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M CRO- ELECTROVECHANI CAL -BEVITCE Field of the Invention

This invention relates to ical devices 5

'n general - wore part out ar | MARHENncon vl 2res

to forming piezoelectric devicgg gy m cromachining

t echni ques. Background of the Inventlon Fig. 1 shows a

conventional elMIMRGIEXECIRGMECHFNVIGHAL DEVIKE, such as

a piezoelectric device. The piezoelectric device

typically conprises a support structure 102 havi ng

pi 878ebeCihkC IRGbANibnel ements 104a-b di sposed on at

east —one surface of the support structure. The

suppthlssnnuenuﬂ@nl@zla§eﬁoﬁﬁe§l@ytgp@ﬁﬁhﬁ@lcﬁéndﬁﬁgceS

and5an.13, mouldi 8008, FeLAh 8L 3! e chill 2nouhtable shaRes: o
Zoeleétric e nts are |spose on th

Soppony psEzoeﬂacérlﬁhéepuezcebectmlcrbmaﬂhlaleg techniques.

deposited on the surface of the nmetal support

structure. However, the netal parts 20 are easily

B&bdbtednatoelehatedvbamnenatures in the oxygenated

atnos%here that IS required.for cess P% g

pi ezoél8ct i ERPHPN 3 £ ﬁgenﬁﬁPPﬁére ERETHFECEsL LG, device

poadueieg ke apiezeekeettire cf kkws ckas Eﬁeb©léd@ﬁﬂéétkdc

reduce oxidation of the netal garts As such, H 2$€§.

FFE3661 EYPACE LAY AO™RFd SEF0AUSHBPRE bt ShE P CEEmSe igu 1ng

5§bﬁgelE%Er@&a&ﬁkgmlﬁygﬂ@h@ﬂﬁﬁahOgégwtHlS@@%@dﬁ%&h@&Sleast

produce filnms with properties and nmechani cal adhesi on

PREt SUfacenPér toe BEPPRESe SHEYGEEES -wi TRehiSyRPOrt

E%QH%E@E%rQOZaH@eﬁbr%deﬁ 5eEn@%aD| SenSRUlt &)Yy

MOCVD or sol - gel net h ogé Mor eover, the structures

are lddner sedeital @dﬁﬁ@sﬂ@éosépeﬁﬁ@ﬁ§ gbapesl-i ze the

By dr %%E% QQHCQ g%gntswﬁb@% %e%%ltﬁls%o§%ﬂe%% the support

contam nati on an processing compatibility problens.

Fhaueftare, fromthe foregoing discussion, it is 35

ggs:r%ﬁbepE%zB Q%hQ%i%eEﬁqgkea%%e@%bQQQQQQUb%a&he surface

of the metal support structure. However, the metal parts

are easily oxidized at elevated temperatures in the
oxygenated atmosphere that is required for processing the
piezoelectric thin films. Further, the process for
producing the piezoelectric films has to be adapted to
reduce oxidation of the metal parts. As such, the
piezoelectric films are produced at lower temperatures
using, for example, hydrothermal growth. Such methods
produce films with properties and mechanical adhesion that
are inferior to those produced with high temperature
annealing by, for example, sputtering, MOCVD or sol-gel
methods. Moreover, the structures are immersed in
corrosive solutions to realize the hydrothermal growth,
which results in severe contamination and processing
compatibility problems.

Therefore, from the foregoing discussion, it is

desirable to provide reliable electromechanical devices.
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Sunmary of the Invention The invention rel ates
generally to el ectronechanical devices. In one
enbodi ment, the invention relates to fabricating an
el ectronechani cal device. The nethod 5 conpri ses
form ng a support structure of the electronechanica

SemmgeybyfptheiMthnthbst second and third Iayers

The Iﬂ er ,surf ces of tge second ﬂd h|r e 1
T achBs tBVERESER, S 1hhear SERRPATNG E0LE D bRERn2RTca
gevuetsre havbng ambbeastnenetbavihyensfibar rehates to
support 10 structure is forned, el ect ronechani cal

BPe e i Brenn S ECERaRgGRer oAt deg o uy Thenc chag

ebmphessecendnang at Bupgokayetsutsupeoyirdede I n one
enbodi nent, the first, second, and.,third |ayers are
£oRREACPRERPEH AP edEVYSEaPYsPFPESAINPNTdRStneFecPgd and
enbedi MBOL st heThir shnkaysturicscber pediheoBegbagsaa@dthird
the second and third layers are formed from single
épysral argi prEdRhethécerbet FOREENAAYEEl ABFTVBJIePeRBRPOTT
coPpELges hEbEﬁ% aedlégggngnslesb&e es aeparatged BYipRort
pi ezoel ectric Furt her nor e, e
éFééFFéﬁ@chanf@émedevﬁéeeﬂQCEGO@@ﬁBééﬂqéltéCtlve element
BhCERERENERLNG,3RADabENLPY 0CESEI Ble ofaEhbl LBELAG and
m ni aturization and reduci ng manufacturing cost
Bhiefl DagerbptFonrevidhe.Drawings 25 Fig. 1 shows a
convenfi gpal o ﬁb%&&ﬁgﬁg?hﬂﬂbcﬁer%Y'gg onfl 9and $HOWS
an el ectronechani ca evice in accorgance w th one
éﬂbedBnBHE 6brmhe fnvansﬁogiergsstal6sshowon In another
a [ n._a n rious
Snggéfﬁgﬁ @b% % ggﬁvgg an%s g%gégg %%9§'gma @ 98 the
peooes3ahdrthmrd1mgyamseheetfonmehaﬁroalsdegﬂeecmgstal
l(iordance ﬂﬂth an rggggglnent gf the E vent%ogb rgses
8Shows " a Fayou% a'stubst'rafe i'n-accordance  with
ﬁmEsenbndlHenbndfeﬂhetkndeﬂtBeparated by a plezoelectric

film. Furthermore, the electromechanical device is
conducive to micromachining and batch processing,
facilitating miniaturization and reducing manufacturing

cost.

Brief Description of the Drawings

Fig. 1 shows a conventional electromechanical device;

Fig. 2 shows an electromechanical device in
accordance with one embodiment of the invention;

Figs. 3-6 show electromechanical devices in
accordance with various embodiments of the invention;

Figs. 7a-g show a process for forming an
electromechanical device in accordance with one embodiment
of the invention;

Fig. 8 shows a layout of a substrate in accordance

with one embodiment of the invention;
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2 r Figs. 9a-c show a portion of a process for formng

an el ectronechani cal device in accordance with

anot her enbodi ment of the invention; and Figs. 10-12

show processes for formng various cavity 5
configurations of the support structure. Preferred
EnbodFmgBts9chthEOWnﬂepbkmmoEigf 2 showssanfor forming an

el e FOHEC ani, cal ev n ccordan e
e A Lo g it e
dmbbdemennpbfsesealauppoﬂbnstandture 210 haV|ng fIrSt

and second j? outer surfaces %24a-

ST uctars. THs raPbP oREEresarratst SPET 08N aH I hR cavity
epposyleasides of the stippeturerrsepatated by a cavity

250. The el ectronechani cal device is conducive to 15
paral l el fabrication techniques to increase throughput

8pd FetedUC BmBBAYHRALY! bRY t_QQS&_avemieag grrbodi nent,
the —electTonmechanr cal _device 1S 1 Or e

ni cr om@éhi- nenghowechni gdestrouekhasichds deanploydd im
g%%%gdgk%thggﬁCBﬂE'%ﬁboﬁXﬁ%ﬁ@B EMEMB) 1n380kR pNne 4Tpe
enbodr ment, y

he nmmj or outéer surfaces are prOV|de
éﬂestramdcgeoondlwdpancsuppmptlﬁeﬁber§u@@©atbstrunéure 210

f124,96,gSYPROLE MBS, i 1,908 Sbodi IR0k, ke AlLaghed ¢he

porti on -0 Support Stracture provide
byppattlea30c®neenln@hesmppomtomﬁ&hesuZ%@ceAsaxbochated

first 25.and d 919) 3
BPoUPEERLES. SaRren oEnG Eur ol CEbhsert SebRtaredary ¥ Gavity

aBOachede kEnecaneomerbadimant det'heeshapeocatiutcheenitor

t f th f th ity. Th
BREBe 61 ERE L aaC L noRGGP I8 o EPecr8ISEs Spr g g and
$bau@bumawmfbhtauﬁhgcbaetsso canphieare®obdmegenerais ng

d t of bendi def t b
PReGhEBRBBATTERL, SEHa CadFLy > anpFraBa o4 PaET dhgtivar

shapeiqQeler sgeamatr ictoskapaplared ahsaivseful ,
g?e%@%h%%c%gnqggﬁggyg% %gr%&%&t% For

In one embodiment, the major ocuter surfaces are
provided by first and second major support members 220a-b.
The major support members, in one embodiment, are attached
to a central portion of the support structure provided by
at least one minor support member 230. As shown, first
and second minor support members 230a-b are provided to
which the major support members are attached. In one
embodiment, the shape of the minor support members defines
the shape of the cavity. The shape of the cavity should
be selected to provide the structure with sufficient
compliance for generating desired amount of bending
deformation or vibration. In one embodiment, the cavity
comprises a rectangular shape. Other geometric shapes are
also useful, depending on design requirements. For
example, the cavity 350 can be H-shaped, formed by the

shapes of the minor members 330a-b, as shown in Fig. 3.
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exanpl e, the cavity 350 can be H shaped, fornmed by the
35 shapes of the m nor nenbers 330a-b, as shown in
Fig. 3. 3 In another enbodi nent, the support
structure conprises nore than one cavity. The
cavities can be created by any nunber of m nor
suppoih aenbbes. eﬁbpdisxanplehereﬁapotngStouEtgre4,
first.and secan Vi Oa- d
g?ﬁ ésgﬁpgorg gh%ﬁ OE a@ ﬁ?fer?g §%§§?§ r§?¥a§
seeanddchylhngsnﬁﬁbarbofamlber éoppedtbmembess s&oond
m.nor . su as s

BRgrbae” AFERBOGH EhBCchiPt A bi6°tdeproaaole Cavilies

ne0hangdkar creashdpey bt sisgladenppood, masbé@ dBODeady

[ scussed t her.. metric sha es _ar S
B P ERERRove TV nGi EREpRs or P HARAT T EraRE SaURt PesaBaR®
bermthepsamersdi f Eecent thnthﬁ@H mﬂﬁgQSsQﬁpeathmembers
other. Referring back.to Fig es  of

RaParfal &5 ARV elBsgagtOSforﬁ%FHQUQ pﬁg té?ﬁﬁ&?ﬁrére

hBpoheedbagnbedi ABALIIahenSYRRPE] Str 6t URBe€8RBBHSECS S
materials that can withstand the various processing

eoRAREY 0A3 SFBPSefabPFB&Ti AGOPRETéFeEPPBRECRARI 84FC Useful.

deytaermboL, exagpkgapeWherethBeqa¢kb¥ent cavities can be
el ectronechani cal el enents, such as pi ezoel ectric

EhpnBangy e 6EREANEI PECREYIBR LHEJRE] BF 20C8uPFAEESs

224a- Ref&?§1ﬂétgébﬁ|%ooﬁlbhe2SUHBREEo§ErH?bé%eofsﬂﬁﬂéQlals
not exhibit significant expansion, shrinkage or

gdenobAatireA &9 Aorasthe éﬂppﬁétmﬁ§éuﬁéﬁﬁ§ratQﬁgoﬂﬁnge
gﬁggggaeﬁ%peEhgngsgpeyglggregeg§éshegngE@svagkegﬁals that

nbers ca fornme romt 25_sane or
daﬁfenéhstﬁaﬂethalgarunuenereﬁﬁedanenﬁonﬂhél@hﬁoﬁor

%HBE?EEtQEngEé 8 EE%ﬁe@hBhEéBl”ﬁ%@Eh WeLl e o %gﬁple,
maj or s

ers conprise a secon ‘mat eri a
whereehbedepeave thectirpyechanérpal edkmehéssuppeht as

ac|§é?ec§rége%&Yﬁ e%?@’?oEﬁEQeBiE%EEE SBRSEBgtﬁa Qr

ate parafll processing o rous devi
sunﬁhtaae@@ébyb, The metemdaﬁatefiaheoﬁuphertmstmapopre

%HBB?gtng% Rlbl% significant expansion, shrinkage or
deformation as a result of the wide temperature range
changes experienced during processing.

