZT film 63 i s spin-coated
over the layer 61 on the 5 wafers via a so-called

sol -gel nethod, as shown in Fig. 4(i). Alternatively,
sputtering, CVD or PVD processy may be used to formthe
PZT coating. Besides the ceram c-based PZT, ot her

pi ezoel ectric materials such as Zn0O and Al N can be
adopted in formation of the m cromachi ned ul trasonic
tr r % [

Stﬁ@é@'ﬂ@ﬁt d Jrﬁ%lrrlnnsll é?)‘gng%ﬁ'ﬁ)%ﬁe i) ?ﬁ‘lfs g’ﬁﬂge%‘@t ingpod,

t IcenEZfErfcylam@mg al etdmemten 1elaadtimpcmve thewsﬁrcwabnlmy Es gvell as

4?@%"5@\1 h (?ﬁipsr\tcgnigﬁfeﬁp%rgtgﬂga%gg&)@'Scirweg\' aﬁté{g erﬁg produce
P&h er&S’hu@f Wév(e%@&%at%@?ﬂ%@?éi?éﬁ Wételr df b'icﬁé!ﬁé?ﬁtgéég'eﬁhis is

the orm of apertu erent et ching

mshoive sdhesmucaﬂwu'hFKi 3(eh wherkiamgA@nwltagesignal 8 varnplified by

etchin Si, St renoyed 0 ve.t he

S et am Bk R RGO 33 156 eleBrbieRET coa i pindiah &5

p@ﬂt?@idhﬁﬂsfgﬁﬁl Flopeldrigoripofid Yitrdsodic lemdnti1g i§ %hﬁﬁﬂ in Fig.
Pt , eevaporated onto the PZT film 63

nay
Fﬁﬁaa Iy this segardwine varping. defprmatiartie tthlezqedﬁciec pgatlng 22 due

o By Vet 1ot ReBAR it alohrign sh BRiba R heffing

| vilgratios,adhicin rmrgemesatebain uitrasenic havepnnected to an
external |ead wire (not shown). 25 Conpared with other

fabrication nmethods in the prior arts, the fabrication
; I
AR BIGREAL 1 i45eAd By SHERIA RS BYEk e
;elfenn? of pafa]]ehpl;eslspreaf;thw ge shmﬁvﬁgn \FIl@V\B(b){ Enhhnst tase, varying
ro s. shown, i . 2(a). r) ,other . s s
L dBtebtaTibialal o thewior iaRrira0ivry ik (S PB RiETAL biassure
S'&W@aé Ehé(: él?rfaé‘_é ﬁlbzb&f@bﬁﬁ éo%tlﬁg\ﬁﬁﬁ proddcé Qhra%‘éﬂﬁﬂﬂiét%

show ng a Sec mbodi nent
| mwmutumyg@rleadungdwanmacdhghg sigrainmiich B8lanplifigtoloyhaicharge

RS Broddio M RET She | nvention).

| mprovenents in performance and cost of an ultrasonic
transducer in the 5 present invention may enable a

wﬁklbtheaﬂtgeswc @!ﬂmeratgﬂndnsthe Byrayshase comnaen {op ard sottom
e{jﬁ&f}d&%szf’fzsd VG ?ﬁx %tdﬂﬁto@@%césrsﬁg Ui %C%oésqu;% integrate

ucer-drray I's now
appéo:hama:any theamnisdacaf anna;eaneltmerecufoniosr powehangifi@é033, as

t"r?in%ﬁﬁﬁﬁ'e% Skabe AL CEAOSEREIET 55 A8 SHO BT Sy afto one
H ﬁlﬁ\géﬁfﬁ 'B%fbdrﬁrdé?,tthb'cﬁhbéﬂldr%l blfSSiezdeleMridi ifbsonic
transducer typically has mechanical parts and electronics spaced apart on a
circuit board.