The various support members can be formed from the
same or different materials. In one embodiment, the minor
support members comprise a first material while the major
support members comprise a second material. In one
embodiment, the first material of the support members is
derived from a larger first substrate to facilitate
parallel processing of numerous devices simultaneously.
The second material of the two major support members is
derived from two larger second substrates attached to the
first substrate. It is understood that the two major

support members need not be formed from the same material
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derived fromtwo | arger second substrates attached to

the first substrate. It is understood that the two

maj or support nenbers need not be forned fromthe

same material 4 nor the first and second materials be

of different materials. The materials of the support

nenbéhs conpti sed Berondxmapkeiaskl beonfodiffassnt
85 Lypes, of materials, such 5 as ceramc
f&ss8eranic, other crystalllne single crystalline

or nomhermatakhame méat eheabspportamenhbrratpoprise, for

t her eof , al so_use odi nment he.first

gﬁamggEOn ﬁﬁ?gplngg 8ﬁ§r|sgg§egry§P§FI|£emﬁ§ 5%?% such

&8 cegemeabodpaestcethﬁlﬁyrsthaﬂdcsgsGBM1mabersahgle

conpr i .10 S|n le crys i ne si con
SPURLATE fe ShafefrSryRtalILE RaterRr st 8% a tRGRiPetion
preveded hye sﬂbbcaeewaﬁersthOﬁacehbbatﬁeparakhelflrst
grocessing of the _devices. In one enb ﬂlnent

t

nesPeEPy %}F‘F?ﬁéa%?l FeBRTiECwAf &F YRAR laﬁowasgléﬂe In

Bh@oémﬁaﬁﬂﬂéhtneﬁhérSlk§t05h@né@dondnmbhéri&l@>comprlse
crystall ographic direction that is parallel to th i
8iPeeei 6AYPhaMiBR BhéiGaTer sORRBTat¥REReBT(Fr¥stazline

fhrecthoy) arZhgisgcandrand thihedssikibeanivwapebsiwbuchy
are attached to the OE osing maj or surfaces of the
ﬁ.

BiEEEOROWSERTEOROWAREE LEBRLEOPAT AL EhePRAFEFSSTPpOLt the
Qepbers are oriented in either the <100> or <110>
crystallographic direction parallel to the

z- di r &8t POA. SWPREAMEPYst ANFI ARTShaFEY SERILEANEL PéRS CRRY

@%%8 uggh uh. pIgglﬁ@EeEﬁeaﬁ§n0§tEﬁﬁ?%gt hBmBBEs is oriented

iment, using elevated tenperature 25 processes.
Suchhpr6éé@ge§rVﬁ@a&éégrﬁ§hléxdWﬁeétl§n|tbéﬁ is parallel

e Ehk'ﬁ?EeEH§bB”19°QHEBQ tgghséf@EEagQgeQ tached (i.e., =z

ni ques, such as the use of an internedi ate Iayer
toreacibnt at eThadhesirod, ahdsehiadssstédobondifrgsamiich are

?QQQEBFBOQg s % gk§o8gﬁggugu§%g ggyoquﬁ@deQsEhe
erlals R one enbo nment, an
ehéatponwaﬁQM|éak éotmveg the major support members are

oriented in either the <100> or <110> crystallographic
direction parallel to the z-direction. Other crystalline
wafer orientations may also useful. The wafers are
attached, in one embodiment, using elevated temperature
processes. Such processes include, for example, silicon-
to-silicon fusion bonding. Other attachment techniques,
such as the use of an intermediate layer to facilitate
adhesion, laser assisted bonding and anodic bonding, are
also useful and may depend on the type of materials used.
In one embodiment, an electromechanical active
element is provided on at least one of the first and
second major outer surfaces of the support structure. In
one embodiment, electromechanical active elements 260a-b
are provided on the first and second major outer surfaces

of the support structure. Providing more than first and

5
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el enment is provided on at |east one of the first and
second maj or outer surfaces of the support structure.

In one enbodi nent, el ectromechanical active elenments
260a-b are provided on the first and second maj or
outer surfaces 35 of the support structure. Providing
secentihabetitrsmeahdnibadeecondvel e¢ementshanncadaogi fer

i ncluding f exannl n a t
BHENEE ReCftaf b OGS “SUFFactar taPomabe”GBEeY Hrgaces.
ane embodunemhl an active el ectronechanical 5 elenent

conprises a pi electric_stack for . formn
piezogPe8PFi§m§8§ﬁ88n O REr 2EypES SfC6IFE8 %gﬁggﬁgﬁ}ca
acttheatekenprtisear @ @h&@oéieﬁuleThEapkefoelé@tmumg a
stack rises an acti ma film 264 :

B Ra0R LR T otRuaner | r OF atdtgBEana TP AEELoABEDEg oAl
andi268ec1khecane i@eceabedi mBREL1LheTaet piezbiel@ctric stack

conpri ses a piezoelectric film her types of ctlve
FPIRE 1aPE aPs§ChsdrumateRdar pat Cﬁrbééro&énd§lF g

batlvaeneleskiodesardcbhe seeerdoakecbibedand S46she tIepone
el ectrode. The use of other types of multi- |ayered

FIMBLEAMERtn | Nt ACkdVes hefimaSOMRESSRadi R G SF5Tic film.

beaa rt wopelkeelr adesveeashnseparated obysafuact i weef ifliMst
is also useful. Various types of piezoelectric

GREEELSPS éanthe ROEHOT 61ESTHOLRe 2a6t the BrIchAnd §lgrdrode

%@bQﬂb”%%% chber Biyezoeheet ise PRt @fhdlr SPRE $8Srilti-
pi ezoel ectric ceramc 20 material. The piézoelectric

devaned MALEORAR CESHET S§ESKS f 6UCEX ARpItEOSEeR@Ving more
thtanals %ngtro%%%pz'%%%”%%gaEbE%%ah %P%Ekuvbe%41m, is

magnesi um ni oba , 7i°nc ni Gbat e
edsbi maeifod -t hereof . Ot her types of plezoelectrlc

Ceranb%% %5% %lg su%%f hezo l%%%r%%b%g%%%Q%lszia%hge used

pi ezoel'éctric ceram ¢ tncludés a conposition aroun
thefwmmph@Er@pKQVphésémbouﬁ@apwe(WPBPdl@@@ﬁ,a§he

gg%% %é%%&g m%% rQ% Uom rlég K% e%@%%/ %Q% %eramlc

alrea i Scu types o
matteriialls CEMeaps@zbelasgdjtnceramlc material comprises,

for example, lead titanate (PT), lead zirconate titanate
(PZT), lead magnesium niobate (PMN), lead zinc niobate
(PZN) or a combination thereof. Other types of
piezoelectric ceramics are also useful. In one embodiment,
the piezoelectric ceramic includes a composition around
the morphotropic phase boundary (MPB), such as Pb(Zrg.s2
Tig.48) 03, or 0.7Pb(Mgy1/3Nby,3)03-0.3PbTi0O3. As already
discussed, other types of materials can also be used to
form the active film. Such materials comprise, for
example, electrostrictive materials including
electrostrictive ceramics, ferroelectric ceramics or
antiferrocelectric ceramics.

In one embodiment, the electrodes are formed from a
conductive material which is a solid at room temperature.

The conductive material comprises a material which should
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formthe active film Such materials conprise, for 30
exanple, electrostrictive materials including

el ectrostrictive ceramcs, ferroelectric ceran cs or
antiferroelectric ceram cs. In one enbodi nent, the

el ectrodes are forned froma conductive materi a
mbishab$eaw$0hidhatpieenetenpeiatmaéeria5 Th&8he conductive

conductive materi al nprises.a nate £c$ shog&%o s
e St eMRr fhetho TRTREkaRRAE, IR RRbEr, HELET, & y
tradyeti veconatetiak maﬂpruses EOChexanpbeduatmoble
nmetal .or alloys. there 1 Bg ctive nate% als,, such
CE BBhanc  PRe Siapanbeoul ar cORlEh LEefa StLnBrubyids
Riteondust h¥e 51B8t gskalis. ar enabse vspbdlimehn,onde lower
embodi nent, the. |l ower electrodg gprlses Eiatln

ek

ahECERedGppeTP el 88Fr BYATIRBRPRAD oPBPSE fépctrode

genprnatikogsi1af motperaksmbohatdbhbebenhackbectnedesr
are al so useful. For exanple, both el ectrodes can be

fof heaCPEoRI ERETSSRE AREeriaP BFEIHA- d.FPér@ﬁﬁmP§ﬁesb0th

QieH€E§8b§|§an|Be0ESrﬁ@@oﬂkHﬁnEheaBamESMh@bkﬂgl|@Yer
rovi ded between the bottom el ectrode and the

ﬁaﬁéﬁre§gpﬁﬁpﬁssaff@ééeriﬁéélatlng the bottom

e'eCtEHdSnEreﬂbEB§meHEJOénSHHQQEBtEE5b§éyéBdé¢b is
enhanci ng t he adhesi on between 15 t two. The use of

novmdaﬁabﬁhgeeayéheuéopépmu@&Bﬁﬁrydeugéﬁuthﬁomajor
g&gﬁgsetgep%a B Mthhlgbﬁngugﬁerboﬁkamcew@etkadefe&gﬁdthe

non-1 nsu aflng mat er | he insulator layer
walipri sespofbr mexarpl epd4odi ensanriisgnhher rdhessaphbgsween

§h twoClh%BetMPgSO@f hnﬁHEeEéEQQQelg Skeﬁ F 1cularly

erirals can a be use
sheﬁnl fnclappélaatheastlonehlcbntaetsgaQOZGQStmn06née is

h .pad_i : t ed
FPRELTERL |08 SRRLIEL RBC ok sal all ChLOIREE Bues
aocmpssstes, tﬁerbekampﬂeleetdddéecarZS m@ﬂEa¢alopemegas Si0g,

%B%%Pﬁgﬁ%%7gf|38§;?géggg Phe %?2%% ﬁ%@ggﬁﬁlgncg%ealso
be used.

The top electrode, as shown, includes at least one
contact pad 269. In one embodiment, the contact pad is
located at or toward a first end 221 of the major support
member. To provide access to the bottom electrode, a
contact opening or window 274 is provided. The contact
window, in one embodiment, is located at the first end of
the major support member. A sufficient amount of space
should be provided between the contact pads and window to
avoid shorting problems. Locating the contact pad and
contact window at other locations is also useful. For
example, the contact pad and window need not be located in
proximity to each other.