Possible steps for fabricating piezoelectric micromachined ultrasonic
transducer arrays of the kind shown in Figs. 2 and 3, are shown in FIG. 4. A
bare silicon wafer 41 (shown in cross-section in Fig. 4(a)) having an <100> or
<111> crystal orientation is used as a starting substrate. In the following
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In this regard, the transducer array nmay be used in an
ul trasoni ¢ nmedi cal 15 diagnosis systemas a
transmtter/receiver. 2. Non-destructive eval uation
(NDE) 3. Ranging (e.g. detection of an objective
position in an intelligent system) 4. As an ultrasonic
mcro fluid delivery device 5. As an ultrasonic
speaker. In this case, it my gct as a "paranmetric 20
speaker” which utilizes a non-linear coupling of
ultrasonic waves in air to reproduce a denodul at ed
audi bl e sound. 6. As a m crophone array. In this case,

SR BBt e IS SBRROR G ot Ll 1

t raad$0Qre @rafermy work in an either resonance or
non-resonance node. 25 Although only a few enbodi nents
of the invention have been described, the invention is

th d firdt 5R9, h%éé]@ﬁ@lay%? of F‘E@V@fshi%n s V(Qrif; %ieggé’ited on

e formed W thin the scope of the clainms as w
cltmih sideszofdhe wafer 4 baarshown ipFigh &(avs Alterpatinely,dtieonhal

f oryn a_ni |ectric ultrasonic transducer array,
th@%?’ﬁoﬁﬁé‘g‘sfﬁi ng: formng trenches in a first
maj or surface of a silicon wafer; 5 bonding a |ayer of

silicon to the first major surface of the wafer, the
| Suhsesientivi thg frant (toph surfaes isrspin-contadewifh peptaresigt.

DRGNSt A TR Tl S BRI

eI Iay:err MdRIEaﬁreastl\IEIDngatetmag)epkoaaas is thenadrase bubﬁsmg the Si 41
pi ezoel ﬁ"a” C ttg wher eby defl ection of
?5‘1 W RG3teP 3 SLPE\OEW efipt ?ﬁé‘ BRgko %Eﬁ‘??'@'”ﬂophOtoreS'St IS
t
22‘32"215%&%? Foue Ao LBRECSIR RS 8 T 1FPR. 400)
which the silicon layer is placed onto the wafer at a

ti when,,t f an SO styucture, . the
st oI S qel Fenities s A0 et e [ntiishighim & formed

mih el fronfside Of RAbERARVA NBY mengRFE QagsHEWn il Pig. 4. It should

silicon |ayer after the bonding of t'he silicon layer

t Pa ﬁ@nlgngqi thatdhe fgeneh depth in the present invention is not so critical as
that in a capacitive micromachined ultrasonic transducer, as disclosed in the
prior arts, for example, U. S. Pat. No. 6,443,901B1. The basic requirement of
trench depth in the present invention is not to cause any possible contact
between diaphragm and base after deflection of the diaphragm. Aside from
this, the trench 47 may be formed as shallow as possible so that the DRIE
process can be accelerated. As explained below, the trench 47 forms the
basis of the back cavity. Alternatively, in other embodiments, a structure
resembling that of Fig. 4(c) can be produced by a process in which the back-

cavity is formed by KOH etching of an <100> wafer or an <110> wafer.

Following the formation of the trenches 47, the oxide mask layer 45 is
removed by wet etching, to give the structure of Fig. 4(d).
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3. A nethod according to claim1 in which the silicon
| ayer and silicon wafer are bonded by a silicon fusion
bondi ng process. 4. A nethod according to claiml in
whi ch the piezoelectric layer is fornmed by a
deposition process. 20 5. A nethod according to claim
1 in which the silicon layer is bonded to the silicon
waf er at a pressure | ower thamgone atnosphere, whereby
the pressure within the back cavities is | ess than one
at nosphere. 6. A nethod according to claim5 in which
the silicon wafer is bonded to the silicon layer in

A UHEEE, 5% phHEmERCT BUateF 21 Th BobBRY 0% S0I Mfd 50 (on

VWgftich BigirHentaafkde(net shBWR) haRNBEES nititle? TheS Ol Wafer 50
maj or surfaces, a silicon |ayer extending over the

t COMpises anilignmbarrdle yvafeeS5tia buded oxiderlayer &h@nd a silicon
D525, 1o, SHSH G BT MBBRS SR 8501 weter
btﬁéttorthgiv\gafﬁ[r 4aﬁ,$ih@g/i$rcanlfam{m@ anlmertyhﬁglsibﬁhdm sdtegrgth and

an san , C n a plezoe rc ayer, e

piwaiﬁm ot r&areerp q mmﬁﬁ@ PERAESE S P%ék'ﬁte@ wader givagHum

| ' t:

| Brohfight. Tyt AacLE I cany M BGrhatRl el Brdfwater
pibendirige O expdsaye of transqhacer driaydonoe eompldétetihtwthet dig