In an alternative embodiment, the top electrode is
divided into first and second top electrodes 668a-b, as

shown in Fig. 6. Each electrode is associated with a



m\

10

15

20

25

30

35

the maj or support nenber. A sufficient anmpbunt of space
shoul d be provi ded between the contact pads and w ndow
to avoid shorting problens. Locating the contact pad
and 30 contact w ndow at other |ocations is also
useful . For exanple, the contact pad and w ndow need
nohtbet| pedt ¢d6Pn opréﬁBhﬂty fo eaehewbhdimehf,afihe

?%Pgrn%$§¥ enbodhgg EFOD % E%ptSES%& gﬁel§1rng|ggdof

second el ectro
shemmagansgppGrtEaembekectLodetusanheccahEdcwnphda at

cont ac ad.(669a_or. 669b). In on nbodi nent the
8%5?5cﬁ°§3g gﬁFeOFo%gFe@aéProFuPBﬁé?ds §%t it PsfL8RgUsetul
ptovibengagop smspombdﬁenhewldbdcahtngmbhe thahactvo
ds at . ot her ocatlo s . of or _su me

RECSr Ebontertl 2185PkE0Ring FOF BPEcPFoHEL CaPyFagq et rodes
EALP18Br €ihbhancbweroel et eadesoksmahsootsehel mafbe ys@port
of nultiple electrodes enables finer contrql of the
RBPRRENE Cof "PREVRaPEr CBUpPOFE PREABEF2EGS] ﬁgr638 or

F@Ehﬂbl@cﬁ@&&oﬁgam@@ of the piezoelectric device. 10
n one enbodi ment, an adhesi on-pronoting | ayer _(not

shown}™i §nfr 6RPAEATER tenRBnEENERE OBARESTEH 1HEt WedR It HEOt

Lawnh) ek schir-edeqandtbhenhasekat e hayekioANBERGeen the
adhesi on-pronoting | ayer (not shown) can also be

pPueirdedecherdeeanehENgppBFURECET da¥cand PRether

QHEéQ@b%CbEbﬁthhg1§9yé§ i(ABEOVE cAdheshanhebween ptrh@ i ded
two | ayers. The adhesion- pronoting |ayers _conpri Se,

perweganphe, UppeaneiRCtOPHEr andypag piezoelectric film to
?H@?%b%” hggﬁbhngekaxehstﬂ@et@bsqayégéul TE@ea&ﬂ@gqga-

ers o the piezoelectric stack, in one nmbodi nent,
arempoimgd lagieng phmprﬁsEm1éepogxaméﬁezotﬂé@nnw@uesOther

techni 'n r I t ;
DUPRs' PEQRIRUESSLIFLUEy 1) LELOTE, Scp, ATUE) G5lEG.
MOCVDThepivardoatsi Agyamd difptbeariirgoellrctmec stack, in one

gnbadi AL, LB L3%ers .Lohged, y%QQH@waawﬁ
conprise a I CKNess O ess an a mi(e.g.,
thehpiigreel.ecBuich techniques 1nclude, for example,
sputtering, pulse laser deposition (PLD), evaporation, CVD,
MOCVD, spin-coating and dip-coating. In one embodiment,
the layers formed by thin film processes comprise a
thickness of less than about 5 pm (e.g., the piezoelectric
film). Alternatively, the piezoelectric stack is
preformed and mounted onto the support structure using,

for example, a bonding agent. Other techniques for
providing the piezoelectric stacks are also useful.

Figs. 7a-g show cross-sectional views of a process
for fabricating a piezoelectric device in accordance with
one embodiment of the invention. Referring to Fig. 7a, a
first substrate 703 is provided. In one embodiment, the
first substrate is used to form a plurality of devices in

parallel. The first substrate is used to fabricate the

central portion of the support structure of the
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25 film. Aternatively, the piezoelectric stack is
pref ornmed and nounted onto the support structure
using, for exanple, a bonding agent. O her techni ques
for providing the piezoelectric stacks are also
useful . Figs. 7a-g show cross-sectional views of a
piezee%ecﬁﬁitodeﬁabeicahﬁng anpiledeel eber n¢ndevinembems .

Gegrdanse i L, (OnenehodLyent, ol Lbe LRYENLLEN o cingie

prpstdem1nénmenereahodsnehtasthelltonst Substrkamples the
used to forma plural %y dev ces in par aIEeI..The
FPP§Fr§683FP§PE P§Suse BCPaBF caP8 Wﬁé 35 cBPYaring
p@fékgno@fothersappeet1stamebuuee@ﬁ1the0t8er types of

Eé electric ﬁEVICE mhlcE |nclu$ s the m nor
RBLPsCIYPR2ONE ENBBAPFEAL, 2EhES réF EBBsFFBEée

?BEE&@ﬁné ﬁaegkealcayétahbbnasauherlatorsagampie,
icon, For exanple, the substrate conprises

%aFﬁEﬁa%?I?BSH faf 8LaSPr oGPARRECS ﬁé?é?sCSFaﬁﬂﬁeror a

ebkBSnh8idhsendsebyl cakt Ber ehypegeaf S|ng|e
crystalline material as well as non-sin

crystghﬁuﬁelﬁﬁﬂeﬁﬁanaFeeaﬁéssaséPEﬁtrﬁg? gRanpre, the

ebeni 8 kstﬁgcﬁlﬁérgEﬁﬁéor@eE@Hh@tu9E§SSwﬁ@Eﬁ”b%ntQEbﬁtes
conbi nation thereof can be enpl oyed. 10 The t hi ckness

bp the pvesalsubbicknesdePiné etﬁépPﬂFHtﬁtéﬂCFHéen1nor
ruct ures ch ¢ ntrlbut to t
THBERRL s Eh e RhREE e Ehe st PRk HaEes, 18 LP8yRY 2hBLegoun.

théhetﬁhbkﬁéﬁs%@fekeiSlabOuEeZQQ QGQpEndEhbebn de51gn
t hi cknesses are_al so use esi

Fo i EReRE s T RRoRRearEb et T R e Re to B AR 15

pallﬁadeBﬁdb@ehb@&HegLde@olE@huﬁblegetaabgu@atéabarface
surface can enhance, for exanple, bonding qualit ¥he

MBnePRB"CEubEPFafEa"8  Bol PSREANIt AB2LHYCt i BRePn

thbskpgss dyepb0ishBa, pehkshendcshedl dnbent akaBskntioe to
account. In one 20 enbodi nent, the crystal | ographic

BREeRPAlLFBANE13DSUGE PRetaKEBsiPAPe2FEORAtE he D One
dinheat oA Of thhecthseknessrafntBeorsHRsEERLE <110> of the

(z- dlrectlon)
substrate is’ in the direction of the thickness of the
substrate (z-direction).

Referring to Fig. 7b, a portion of the substrate
after patterning to form the minor support members (e.g.,
central portion) of the support structure is shown.
Illustratively, the portion of the substrate represents
the fabrication of first and second piezoelectric devices.
In one embodiment, the first substrate is patterned to
form through-grooves 752a-b. The grooves correlate to a
single rectangular cavity for each piezoelectric device.
Other types of patterns are alsoc useful, depending on the
desired cavity pattern or number of cavities.

In one embodiment, the minor support members are

formed by micromachining techniques. Such techniques

include, for example, wet or dry etching techniques.
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Referring to Fig. 7b, a portion of the substrate

after patterning to formthe m nor support nenbers

(e.g., 25 central portion) of the support structure

is shown. Illustratively, the portion of the substrate

represents the fabrication of first and second

pteemetechnﬁqudevbcesalsbnusaéuénbodhnene etibe dfiimestt ,

substrate is terned tQ rn1thr u r e

78 ?E?l?ﬁeOfpgoves ESrrSPgﬁer95 %the%%% Using wet

é&Ch&ﬂguk&bhﬁ&qu@y ffor each) pbezeekedtsudldemlwefer
tterns are als endlng Qn

O her pes. of ul

Cho. " BbEPERnSka0RE, S Brape B Rakn Eh e, par s Rt cad il cess.

gﬁeoaéb@dlbﬁﬁﬁltnentheanhﬁmﬁ BIHBFROWBﬁnEEEbﬁBSdaIte phareet the
m cromachi_ni ng tec ues. _Suc chn e 35

2 orb e or OBk FEhALANES sBY Lok R e ke substgate

erbern1kechrigues amnenalsomdsef dlks. fbRmene cantadiste and

patterning of the first substrat i s achi eved us
RECONEL BRUARYG ﬁésﬁﬁpeaegoﬁo@nélié) 8F|éﬁ€eél§FF|é8E%trate

wateha rihRasSuhst fat @nksS cRbepamed tf otokipe 1pat senniddg oxide.
process. 5 In one enbodinent, a_hard mask 755 is used

péhsatﬁépﬁStﬁé hagBsPrgke RaCeRdR 1t €@RnPdEEs PRopsed.  For

Rabkenei ngithecsubstrabe -AnepRl s8edsebulse rixehalsd amaskd
is formed on first and second maj or surfaces 706 and

rerkef fThe Billdrcogup&idgt 8ardTRE SKar d 'mRERs eMPRdgHent, 1is
EgQﬁ@B”%gtthgg%Bﬁ'%%1%5&&%9” AT 1n%Qu@E@eer£%%%1%% the

materi al can al so be used. For exanple,
subistoatsi tni da cxddia ingedmbd essr ¢8 VAS OATRATd A trisk .

gggﬁgggkagg %%l%ﬁoﬁer 0635k12o%°énfo§”$88h93@b hbirs.

thermal” oxi dation, which 1 ncludes processing
Dheersmbshman@eﬁnf@m dmﬂ@hm@ngh&nbﬁedtm@@*hr@WN@nﬁSat

ah%%l%%qpe%%%%reg%%o%q%% 9%9 s %%Q%gl %rh%?%“%l§% useful.

ours iques for f 6F) ,
§hehtasck@h@m|©élt@&p@@mdd®p®§lﬁh@wl@rb§pﬁwﬁémqm§nta¢@

gb?$5%%% tp @%te@hﬁ% ?%o% %he q%r%n%a%%b 'ﬂé%tbethe

icient to "wthstan he patterning process.
andemhadlasnﬁbomheZZ@Hh&mdcmaskQt§eab¢@uquaﬂaﬁﬂ(ﬂce also
%E%%%l{hicknesses are al so

After the hard masks are formed, soft masks (not

shown) are formed thereon. In one embodiment, the soft
masks comprise photosensitive material, such as
photoresist. Other photosensitive materials are also
useful. The soft masks are patterned using conventional
photolithographic techniques to selectively expose
portions of the hard masks. For example, the soft masks
are selectively exposed to radiation of appropriate
wavelength through a lithographic mask having the desired
pattern. In one embodiment, the soft masks are exposed
one at a time. After exposure, the soft masks are
developed to remove the exposed or unexposed portions,
depending on whether a positive or negative-type

photosensitive material is used. This creates windows or
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useful. After the hard masks are fornmed, soft masks
(not shown) are fornmed thereon. In one enbodi nent,
the soft masks conprise photosensitive material, such
as 25 photoresist. O her photosensitive naterials are
al so useful. The soft masks are patterned using

ecpauéngsonal thphetbki mheysaphircetpehdiggesot he grooves to

88'%8%&%8'%neéRgsgungEBk8US of, tE t@%ﬁﬂsnﬁ%k%thgoft
exanple, 't he are selectively expose
madkatpoefetahmprap9|aﬂenﬁmcmavelength t hrough a

L1 hogr aphi ¢, ngpthe desired  patterd, ln.on
enbod §8f ﬁas?g aremexposea R R
éhéehae&pmsske ekb@sgdfbyﬁ&hstafe mdekelop@ﬁetWet etch

is

t d d.port di
BR=GHETRAr 7 paSRCPUB: ofl NEGES: YBLPypBoaket Seen tlution.

phetesePsbbuuelﬁate&haEnESe?sedlmEhts ebm@EQSewAndoms
or 1 openi n in the soft nmasks .corr
Rhkararaboeoer 5293 bhgr RaueRhS, TEenseR LTiB2E"Y blner

pabter 8s bttt Becnokblufmsks Q&@f§ﬂ§b|MséEalldeWthékchlng

A wet etch is then perfaormed to renove portions of

tRehRaAHCRagksS 8%53§éaeﬁyaﬁh80§8fPaﬁﬂsW§Sk?hérﬁePa§F€Hned

hs tRerbamneedinBy eyanBkercdhRRLOEs! b bRetwehithCRhe
solution. The etch solution, in one enbodi nent,

BawrPr "85S, hyHEBf RoPFY S§EFH1RAd A4BedtSCaltBAMEm
fluorhdee -Oher nat¥PRasRE g@g BEQBe%ﬁEHt'QH% @b%tahagks
useful. Wet etching 10 techniques are preferred as
BsEhrREPHSARskEhar Eupatratfeds ahepheesafs chpfe toOfRam
5?68059“@%250% Raklerhi-Rgghhe Thar doregksn Juch A% Amed
etching, are also useful. "After the hard masks are
ﬁartéKﬁ@Qlethém@Qﬁﬁlﬁﬁskﬁe apnbskeabeed FTheesubschat e
%1EE§BnMBtﬁﬁtgﬂgdekgoﬁgﬁgh%S QBQOWQ% é%%ﬁ Qolutlon for
t erethroug e wet etch is per orne
exahphe, thﬁnéubshgathecgmbgﬂsaﬁeannaauﬂ@p5ep@ﬁassium

AOLUEL9Re LB18RG ATPOMLABAL ¢ 1AE WRl eLah 3akitial LAy

by,

also be useful. For example, the etch rate of a (110)-
oriented silicon wafer in a 30% by weight etch solution is
about 13 pm per hour at 60°C. The etching time can be
controlled to ensure that the substrate is completely
etched through to produce the grooves.