B Bl P e PR e 55 o e i
arsﬁ_a?_ePF&r’n%ﬂdlr%’)o% vgétﬁﬂﬁ ek caoity M the mRFGRaEhNBdRilF4sonic

cavities. : evice according to claim7, claim
8 tiansdueemarsay hy weingrsikicanowatey fusien boadingprocessiisa valuable

cr, -S ion n_viewed perpendicular to the major
sJ$$t§E%8ﬁf*‘et‘?{BEhR§%‘?ﬁt- 11. A device according to any of
claims 7 to 9 in which said cavities have a pol ygonal
cross-section when viewed perpendicul ar to the _major

s@ubseauentldhe handier wafer p1 is remeved by £iber BRIE qrd<o<ahly

Ofet iRl Tind trisfidd oM it Hals 8oL bE By fuet Btching, to give
el ongat'e Cr oss-sect | on en Vi ewed perpendi cul'ar to

t ke structure shbwndn Fig.14{f). Bahew, alBondlitHievnembrace add rige

oSSR aBhio (s theaGesthit bR acerastay faye boen formed.

C IBRBh -of membrane/diaphragm in the micromachined ultrasonic
transducer array by using SOl wafer and wafer bonding technology is a
valuable feature of the embodiment. The advantage of this process is to
maintain good consistency among all transducer elements. In addition, it is
easy to control the diaphragm/membrane thickness by selecting the SOI

wafer 50 correspondingly.

Subsequently, a layer of oxide 57 is deposited on the bonded wafer stack to
insulate the wafer electrically, as shown in Fig. 4(g).

Subsequently, a layer 61 is deposited which will be the bottom electrode, as
shown in Fig. 4(h). Different materials may be chosen for the layer 61 (such
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14 14. A device according to any of clains 7 to 13 in
whi ch said wafer further includes one or nore

el ectroni c conponents for generation of a voltage
signal for application to at |east one of the

el ectrodes. 15. A device according to any of clains 7
to 14 in which said wafer further 5 includes one or
nore el ectroni c conponents forqgneasurenent of a

vol tage signal derived fromat |east one of the

el ectrodes. . AFF. AF. A9AF. AYA39. AYh . A9{ F% A9F. ALh3

. A9Y. AL{ FL. ALhF. ALU3. AL3% AU3e, Dhi G N npP$r

| EAR Gyl £ 308 o8 1 SRR SRR B eyer
TaciSadopaposstof Fi/F@since this gives the good characteristics.
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a] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca]

 Ribsogpienty 4 loypeof BET, 0.8 e eoep o s 1, gp the

8&wafers via a so-called sol-gel method, as shown in Fig. 4(i) Alternatlvely,

1%%35} SUpe] 3\2]3&%9%&‘%3%%@&{9&&%%@ peling:

T BSides e G R AR 2T el AITAA SRR RGBS 2uh 8 20
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!
ARSAERE PO AN PO RVGET 2 | [ [ 2\ By ot 021 c] ]
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca ca! \}_F_LHRCS

D ¥ o5 Ay lp‘[depes\t@dgmem the| RZ. |63aas the

35%@2%%@%%%5%52% BFG8140) cal caf ca] cabnek. 105@ (). 50
0/«& ()- 3" 10%8& ()-

MLOYSSE ()-"L109%& ()-FF 10%&' ()-sh
~ Aplegtoresist is)appliedo@nd thisis patterned photographically. An etching

1%{l‘ﬁg%%%’@&%é%@o%gmﬁYf%ngﬁéﬁléé Egﬁé“{ﬁ (th@ layer 65, in the form of

5 1496kt ures Bgmlﬁeréﬁt’/&cbmgl\f‘hé&f@%& nay ¥&chbsen, such as ion milling
} [ T wﬁ%ﬁ%‘é Atch%gl%@ﬂﬁg&@ﬁot%mbm%ved to give the

1§ W%ﬁg\ﬂ/f X'lﬂg %Sk) %\ﬁ aé %IéLn?t ve he pﬁt&%rnzp Acép zelectrode 65

may, e.g. if it is formed of Pt, may be evaporated onto the PZT film 63.