In one embodiment, the crystallographic direction of
the substrate is oriented to result in substantially an
anisotropic wet etch process. The wet etch ratio between

the forward <110> direction and sideward <111> direction

of the (110) silicon wafer is approximately 200:1 - 300:

1.

Therefore, by orienting the silicon substrate in the <110>

direction (e.g., (110) plane is parallel to the top and
bottom surfaces 706 and 707), the wet etch would result

in

substantially an anisotropic etch, enabling the formation

of the grooves while substantially suppressing sideward

etching.
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etching the substrate conprises an aqueous potassi um
hydr oxi de solution. O her types of etch solutions can
20 al so be useful. For exanple, the etch rate of a

(110)- oriented silicon wafer in a 30% by wei ght etch
solution is about 13 pm per hour at 60C. The etching
tine Banebaatmuaﬂyoltbd mmnenseuppbhatmembesebsanabe
s_conpletely tche hrou 8duce the rQoves.

g

Engﬁ oh& BHbBdi ﬁ%n? he58 ys?gl ogFSBhFEarFast FoR Steh

QbRIEMEOSUbSheatdryseOthenEedHHQuEeswhnchn1ncludes sputter

sub tantlall sotro e oces The
RERAREHoft: YaPhuraBbASt! Rechi e, aroe, BLCR  Ban, o
pedfrsirfevardosldhz dmrecthomajoﬁ shef&t48) ofi kheosubstrate .
wafer is ppro O Therefor%,y by

2
6PE eREPRY ?hetﬁﬁnasanegag putd Eﬁrwhé g19490ves

dtEREhHORrbR. Ghe €330brpbaneocnssparakkebrt githe b@@hlng
and bottom surfaces 706 and 7Q7), the wet etch wo
faem £hentopyBafakiiFal By CAA Ent S8 5pFcPREERT - engﬁﬁynﬁhe

therheemahkenisoktbheqglearasnubil g sdbksat aakkal | Wther
suppressing sideward 35 etching. 11 Alternatively, the

RERBR1SUBPoLPr MBABELSNERA bBE ﬁépﬁéaaa§|ﬁ§eaa&§9 geeful -

$HehtashaidaePrhpastt¥e rhenpeteBrnf RR EheOkugkhentdr vay
etch techni'ques which includes sputtér etching and

¢apoufephadecat EhEngatenéadt eh €af BEPSTpaLforned from
one o f@@&htﬁgjgﬁbégﬁgﬁge§s FaE@@rﬁ%QStEﬁ%ehaggrmasks are

exanpl e etch coul ormthe grooves
gewhivag - frBﬁmpheltcé ohebbatrdnmggkbacanobef pechiieved by a

ggehgegh from.the.tap ﬁndfggeexghgﬁgng gﬁ%ga%gg an etch

tom Only the ‘sur ace t I's et the need a
haﬂdtmaskofChhemoi@upe@hnaqmessbéptpanterﬁhﬁgsubétrate may

%Hgﬁt5@?gugggc%gaotusgagbaraI@§Pt%sgepeng gﬁ@h@ygqoc%351ng.

patterning e substrate nay
fater pakpefrathensulistr axempAft emavhénsubster ghemisal

Rathenaed, bRe;Ratdmaeks)ats iheiByeds Beunual 8hiies of

by a wet etch. The “wet
ehehsubetrexanpguefacespri 8¢seanpeflébhing, the substrate is
then cleaned. In one embodiment, the substrate is cleaned
with standard RCA1l and RCA2 solutions and rinsed with de-
ionized water. Other cleaning processes can also be
useful.

Referring back to Fig. 7c, second and third
substrates 72la-b are attached to the first patterned
substrate. In one embodiment, the second and third
substrates comprise silicon. Other types of materials,
such as glass, ceramic or glass-ceramic, can also be
useful. Additionally, it is not necessary that the second
and third substrates be formed from the same material. In
one embodiment, the second and third silicon substrates
are oriented in the <100> direction. Other

crystallographic orientations are also useful.
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solution of hydrofluoric acid solution. The substrate
may then be subjected to preparation for subsequent
processi ng. Such preparation, for exanple, nay

i ncl ude chem cal nechanical polishing (CW) to

I mprove surface roughness of 20 the substrate

sur f actesonAf eabopakieshi nghet becsubstndt ¢hiigd shbstrates

G EnoCL BRAAFA RCAL Ca ROAZ“BoRdErone ARG P ERedd AETh

deevh@BUZ edmpatraruret bebcekeanisnghprec&ssesnc aonaling .
be usef ul .25 Referring bgck tg Fig.b7%, %econd a%d
PRPFE tsGBELANESs T9512625Pa gt CRENGHPSS TPRESHi PEET 23S
pabbeenedndsubst kahesike evBadefbodorefhe ridde cs@eertdion
and third substrates conprise silicon. Oher types of
RRFELNEr s2resAdRCasSGitdss, ceramic or gl ass-ceranic,

can aksoohe 3QpYsEeheht, Addiet isedahnky anidt ths rdotsubstrates
necessary that the secaond, and third substrates be

AEENPY SPRSRA RE 194mE O erPRl POPRINGhe EREHFTREAC] R

seeandeand otrhiekdmpinki, ?aliléh&h@ab@% 3RS ognted in
the <100> di rection. her crystall ographic ,
gbeRtatiesns catBPaye g¥&fare FoughpRsSsnénehtsaGamemo, them

t e gg@oond jane Al hiskd ;$4YBSL! alres 1 ok i 3ehed nlo ithele-
patterned first substrate 703 el evated tenperature

b

prodasd, walieh -as Tresiténdb G ﬁgﬁéStGﬁﬁéﬁ tiac fricq RS 1f or
@g&%%ﬁbﬁgg&%@o%%@skﬁﬁk%ghiﬁﬂ%hs%%f%c%@o@hct%%n%b@%trates.
adhesive bonding, or thernoconpression bonding, are
Hissogusegit raite somé tombodinwehtl L iche ugdeons a8d antriaggously
%HQ%E%@tﬁ%w %%%p%&%%%& dpQrL%%nEQﬁfu%é@&é@“ﬂﬁéﬂ% bonding

reparation may- i1 nclude, for exanple, pollshlngrboth
sitded gbf teheeldtsuiest r &tles rna tiliverlove thegr fsabstrate

E%%%g%%%sm%ndaﬁg%ayenQr%g%%b &QIﬁqg%a%Hg . rovide
solutions, #ol'I Gwe by rinsingin - 1 onized water.
Tyelatoiphg ltilve sswifsiceat.es in the RCAl  sol uti on pronotes

hydro&%%'%%c%%ﬁf%% %t%%t%h%ss%g%gkék3§to the first
substrate and subjected to a pre-bonding treatment in a
wafer bonder. Pre -bonding treatment includes, for example,
applying pressure and/or moderately elevating the
temperature. The pre-bonding treatment is preferably
performed while the substrate surfaces are hydrophilic.
After pre-bonding treatment, the first and second
substrates are then bonded together by annealing at about
900-1200°C for about 2 hours. The pre-bonding and bonding
procedure is repeated for the third substrate, thereby
completing the bonding of the substrates.

Typically, the substrates are about a few hundreds of
micrometers thick. This thickness may be greater than
desired. If so, the thickness of the second and third
substrates can be reduced. The thickness of the second
and third substrates, in one embodiment, is reduced to

about 1-60 pm. Other thicknesses can also be useful,
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Usi ng substrates with hydrophilic surfaces

advant ageously 15 enabl es | ow tenperature pre-bonding
bef ore fusion bonding at high tenperature.
Alternatively, the substrate surfaces may al so be
treated with plasma to provide hydrophilic surfaces.
dhpesétngdosubesigneréguatEmehEd toVahQOﬁSrsECBOiques,

sub trate an sub ect [ d n
ﬁucaa?gr %onag%ca E gg égh Brgéggm mcFSgELHS % Blasma
exahphg, cappbylngeprEssueéuaedtbe nbdeka&ebyof the

el evat t he enperature. The_presbondin r eat.nent
ng ? ggﬁblyOtESFfg?ﬁéalﬁﬁﬁfeafgea%SBSPra eEsur dces®
émBobyﬂéﬂﬁhithé tRbchhtes prethendiubgtiraeatnent rettheed by

first and.second substrates are then bonded, t oget her
BSCRARGAR Fng2RPLABout T00ABSTBBCSFoF SahohP U9 RERs 51 Fo

The @h@nh@ﬂglpgoaagsboedbnsub@t@aeduearfacéepeahedéfor
the third substrate, therebé conpl eting the bonding
BPlipReduB¥tr 4PEse*30PF5pi E4Pry, the substrates are

about 1A hewehHRdl edseRbodimeneBBt ene EBEEKA EHHSthlrd
t hi ckness may be greater than desired. I|f so,

FHPERH@§§SOFOPHél§§céﬁa SHBSERRFES - suﬁgPﬁaﬁééycaﬁnbéOI

tgdyeedceThempbhickness ohstihgtsggondyeandahhivi@hed by
substrates, in one enbodinent, iS reduced to 35 about

1186t phe - O hePULK) cRAEsE850REN (& o+ beUGERFR), Si3cen

9@@@9@'ngUQHa@§§'98néegﬁ'Eﬁ€e§E§1c8ﬁrwgﬁérEeQ@anue§urface)
such as nechani cal appli ng, chem cal wet etch I ng or

pEashannetrchhag, tbanob eliséd- o/ r Balke -t A PRECRABSSiment,
?Retgﬁl HPSEgﬁﬁéén QEEQE %EC BhQHQS Br@h@|§9r§%egﬁbstrate

n one enbo ment ness of the substrates
wsicédﬁeemsbyheneehanaéaporappnngf Tbei Apppestsgicracsure.

&RQGBgssafaEbgewakggl;hggel@9a959g63§antaﬁlﬁuhakeab%

surfaces can for exanple
aEﬂecﬁatheedewb@dpnenﬁsthﬁhéhsecana RRE@ceRsr ¢f $0licon.

substhaLeg; §9RBh! 36805 RHPSH' 3LESnofYBLAALRY co@Rne0kirst

substrate are removed by wet etch. For example, the
substrate stack is dipped into a wet etch solution which
dissolves silicon, such as an aqueous potassium hydroxide
solution. Other techniques for removing the top silicon
wafers of the SOI substrate, such as dry etching, are also
useful. A protective coating or mechanical chuck can be
used to protect the periphery of the first substrate and
bottom silicon wafers of the SOI substrates which are
bonded to the first substrate.

After the top silicon wafers of the SOI substrates
are removed, a wet etch is used to strip off the silicon
oxide insulator layers of the SOI substrates. The wet
etch comprises, for example, HF acid solution. Other
techniques or chemistry can also be used to remove the
silicon oxide layers. For example, the silicon oxide

layers can be removed by dry etching.
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substrate conprises an insulating | ayer sandw ched by

first (e.g., bulk) and second (e.g., surface) silicon

waf ers. Usually, one of the silicon wafers (e.qg.,
surface) is thinner than the other (e.g., bulk). In

one enbodinent, 15 the thinner silicon wafer is
bondeBeferrhegf tostigub3ty aiesubhtch Layesst iéleeht rak
ortlo f th rt e

m%?%?lge o?nexanp$8965a§ e?g%?%a & gES : 8§&t§gh third

gubat ratnesf 72he- bhlnmnngnprembsslménsLltbenlnsmhetor

f h t b t he f
TS TP ATt RE 6P oy 6By Chatiear cHERRS CURERpPS. SipiSetric

Sﬂbshsalstshgchatsrdampedrenhmsa uetfelch Sheulbgnrs are

whi ch. dissolves silicon, such as eous tass
AEBPOXFOE B¥ol GOFoRXAEPAEr (LM Gles 01T o L (cyp)

tephsibiieen watebssofybbe SflCglbstratﬁerSUébhESqdé$ can
etching, are al so 25 useful. Ab rotective ciatlng or
ca Eedt

Rechafi'cal [BnEER EBROBe™eH protedtOfne2g&ri phery

gbpbbetkir stinybpt hahe andanbetit onpsilbEcon)waters of
the SO substrates which are bonded to the flrs

5GBREFAFBreAPEePPPHE £8P il i Toh WaFefaed? the @ﬁ]lnsulator

substrakegrodl 8re LRMOVEHhea WREcRhEBsks H$edall@o useful.
strip off the silicon oxide insulator |ayers of the

SO sBbserates. tPhEiget 7eet ERSCHAPLPEES 2VEE SeRanPIE,

§§e985§e59kykleeacﬁéhe%OatscQ@bqaggogateeeehs&hg ¢aBulator
be used to renove the i con oxide | ayers. For

ér#fAphe, €heosPl PBBAJSRPAE  35NFayersoBanlBEcrEntledlBy
?Egcﬁtgggggogm%é bngegﬁré'@ mkO E'Botﬁd81ﬁgéub§t95e

ayers are eposited on the outer surfaces of
shbsteebvrdsandkt hond Ssdbsﬁtaﬁe§lm21a bor| gxgaple, the

ox,ggh”gp%ctggaelqgugeg LAYShS COHRI b Akl bEeRcrate

es O ctr|050r i nsul atlng
ﬂaaeklébélawedabsof&sepmhg The BayétgaaEesté@ﬁo@mﬁeéormlng

by L8E8%2 @u%@%%%%%&%%@“%%
of

techniqués. "various types or ot her tec |ques
eamangements for forming the stacks are also useful. For

example, all layers of one stack are formed and then the
substrate is flipped to form the other stack.

In one embodiment, bottom electrode layer 766,
piezoelectric layer 764 and top electrode layer 768 are
sequentially deposited on the insulating layer. An
adhesion-promoting layer can be provided on the insulating
layer to promote adhesion between it and the bottom
electrode layer. Various techniques can be employed to
deposit the piezoelectric stack layers. 1In one embodiment,
the layers of the piezoelectric stack are formed by thin
film deposition techniques. Such techniques, for example,
include sputtering, pulsed laser deposition, evaporation,
CVD, spin-coating and dip-coating. The thin film process
deposits the layers having a thickness of less than about

5 yum each. Other techniques for forming the different
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be used. In one enbodiment, the insulator |ayer is
deposited using plasm enhanced CVD (PECVD) at a 10
tenperature of about 280C. The thickness of the

insulator layer is about 0.5 pm O her thicknesses

are also useful. Referring to Fig. 7e, the various
lLayers ofet héspi eze€héct r Pre§easksy76batbnatenecessarily,

osited on r r 0 0
e 0 e TN L S O e
tame on bomhlsirdes of the substrate stack one side

at a |ne For e tton1e| i

f or med™ ﬁngngmglééngP%fhéHsu strate’ Ploﬁggrby
EbmppnegsthEtaubamraEeabbackSQndmfohmbhg tﬁhebadheaﬁon—
el ectrode on the, other si g 4 glher %g arrange % t%
PSPRPRGNEhE2ERACRS SPBOSEEGUSEr GPUTESF 1 dxa gl
bayeesoat 08¢est ackpatieekornrdbasdmehean.t heén substrate

is flipped to formthe ogher st.ac I n one_enbodi n%v

ggﬁl ilnum

BBPPEMIEBRECt FBRePPAYEF ?68°CTBREz B ECt FPEPFAYES

and bepteheeteedechayernyéed ave o2hmpeguest edbly 0.3 pm.
deposi ted on the |nsulat|n

| » . .
S0ResTonlEr Siot FHG FagEr DLATBESELévPaBASHephyithin one

Eﬁ@k@&hﬁg chayer rtbe paeRDkedadbesien @abwe@atetsaa@k
e bottom electrode |layer. Various techniques _can

enplo?éé PéeZ@éé@§¢Fthéaﬁ?éz@@ﬂ@éﬂﬁ?é St &¢ |a€é@§erably,

kHeO@QTGQBQBEE§€% aBQa&e@tl@%ﬁbés@Elbhea@b@A@e&a@tM@@
stack are fornmed by thi filmdeposition techniques.

such ﬁécﬁﬁlé@eszT¥©neé%anppéherlﬁéFGGé §pOPPSiitagns are
pyLgedskager d%ggskhﬁgﬁnegﬁaggréhbo 1ez€¥@ectr1c layer is

Spi n- coat i ng “coating. The t i [ 'm process
dép@§|ﬂ33the20ay@rs ﬁaﬁﬁﬁgaélwhl@hﬁe§§l§ﬁnﬁé§soﬁhéﬁe

g?gggeEQCQreglﬁaggr Qghgesge%hehqg%%uEO% Qr.m Ag et BT

er ent layers are also useful. Preferably, but
&@wemea§s§appsytedtbg,vépmo@ga@@ﬁﬁe§pendp@@tu@@er§U§ﬁ as

EH gkﬁgﬁﬁlar% 13% c%'@bb% osﬁtg%% (MOD) . Other
enpodi nent, the eSI (0] pr OrTDtI ng rayer COfT'pI‘I Ses
tiethniigmesf, aba@taSOCN®ht@Md%edTﬁ@Sadhé§p@ﬁition and
sputtering, are also useful.

In one embodiment, a precursor solution containing
the compositional elements of the piezoelectric layer is
spin-coated on the bottom electrode and heated to form the
piezoelectric layer. The wet layer is dried at a
temperature of about 110°C for about 2 minutes, and
subsequently subjected to a pyrolysis process at about
410°C for about 10 minutes. The spin-coating, drying and
pyrolysis processes are repeated for about three times
before the layer is heated at around 560°C for 20 minutes.
The before-mentioned processes, in one embodiment, are
repeated for another 2 times, after which the layer is
annealed at about 700°C for 5 minutes. The piezoelectric
layer, after the process, is preferably fully crystallized

without cracking.
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pronoting |ayer is deposited by sputtering. The bottom
el ectrode | ayer conprises a noble netal. In one

enbodi ment, the bottom el ectrode | ayer conprises

plati num The bottom el ectrode |ayer, for exanple is
about 0.3 pm 10 The Ti and Pt layers are preferably
deposThedtowpt biaconedespayéeringdeyocketé&drorathesi de

of the,supstrate stack The piezoel eciri | ayer
bR PLEe R oSV RE of oAbt S PRESRERSEL Freak8h electrode
tangei seonposvbienmateund [heoM@Bembsdiheas, PbhéZt6p

52Tio. 4 3. O her target conposjtions are al s
B Or a0 CrnriRRt 8LH°t L GoPR s L kbR p P fparaiRBats or
abpdtic0ide-m20epin 1 Pr et er abky, ukbeul hi ckhesshotkhbes of
Eiezoelectr'c Iaégr is |ess tga about _ 5 pm. . The PZT

BS GVOPET (B hEST FEECbYS FBrukxAnDl Bhepi RLEBALIAE. 25 GeR
@setheo8e! hgeingrofrtal t R gRAEESedecoNpOSHt 1LeBL(MD) In one

O her . 20 techniques, such as_CVD, pul sed | aser
gahedirebh Bhe tgau?%%FFﬁa?ea%@ysrsgsugapaﬁ%tﬁﬂ BHe

sphedi FRRY. a0PhBEURSPEsSOLUhI PBCEANYAERI BEr EBeming the
conpositional elenments of the piezoelectric layer is

5pPneteat eadenlarerbdt ot 8Pekbfbdé- and heated to form

t he 2§n958ﬁ8§h881ﬁE8mb€¥§ﬁ-lI erehn! 8Y8b b8 @bkRdddbrior
a tenperature of about 110C for about 2 m nutes, and

Sabtequenp| glsabredeelayeratpyPerysrs prbesssnaptabbat top
éi%gf£8&e?P99&rlgon£HQt§§ezggfe§9k9689§§é99’ gn¥i Bdhesion-

i g
an pyrol ysis processes are repeated for about three
Premet 309beapee, t her| ayenpis, heanediaesarbbtadisBoC Peher

@g%QEnHEeédheETSnb ?8&8tgﬁgt%99§9i EQC§§é?§1sEnu$@?ul. In
enbodi ment, are repeated for another 2 tines, after
@heé chmbhdihaper the bhheshedsapfabbatadde€ipprpsomoting

' es i gzoel ect k| | aye
R L L R
16 e Hbéetopnel ot Fode Vayetheésldegposi bedtba shestrate

gig%??%ggg£éCpg§¥8£hebnagn8e89989ianEOrﬁhghEOp
piezoelectric stacks 760a-b. Various mask, etch, and
lift-off techniques can be used to form the piezoelectric
stack. For example, wet or dry etch techniques can be
used to pattern the various layers of the piezoelectric
stacks.