Finally, as shown in Fig. 4(l), the PZT film 13 is etched through the apertures
67, using as a stop the bottom electrode layer 61. Thus, the bottom electrode
is exposed, which means that it can be connected to an external lead wire
(not shown).

Compared with other fabrication methods in the prior arts, the fabrication
method in the present invention is simple and involves only a few main steps.
The shape of the transducer elements 11 may be a circle (when viewed from
the front), as shown in Fig. 2(a). However, other shapes are also possible,
such as a polygon element 71 as shown in Fig. 5(a) (which is a view
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We now list several application examples of piezoelectric micromachined
ultrasonic transducer arrays which are embodiments of the present invention.
However, the applicability of the invention is not limited to these.

1. Medical imaging
In this regard, the transducer array may be used in an ultrasonic medical

diagnosis system as a transmitter/receiver.

2. Non-destructive evaluation (NDE)

3. Ranging (e.g. detection of an objective position in an intelligent system)
4, As an ultrasonic micro fluid delivery device

5. As an ultrasonic speaker. In this case, it may act as a "parametric

speaker" which utilizes a non-linear coupling of ultrasonic waves in air to
reproduce a demodulated audible sound.

6. As a microphone array. In this case, it may be used as a wide-band
microphone array working in the air or water. In this application, the

transducer may work in an either resonance or non-resonance mode.

Although only a few embodiments of the invention have been described, the
invention is not limited to these, and many other embodiments may be formed
within the scope of the claims as will be clear to a skilled reader.
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method comprising:
forming trenches in a first major surface of a silicon wafer;

bonding a layer of silicon to the first major surface of the wafer, the
layer extending over the trenches, thereby defining back-cavities; and

forming first and second electrode layers on the silicon layer, the first
and second electrode layers being spaced apart by a layer of piezoelectric
material, whereby deflection of the silicon layer is coupled by the piezoelectric
material to a voltage difference between the first and second electrodes.

2, A method according to claim 1 in which the silicon layer is placed onto
the wafer at a time when the layer is a part of an SOI structure, the structure
further comprising a handle wafer, the method comprising removing the
handle wafer from the silicon layer after the bonding of the silicon layer to the
silicon wafer.

3. A method according to claim 1 in which the silicon layer and silicon
wafer are bonded by a silicon fusion bonding process.

4, A method according to claim 1 in which the piezoelectric layer is

formed by a deposition process.

5. A method according to claim 1 in which the silicon layer is bonded to
the silicon wafer at a pressure lower than one atmosphere, whereby the
pressure within the back cavities is less than one atmosphere.

6. A method according to claim 5 in which the silicon wafer is bonded to
the silicon layer in vacuum, whereby the back-cavities are vacuums.
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a silicon layer extending over the trenches and bonded to the silicon
wafer, and thereby defining back cavities between the silicon layer and the
silicon wafer, and

respective top and bottom electrode layers formed on the silicon layer
and sandwiching a piezoelectric layer, the piezoelectric layer coupling
deflection of the silicon layer to a voltage difference between the electrode
layers.

8. A device according to claim 7 in which the piezoelectric layer is spaced
from one or both of the electrodes by a, or a respective, adhesion layer.

9. A device according to claim 7 or claim 8 in which there are a plurality of
trenches, defining respective back cavities.

10. A device according to claim 7, claim 8 or claim 9 in which said cavities
have a circular cross-section when viewed perpendicular to the major surface
of the wafer.

11. A device according to any of claims 7 to 9 in which said cavities have a
polygonal cross-section when viewed perpendicular to the major surface of
the wafer.

12. A device according to any of claims 7 to 9 in which said cavities have
an elongate cross-section when viewed perpendicular to the major surface of
the wafer.

13. A device according to any of claims 7 to 12 in which said wafer further
includes at least one electronic amplifier component.
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