In one embodiment, the various layers are patterned
using wet etch techniques. A photoresist layer is formed
and patterned to form a mask layer over the top electrode
layer. The resist mask can be used to pattern the
piezoelectric stack. Different chemistry can be used for
the different layers. For example, the top electrode
layer is etched in an agqueous iodine solution and an
aqueous potassium iodide solution while the piezoelectric
layer is etched in a HNO3; and HF acid solution. Other etch

solutions can also be used to pattern the various layers.
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conprises a noble netal. In one enbodi nent, the top

el ectrode conprises gold. Oher types of noble netals
or 5 conductive materials are also useful. The

t hi ckness of the upper electrode is about 0.2 pm
Providing a top electrode having other thicknesses is
al so Usebunk. emhodhmenepbbdempaskt he tepdetecprbtern the

ayer.is _deposited b utterin Ny
LR ssoRer e m g TREN LS bEfuaPebEb o REEREybbes gucn
aksohaseshbwnAnnadhgsi dn- pPoavidinggl aymesganhakboibeused
orped prior, to the to L ectrode | ayer to_pr e .
gahggfgn£8? {Rg F%Bwneﬁgcg%%de%?a95rm 6°t heP b8BtEodes is

plezoekectlic baysequdheladhesboherpmarkt nag bayesed to
for exanple, conprises titani QO her 15 types of
gaﬁ@s?oEBBFﬁﬁBtw BdﬂﬁtEPigﬁg §gkt8ngiﬁ§gF8¥g'ln one
enbodhpeatsckheetihi ekBessyetst hecagheseonefr aBohgnget etch
| ayer s about 20 nm O her thicknesses are also

GEEH DI SURS or FRRGeEBNENY. 191 PTEAE-RAJEr 8SoHAFRRUS lavers

sebsheabec sH1bacescaseapatt ghnedrastdpsktedatesl 8EMehe
the 20 piezoelectric stacks 760a-b. Various nmask,

geeAndannd FhitdofpPeEERRP§UESnCRR BathsEa®fo form the

RiRz0ehRebLLEy . St Atkerhak i 0XAPD! eneWehyeksde¥nebeh
techni ques can be used to pattern the various |ayers

pRtEREnpHenséngchr FeMbinacksn 25 fRYonEeEnBbalmend 11ft-

Lee varhAugubayer godr exRAbler nede ¥spnai1vetrekehcan be
techni ques.” A photoresist |ayer is fornmed and

patterned veingrm aifiaskffapeprcever the Peptemeedrsgacde
1ayets I8 bESESknIBSK,CANn.Be USEd pooRALLELAA! Rfe
pl ez frer che

oel ectric stack. ent stry can be used
poezo80etheidi fhgeentahaper patFernedabypl @, dtieetep process.

£ bodRzaltiehl SceLeld Loo-aRiess,l phtge, cuchins
whiihg CHE:phezoedelner i confiayerat sors ched pat ke HNO3Y ahlde
ieudteo Rd Fard Pre 0%t i ous layers. 17 1none -
enbodiinean, afthermaskviesembedimenpat tbenveéous layers of
the piezoelectric stack are etched individually, using wet
or dry etch techniques. Other combinations of etching the
various layers of the piezoelectric stack are also useful.

In yet an alternative embodiment, a contact window to
the bottom electrode may be avoided if the patterning
process results in exposing a portion of the bottom
electrode. For example, the bottom electrode can be
extended on at least one end of the electrode stack.

Other configurations which expose the bottom electrode
without requiring a contact window are also useful.

In one embodiment, the patterning of the
piezoelectric stacks leaves the insulator layer on the
surface of the second and third substrates, as shown in
Fig. 7f. 1In some cases, the bottom electrode may also

remain on the surface of the second and third substrates,
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top electrode layer to forma single top el ectrode,

such as that shown in Fig. 2. Providing a mask which

is used to formtw (as shown in Fig. 6) or nore top

el ectrodes is 5 al so useful. Subsequently, another

mask may be used to forma contact window to the

botit catetiebyr bde. dostedstinbed/8fhe Tay€asiditate dicing

tterned,_using wet,.etch hni qu t iLng._i
BRLLEF DEMRtSE el E L chERARI GRSy HE! (EHADL SN Bhe
stilasksava. boThetdpc$ngfahesneistheelmoseteddlandnthked 783,
ubstrate erne

FoPRATPyer yDeLRE T apaPoc LaRt B par eEFRen S fg™8 the

@@th@ath@ﬁnéﬁsdrporﬂ@bnet6h taédbbtfbm eféctrode and
t echni ques. For exanpl e el ectrode can be
bAPLLFRaE haVRGSasF T EEHPY S beRsBrSFRBE Dot ¢ ofh She
ehpeti Rt 15thaypesteanebect evqedibyeacnett akehg ion
process and_the piezoelectric |ayer can be Egt erned,
t

9lélaeyWE%&ﬁ 5P8Cé§§u atRT oh@Y8hbodi FeAf™? pg using

ebsh Comps i seschd asids et SN ik t e gy GRS/ Piye £X hefe also
configurations for patterning the I|ayers are also

v8eful: 20 In an alternative enbodi nent, the various

|ayer§h8fsuEB€er€ZQ€b@ﬁtEbctﬁéﬁcﬁléé@ @hﬁeegnd1v1dual
i ndi vidually, using wet or dry etch techniques. O her

dowbiraat 76AS-BF aechhAYnt A Fidr/gus [Ayers gmbppament, a

gkg%8@£§95r38y§E395 aegpakafitsetbheeliNnoyeth@Nstack to
[ternative enbodi nent, a contact window to 25 the

p@pt@ﬁteté@tp@d@rﬁuyn@elavgraeérpm frBaggt derapagthe
BFQES S &Ségggs '@oﬁxegamggea QOEEye@ g bﬁ%t@?&%@gk may

ect or exanp e e bottom el ectrode can
bgtepdedcoataﬂ beagﬁCbnéléﬁdOéftbﬁeSéBé&bré@él§W§@kby hard

g%ﬂ;#FEgggagyrég'89§lw@'chA@%QQS%h5h81@9hgo ekg&b%@qu

requiring a contact w ndow are a SO use
theopboenbeduHEnﬂayehe patt beniagovfdt Weth, for example,

BLBFEBLSSPL b kg oBUs T IS Lot o Loy g g
BpplFigg ah. elercsone caséd, (Ehg.boflBOkVékmit tode may
212 PTRTTY B8 LhE BELAET.RL 1BC£39RANT ARdLLNEL
electrical poling, the films exhibit piezoelectric
properties.

In another embodiment, the support structure is
formed first by, for example, patterning the first
substrate and bonding the second and third substrates, as
described in Figs 7a-c. After the wafer stack is formed,
preformed piezoelectric stacks are mounted onto the
substrate using a bonding agent, such as an adhesive or
tape. For such applications, the preformed piezoelectric
stacks may also include the insulator layer as well. The
dicing channels, if desired, can be formed prior to
mounting the preformed piezoelectric stacks. Thereafter,

the wafer is diced to form separate piezoelectric devices.
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18 indicated by the dotted lines 789. To facilitate
dicing of the substrate, dicing channels may be
formed on the substrate. The dicing channels are

| ocated in an area 783, for exanple, between two

el ectrode stacks. To formthe 5 dicing channels,
BDtétﬂﬂSioélyhethetWaﬁeeletacbdésadﬂcednguﬂatotolayers

Bt BRnaton BaebFEG: hea BePHEme SnBeRH PR kgt bR, gracks.

t he iH$gLaBoshbayea tSppbaewaoétehedbESrage éEéCkCBﬁérused
t echni ues E %ter?ing t he Iagers re. gggo }ge

bRef GF" gﬁB £F¥t 8T sPAERCOFSCPhERCdFREACTRY o
Eggbgkédé|std@klEﬁ&lﬁaéa-b,faSsshsmhstnaEegsﬁgdwhnhedeby
enbodi nment rotective layer is te ar i coa

SRCoRE Stdckhi st SPBELEFEeRe. UHABPPSFnoPapErs TRRRRE 1n
daengerdur sngsthards direengrpboeessorrespexanpbecagities

| ayer of photoresist may_ be spin-coated gn egch si de

8f EHBPSFACRLIPEFFERED bYShaPAYIbAR| AYT - pProF REolength of

gh@'@!oo&égeﬁsthﬁ @h@'ﬁgdh§eéeﬂﬁhetedn ohEeembodlment,
phot oresi st | ayers can be renoved MA for exanp

5&BObReCEBFLRLOAL L TRENJUGERESWAER ¢ ﬁéﬂ3a8FF§QFé8189 36

gapRkykLBgtaR %H%%Erbﬁbgh%hge(eaﬁdatﬁgoﬁghéﬁh H@rection of
electrically pole the plezoelectrlc films., After the

shecerPedESpaFi A41oPRE Pikhsnekhrbi(Llp) ePdeneceri &he
Qﬁﬂgfétb§§st5@ @Q?E@%E @g?@g'ne@ﬁezb@?e%%?@?r%tacks are

stracture’is formed first by, for exanple
ﬁatmednpngtpheSﬂmféﬁessQﬁsﬁﬁépédaﬁddb@héﬁﬁgSpﬁét§é@§ﬁd (not

%PgwhblrdDﬁggﬁ?r@%e% agu g%%ﬁgbbg ggr%bggeéaa§ong the x-

er ‘the wa stac orne orme . ‘
piiezoelient BILO sndcksdareCﬁantéd6ontBlﬁﬁ@el§G§§ﬂﬂaﬁ@VlceS

g%hngra E8EQ£QQ agent. § ge@reé eqoadB%S%xs aac§9gtqe%es

of such app IC&tIOﬂS e pre or ned plezoe ectric
Qﬂabbsghapnéws@wpndh@degt&enEﬁsuhaE@ﬁhldyéﬁCéSOWePKe shown,

Tgelsdh% Qs%g%gn%hi EBe &Sk E%d mQQefg QQQgpﬁH%es in
nDUﬂ I'hg the pre plezoeF tric stack
EbEhedﬁteCtlons

As illustrated, each groove can be used to form
multiple devices. The grooves can be disposed on the
first substrate to optimize the number of devices formed
on a substrate. By forming multiple devices from the
substrate stack, a large number of devices may be produced
in one processing cycle. Production consistency and
efficiency is therefore significantly improved, reducing
manufacturing cost.

Figs. 9a-c show a partial process for forming a
piezoelectric device in accordance with another embodiment
of the invention. Referring to Fig. %a, a first substrate
903 is provided. Preferably, the first substrate is used
to form a plurality of devices in parallel. The first
substrate is used to fabricate the central portion of the

support structure of the piezoelectric device, which
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the wafer is diced to form separate piezoelectric
devices. 19 Alternatively, the wafer stack is diced
prior to individually nmounting the preforned
pi ezoel ectric stacks. Fig. 8 shows a top view of a
substrate stack 808 used to forma plurality of
pheto@becthecmdevrcmsmb¢h§-5 fobsneatwbedavkninckbdesirst
u . andwi.ch n Lhir
R L i
gMbsBrat@th@hetgpesveﬁ nonrespehdlﬂbneathEe$alefare also
0 uctures I n_Fi epgth o _
THEPG ov b o PRS: REBeBaRF Bet Pono e Sone Ens R nin s 4
1ﬂcBIngéxCWY&DablSBblSOhsMﬁﬁee with (110) orientation
IS ubstr at and .t he lLength.
dlrecfﬁgn?bfs tﬁ8£§£58ggslfsp3?tﬁﬁgad Q?hFﬁrgh@lFffl)
thperefméhﬁerSIﬁglEuppystabtsuthEISMHBErplezoelectric
Pi ezoel ectric stack for S %ac s of
GeT oG5 and 1PnPRG - CUDSRLGERS. (RBE T8TShORADSEPREEng of
phetsuhstr abefbsmpgrbereedoabany. t hehs- sdbsegticenc8hSbe

and y-direction 816. Piezoelectric deV|cei 801 are
PRELEERSEL DY h¥aF hPHPs EEENBAIBESt heUaRcPRgLIRPRES CUt:
Ahthgyghienkyct wardhekpdrkhbesohnieachrdhhiagt ilorIane
shown, it is understood that there are nany nore
AEBEAGPRERBENIAY DOCHBEAVAPr @ERI BRSO ASSfRfust A8t €8S
8RAGB19RAAYE €8R B?a%%eguEQtE9E€11§UbEhEE%n€§Vw9%§ DRIE .
grooves can be disposed on the first substrate to
@b?lﬁﬁfémﬁﬁérﬁuﬁﬁthéfDaéﬁlEé@cﬁéﬁnééeoﬁeﬁc§&8§?réPeTable
By f@EHEEQDﬁEEtbEb@eggVP§§§mEE9EbtQ%e251§6b§%5§h§

st ack | arge number of devices may be produced in

one processing cycle. Production consistency and
efficiency is therefore signpficantly inproved,

reducing manufacturing cost. Figs. 9a-c show a

past ifabwpr ocess for form ng a Fg@@kpt e%oﬁ%t@fcsﬁe\nl@sma

.LII aIIULIICI CT1l II lIIC
FEVSRPion. Referring to Fig. gwﬁ%gfflrst Jubstrate

983uics ipeovobdedinBr ebeeabl y, |tAeodit r530 sWibstomseans)

usad

Self-bias voltage 190 to -390 V

Referring to Fig. 9b, second and third substrates
921la-b are provided. The second and third substrates are
attached to the first patterned substrate. Preferably,
the materials of the substrates have closely matched
coefficients of expansion. By having closely matched
coefficients of expansion, the stress on the support
structure caused by various process steps to form the
piezoelectric device is reduced since all the members
expand and contract about the same amount. This results
in minimized stress, thus improving reliability for the
support structure.

In one embodiment, the second and third substrates

comprise silicon. The use of SOI substrates or other

21



10

15

20

25

30

35

to forma plurality of devices in parallel. The first
substrate is used to fabricate the central portion of
the 35 support structure of the piezoelectric device,
whi ch 20 includes the m nor nenbers. In one

enbodi nent, the first substrate conprises a

hopesr y§t ahtenéaimt ehiiah, hguehaasimglasscoefierieppest
of non:crysta% ine.nateri al 0 e he
e T S S Al SR
Rydexidnd0lgl ass sabsbraheceFherfi tbhtsubst satendsand

BRLLS: B985k PoF ST BB RURPSEL METSKS, R,3UP091 1n onc

enbodiifent, the tershdsuhsdt tatedi silpabhesnbdtiratesr are
rooves 952a-b. The sulbstrate can be 10 patterned by
859?85§dtéEhﬁFauéggo§ugﬁr8§E98§er cut, ultrasonic

cut, Qh_Gﬁ@pemﬁagﬁh@HtLOBhe}Sbbbgd§@FHE)hirGtbebstrates
patterning techniques are a usef ul . ope _ .
éﬁﬁoarﬁﬁﬁf?dtwéta|5§§e§56§tP?Sé‘ﬁsaagt?égﬁéﬁ WreRn
BRkEespdhe par anet ebsaefiohBecBREEepy@eesesaie the first
descrlged in_Table 15 1. O her DRI E process raneters
APBSEFSbCus e il ONSTSBPECIRERE  { Fom ABBAD $Lstof GECeREes

RkagpButPressung . Abouhe®. deBanknduet k1eocauplfiung pawner
About 150 W(constant) Self-bias voltage 190 to -390
YeREBEEFI RGNt BEFILGIMEH, USaBGnY2ERQUENMAG ks GRSt FECEs 20

%%éﬁhgqﬁeg,pggﬁhd%@-wzheo§e@9?de@&ﬂihatrd substrates
are attached to the first patterned substrate.

Pref efabbye emhediaeatiaPs Do dt RESkubst PEEEs tRagéch the
gF?%%%% gﬁ%@%@%tegqef?h%!ﬁﬁka Bk s&XRaRSIARe sBY Ravici@mple,

closel'y matche coefficients of expansion, the stress
onltikensoppdet 29tderucvpes eduseddbpavdr NelePrdSesan

gﬁggsbgougggq]t%%e HEQQO%%%%I&EQ qg%hgeiESOE%d%ﬁﬁ%diment,
since all the nmenbers expand and_cont r act about the
samg camednby Thiegmeds wiktislatilpnni nOFhead techaggueshyguch as

h@%ﬁo%g gaﬁ%ki%%ihggﬁ E%rf%Q% the hard mask.

A soft mask layer, such as photoresist, is deposited
and patterned over the hard mask layer. The hard mask
layer unprotected by the soft mask is removed by, for
example, wet etching. In one embodiment, the wet etch
solution comprises hydrofluoric acid and an aqueous
ammonium fluoride solution. Other types of wet etch
solutions can also be used. Alternatively, dry etching,
such as RIE, can also be used to etch the hard mask. The
RIE can be performed using, for example, CHF3/0; (100
sccm/2s sccm) at about 100-150 W and 30-40 mT. Etching
the hard mask creates openings that expose portions of the
silicon substrate to be etched to form the recesses.

The second and third substrates are then patterned to
form the recesses. In one embodiment, a wet etch is
employed to pattern the substrates. The wet etch solution

comprises KOH solution. A protective layer can be
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support structure. 30 In one enbodi nent, the second

and third substrates conprise silicon. The use of SO
substrates or other 21 types of materials which have

a simlar coefficient of expansion as the first
substrate are also useful. Additionally, it is not
depesshey thatheheidesonfl thd sthirdatebsteapestbet them

h t .
e
enchbe k08>ddyrecthpnsuth aseDRABodLhENC,Fd/I18¢ssecOnter

6355 1o BnaT 63460 IRFER- 25F T BLPONA-TBo he KbEATI ons

péttéﬁn@ﬁ@OVﬁs sﬂbbhﬁafeﬁsttﬂ@ sabatmates hpeonemoved with
nbodi nment th the recesses . i s abou -2
SO Pk yasTha BPa P lub bl SRSaTern; SuBb bt cfiaa e
tenseds ushfignyaireusxpaskoandhet abn- éeehﬁﬁquSfa&ueh
n one enbodi

as wet r dry etchin r sk

'S uekafenteenton ds St ESR Sonsbiared. Brngtnarstrates

9@§g BOHPEI s€8achel ey¥agpkepatsebheanfoxsdesubkbeate 903.
ypes of hard mask materials can al so be used. The

ﬁ%rﬂnﬁa§%bﬁﬁ%@?P5P tRR BRBSERBBAPNRRE, 2L FEChERmRY Byodlc

bbgy MRy . OXTQa§kQ?arélhﬁé teshpigues, f@ychoaaln§VDa1qaehe
al so be used ormthe hard mask. 20 A soft nmask

paperrasaehasg pheededsi stD PEedepBefiBANTanghe substrates
RALLeTBgHaVveh ﬁhgo@am%>n§§5 L ayers) Theq hacd: ﬁ%%kH O (1:1:5)

5)
'ayer unprotected by the soft nask |s renoved or
babhpl e, Aﬁé@re@éﬁangngrntbﬁe5éh§§aaﬁ@ﬁtar@hboméﬁdeﬁéhabout

§9buﬁb@%%|a§g {Kl?/ Of | 4401 4 £y @ach £ M@WWOUSAgéer

anmoni um tion. Clher types of wet etch
sbeéusibasrehnsakse bendsdd. thet praaebserygntdpyes to form

ﬁﬁ&hbﬁnge§¥EPr§§ Bgélcganaélagséﬁlgéadlhoyg%gh bhey

can be perfornmed using,
exanpFégsCHEGF02 61009 vacinngsesbedjmantabedt Pa00ersdng

yﬂgngiﬁgi4 uggtr§£8hkggf§9mtB?fF@E%nga§5v§E9ateS
opéni ngs t hat expose portions of the

configurations for the support structure. A first
substrate 1003 is provided. The first substrate comprises,
for example, silicon. Other types of materials are also
useful. In one embodiment, the silicon substrate is
oriented in the (110) plane.

Referring to Fig. 10, the substrate is patterned to
form grooves 1052a-b. Various patterning techniques can
be used to form the grooves, such as those described in
connection with Figs. 7a-b. In one embodiment, a wet etch
is employed to form the grooves. Other techniques, such
as dry etching, can also be useful. The etch is performed,
for example, using a hard mask on one or both substrate
surfaces. The first substrate provides first, second, and
third minor support members for the support structure of

the piezoelectric device. When the second and third

substrates 102la-b are attached to the first substrate, a
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silicon substrate to be etched to formthe recesses.

The second and third substrates are then patterned to
formthe recesses. In one enbodinent, a wet etch is

enpl oyed to pattern the substrates. The wet etch

solution 35 conprises KOH solution. A protective |ayer
sappbet 2Prdeposeétedvongt herst desd ofetbedsobsitaessfoomed

rotect the ron1the etch sol ut /Mternat
heSEobet atus ra B Lt bt agty, bifn ' LERRBLE Bkt porure
st HikAESE SE6. tkhbedestypesdoineFcy. t&chniques are

| ful, Affer 5 t he_subst , .
hard WAEREZSP [GrBUed hicne "8 hetobi EROGEIAGS 1005 is

bydtothearte acrd. rdbesves elshaabsoromeﬂnuesopnynd bottom
[ ' on t he non-etched surfaces.. Ref

native oxi i,ng .t
Frpraegs %ﬁ§4§eéonaeﬁﬁHaFﬁ$rBysﬁb@f a?%@be§2§;56 gﬁeghe
atbachedet 0 theopat tRbHEIMENE St tBUbsEEaEEc803re £Brhbd by
one enbodi nent, the substrates are attached bé anadj c

BoWEtF ngtcho pFeparBaske ahpsfPaPed PBrPBbAdEAY, 2Af| Pottom

therasybstratgs angseclgaped. tha gae enbpdigeatmelihguch
substrates are cleaned in NHFAOH : H2O2 : H20O (1:1:5)

Bhdt HEL doppcpot epeh (thiosyh B%?h%Ub%FFéFecIEBﬁFﬁBY

{beysHBSLT At §Snahsebonded at QPQHEn&5t§50ré@Q§éé%th an
appl i ed voltage of about 1000V. Aftéer the substrates

At eeboatiedelyheapbresschofgnnbesresfpepafl frem the top
gh&ZBSESSErEg g§¥é§e’oﬂ§ desgribgd, 'nTEégér 7et8h etches

ow vari ous enbodi nments of patterning
the substrstbspaateal byf bramdiheerent apdvbpytop surfaces,

FOPLL QYT BLLODSCLOLNENE. SUBDORE ALGURLHEE, A1bL(Stotner

pr ovi irst substrate
teapnigess fborfexampbethsitEceﬁseelhee aypesugpful.

TRI PhALR BhE 8L88ngUaRlillni Ll ONB-PHORHLIRRL b as

siliconsu € 1S oriented Int
KRetechedgtbotkRegfi16f thestubter atesihpppatt ecnedtuge

[AREMLRELSS 188205 RorkoEh045 BT EELARNDLL GNILANTS minor
deppbrbedemhercmenpmbwmdemmthuéhges Yhab. dercomeed in Fig.
gqbodinent, a wet etch

Referring to Fig. 12, the first substrate 1003 is
shown. In one embodiment, the first substrate is first
patterned to form recesses, as described in Fig. 11.
After the recesses are formed, a portion of the mid-member
is removed to create a discontinuity 1204. The
discontinuity can be formed using various techniques, such
as wet or dry etching. If a wet etch is used, mask layers
are formed on both top and bottom surfaces. Alternatively,
if a dry etch is employed, then only one mask on one
surface is needed. When the second and third substrates
1221a-b are attached to the first substrate, a support

structure having an H-shaped cavity is formed, such as

that described in Fig. 3.
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is enployed to formthe grooves. O her techniques,
such 30 as dry etching, can al so be useful. The etch
is perforned, for exanple, using a hard mask on one
or both substrate surfaces. The first substrate
provides first, second, and third m nor support
menbeks flesctheeduppariossraosvite obnfigerations can
el ectric dev epn.the secon th|rd 5
CRE ey Be Ea bt hETpa AT P s REntEOTRBPf raPht fadOuenn as

sdhstiahel altBBgSHpnottsSépsctuMGrhaqugléxrphtaedns can
cond cavities formed b roopves, 1052a
SPES et avonorer et Pheltr LitRe58 AR 8, apg ehebing
desgsibed in Fig. 5. Referring to Fig. 11, the first
substrate 1003 is atterned to formrecesses 52a-
rom BRLTe bR i BrEanh BaS! nese BophacH ot iyarhoan and
8¥sarmbdameber rdts4entet be véﬂb&héaéﬁbohmméﬂes, it will
enmbodi nent, the recesses are forne a wet etch.

Par8eRAERE 28Feb¥ oF RBESO ﬁkbﬁiﬁdtbﬁ BHS BBFtEH?tsurfaces
fbqthecgubshtatfd FhenYet @hohpeSmhbaBdoSHER BRekbat

it does not etch through the substrate,  thereby

[REONAFCR WiBPABRDEPP2I5ANGeHEPRt LG Fﬁérﬁécé§§e§COpe
Ahtecpativehy, saofdey o8t eheCanvhatPEAf OnBBAAS EABYERBre be
top and bottom surfaces, one at a tine. The dry etch
dethesinefenstibyi Eht sSaFENar! yOf EBf BReveogeaRgiption but
hetrom HEHEEQQQStolghgoéﬂFQQdéﬁc§§§§§smﬁibﬁgl@@Yhnghelr
m d- e echni ques for formng the
feééssespar efakgsiusérnks. When the second and third
substrates 1221a-b are attached to the first

substrate, a support structure having first and
second cavities formed by a single mnor 20 support
menber is provided, such as that described in Fig. 4.
Referring to Fig. 12, the first substrate 1003 is
shown. I n one enbodinent, the first substrate is first
patterned to formrecesses, as described in Fig. 11.
25 After the recesses are forned, a portion of the

m d-nmenber is renoved to create a discontinuity 1204.
The
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di scontinuity can be formed using various techniques,
such as wet or dry etching. If a wet etch is used,
mask | ayers are forned on both top and bottom
surfaces. Alternatively, 30 if a dry etch is enployed,
then only one mask on one surface is needed. Wen the
Beegonds antlaiheddisubstrates 122la-b are attached to
the first substrate, a support structure having an

H shaped cavity is forned, such as that described in
Fig. B.m@2dhéd fescfabeidcavangoas edwctyomenhagurali dagice
can eaS|Iy be formed using different mask patterns as
WP 42+ 4ddi ti onal |ithographic steps. Mre conpl ex
patt efasmeAy aabspprtfstﬂadtbyeu$hngudmhgiple

l'i thographic and etc¢hin VWil e the invention

a 5 steps
has been parti cBF8/t§*8 oﬁnfé YB¥EF1 bed with

reference to Vaﬁt@USdﬁﬂbogéﬁbﬂﬁSanUttmmkﬂ 1bgers, each
recogni zed by those skilled in the art that
modi f i cat i BR¥1BAJIBREAgRRINAYCBE ABEEAEBSthe present

10 invention W thedthdgpaihheg Ehemnthe spi the aaaond and
scope thereof. The scoge of the invention shqu

theref ore bBlEEt &éRHERE ﬁthﬁnFﬁrFEfé?¥ﬁEetPofPﬁ@ the

above descgippben ButucwhtB reherenseche tlippapperdedcture
clains along with their full scope of equivalents. 25

What is cl aPrpaipgs at #ﬁﬁé?h@ﬁeféﬁVFEBrP€5W?ﬁ§ fhe second

el ectronechagni ¢ak gey59grscog95|5|ng 5 formng a
support structure including providing a first |ayer,

provi HEAYigesenanandechrpacrhpaisaleachi vRagilagenhingp the
QﬂgeQUEEEgﬁH%féfeét aLbaehing b@nQBeSEEEQEQSaHB the rd

second an Othird layers to the first layer to form
thgersupport structure, wherein the support structure

2. The method of claim 1 further comprises reducing the
thickness of at least one of the second and third layers
after attaching the second and third layers to the first
layer and prior to providing the electromechanical active

element.

3. The method of claim 1 or 2 wherein attaching the
second and third layers comprises joining the second and

third layers to the first layer at an elevated temperature.

4. The method of claim 2 wherein reducing the thickness
of at least one of the second and third layers at least

comprises mechanical polishing.

5. The method of claim 2 wherein the second and third
layers each comprises multi-layered substrates and
reducing the thickness of the second and third layers

comprises removing at least one layer of material from the
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conprises at | east one cavity between the second and
third layers; and providing an el ectronechani ca

active elenent on the 15 outer surface of at |east

one of the second and third |ayers. 2. The method of
claim1 further conprises reducing the thickness of
mtlteakayenedosubherseesnd and third layers 20 after
attaching the second and third layers to the first

| ayer and prior to providing the el ectronechani cal

@ct i vEhe ehenieod . 08. cThemnet hodrefnctiaé nmilbi-2awbeedi n
att achi th second .and third layers_c ris

B Er e e OE Bn oS e nar PR o Ty BTG e R EORPHEfS

$ ayecoatoaniebelVated vefipesahavieng 4. bThk silhodnolayer
clgin12 erein. educi?% t he thickge&s of at Ie§s£ g
OB Bf SPhedSBcBhE aRY tRAYTE PRyRFETarl P¥agf 3psuietor an
coapeisesthechiantkatspodbt shhagsebSondhendet hbddolageasm
2 wherein the second agd t i{ﬁ Iag rs.ﬁach c?nErise§
FRRT 1 &y ef BHCEUBYt # bt 652 8hd 1T eBUet ngt LhECT hi @KRBEs T FOm
ohet el secnnenandstibhtdr| ayeess35 conpri ses renoving

at | east one layer of material fromthe 26

mul ti-layered substrates. 6. The nethod of claim5b

wher etRet et AUHt bf | aypred csubstratesweérébe sRE0BEcond
and third |ayers conprise 5 silicon-on-insul ator

3R e 81 RAVE AHS RS bEPRPEL PR cBNSL AT LR cahatalsnrrgesal-
silicon | ayer separated by an insulator and reducing
t he thickness of the_second and third | ayers
onprTRestebhddi a§ ataiBadt WphEe bl khei FLeehe| ayrpsal
HE08Y; L hecShbi€985081 1§38yl 8k psrwaf 85 $icdR. 7. The

nmet hod of any of clains 1-5 wherein the second and
third | ayers conprise a single crystal nmaterial. 8.

ghe nef boge of o8l 3Emd, wWher einihbeispnghererystak £19st
mat eri al conprises single crystal silicon.
layer comprises a single crystal material.

10. The method of claim 9 wherein the single crystal
material of the first layer comprises single crystal

silicon.

11. The method of claim 10 wherein the single crystal
silicon of the first layer comprises a <110>
crystallographic direction parallel to a sandwich

direction of the first, second and third layer sandwich.

12. The method of claim 11 wherein the cavity comprises
at least one edge which is perpendicular to the sandwich

direction.

13. The method of claims 7-12 wherein the first, second
and third layers comprise single crystal silicon and the

second and third layers are attached to the first layer by
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9. The nethod of any of clainms 1-8 wherein the first

| ayer conprises a single crystal material. 20 10. The

net hod of claim9 wherein the single crystal nmateri al

of the first |ayer conprises single crystal silicon.

11. The nmethod of claim 10 wherein the single crystal
261 s¢bn coms pénthendingt at ayegh coappé sesune <110>
crystal l ographic direction parallel to a sandw ch
direction of the first, second and third | ayer
sandwiicd. meRod Thé aeyhofl ofathai il wherein the first

avity conprises 30 at | east one edge which is
§%¥%Enﬁ?%ﬁFh?e?og fA2°sandwi ch direction. 13. The

met hod of clains 7-12 wherein the first, second and

hird | ayers c ise single crystal silicon and the. .
%%'se@%ﬁdmﬁﬁﬁogﬂg%dcfﬁﬁﬁrg4aV%eg?fﬂcﬁéa ?8C?ﬂ§ ?Pgsghlrd
L ayersbyorgrskbi s0Rgigstonsbandsnyiabnhagl the second and
tenperature. 14. The nethod of any, of ciains é-S, di
WheFdi heYREST RF8tatFagRrIchbRpritse5 Phss3Y8L18Y $fRALC
PpBLAOHG 0Lt chai 81 ddavber eknpthetgeeond and third
| ayers conprise single crystal silicon and the second
and third layers are attached to the first |ayer by
2g0di ehebpadhpg 8t anyebevatgdmbenperayHeeeidOth6. The
met hod of any of clains 1-15 wherein the _ _
electromeehanical aetive elemsnt EoMPrises an active film
EFﬁg}iQQHEFbsbﬂgz@e@é§%9§EGGErhﬁ BicBBrostrictive material.
electrostrictive material. 15 17. The nmethod of claim
16 wherein the el ectronechani cal active el enent
fyrthep Pﬁgpﬁﬁaegfbeﬁggﬂ?@@de@Etheﬁhéogﬁéctromechanical
sandmncﬁlng the active film 18. The method of claim
aztfivuet héemeotpflssbeat cheasi seAeboRhomnpafnEgPagdect rodes
ggég?.gggﬂgeghghg @Hggtggqﬁqhanical active el enment
an Re ou f

er surface of at |east one of the
18. The method of claim 17 further comprises at least one
intermediate layer between the electromechanical active

element and the outer surface of at least one of the

second or third layers.

19. The method of any of claims 1-18 wherein the active

film is deposited using a thin film deposition technique.

20. The method of claim 19 wherein the piezocelectric
material comprises a composition around a morphotropic

phase boundary (MPB).

21. The method of any of claims 1-20 wherein first,
second and third wafers are provided for the first, second
and third layers and further comprises:

forming a cavity array in the first wafer;

attaching inner surfaces of the second and third
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second or third layers. 19. The nethod of any of
clains 1-18 wherein the active 25 filmis deposited
using a thin fil mdeposition technique. 20. The
met hod of claim 19 wherein the piezoelectric materia
conprises a conposition around a norphotropi c phase
wadiendarge (ViRB)L 134 zwlafeTms:cneidmml ofwar cdtadiai ns
1-20 wherein first secgn hlrd waf r
pr ovifded deo]r”g{ hel%qtrrs?mecgjeacnolnc ahd 1 re aerg?sé Yhdhe
duﬂdﬂﬁ&rummcr isesit florasingree O:aﬁllttkye are@ynd nartdnetrﬁlm;t
\gﬁ ttaching inner surfaces of the second and
WG / 2%1 fers to the first wafer to forma wafer
st ackdiciwih ngs Bl ecdtamecthant el agilwves eleyrenf s on
the outer surface of at |east one of the second and
IR F ONRFAE CHN AT IR LT g 1 e B RS Form a
fpiiaddd dorofcyclect ronechani cal devices in parallel in
a single fabrication cycle. 22. The nmethod of claim
21 wherein the cavity array 10 conprises el ongated

£} Ot STHOMmdN1Yd b NGBl i rh EAB L. IME i £ avhd Yed Wi t 104 Wi ghal
el ectronechani cal devices |ocated at intersections of

FRTR 1SS S rekongRi 4 ohkRit 2df QT ROVISHI THe hedhbdoBt
Sl @i 22, whed e fudde didStrwed @fadtc£0MpEd 5€8s a164dd€dd at

orierted single crystal silicon wafer and a |ength
Hirertson ofs the &l oyt BNt oirdislangyred SWthin
the (111) planes of the single crystal silicon wafer.
20 24. The nethod of any of clains 21-23 further
Thnpribesnetied i o ataimad? wiersidetld fheshafefer

Pro t | gal eyl eeSoh T 98t
%rﬁ%leé%r% ngfdl ci%%fer%lz%& g%@fga@ ¥ta © et
and a length direction of the elongated slots is aligned
within the (111) planes of the single crystal silicon

wafer.
24. The method of any of claims 21-23 further comprises

coating at least one side of the wafer stack to protect

the electromechanical devices from damage during dicing.

29



