.o ;e3egd: $60TDMD A MEMS Accel eroneter Field of the invention The present
I nvention relates generally to a MEMS sensor and nethod of fabricating it,
and nore particularly a MEMS accel eronmeter. The invention 5 further relates

to applications of the MEMS accel eroneter in a high perfor such
as a hard disk drive. Background of Invention M croel ectro%ﬁ&@@“%ﬂ “mm
systens (MEMS) are regarded as providing 10 enornous opport or

perceiving and controlling a variety of physical environnments. "8H&r ous
MEMS sensors form ng accel eroneters have been denonstrated based on

el ectrostatic operating principles, see, for exanple, US pat mm
In this regard, STM croel ectroni cs has devel oped MEMS- based ﬂmmu‘mmﬂmmm \
rotational acceleroneters for a Agge f 15 drives, as dgggk.tbed
in an article entitled "MEMS technol ogy adds manufacturing diversity” by

Benedetto Wi ' {ﬁ ﬁ ctronics Asia, August 2001, 125). The
accel er onet F%ISOGM‘J( ven r?nterl ocking fingers which are alternately noving

and fixed. Acceleration is sensed by nmeasuring the capacitance of the
structure, Whecpresent &sveintionr efates igenerallyc tagMEMS $éhsat carlde hadthod. of By

bui l di ng su a rotational sensor_into the drive it is possible to .
corrpensgt e ?%?”qagﬂﬂt 'Loﬁ%‘i "PrBR?eP@Htcé',arb’nguMi%t%ﬁqrﬁ@qﬁ:@ad—r@ HNendRNt he

track when igtihat © | (o] ALY R P BaTs N [ n‘?&}é t :
i nf or mat|§onlf%?ﬂet?hersﬁﬁallé\q/gobgggh%éoﬂdg%ntdrﬁgwﬁ’(enEhNé%dag%élgﬁoe S Fg@P 3 nr\]/'gpves a
| ar ge anounpedbrroahcelsysteomsdalr asra\hand disktdrivesf or mat i on, which may lead to

additional 25 possible errors. In addition, it may not be suitable to

i nstall theggl Eﬁ} r%g!t e*t!inc B/EOIVB accel eronet er devel oped by

STM cr oel ec ider directly due to its size, which may
affect the performance of head disk interface. However, the direct sensing

of slider's notion is inportant since the 2 read/wite head is installed
onto the sl Migioelegipmeshanicasysiems (MEMS) areregarded iasqupviding ri butes to

Lok oo SAOFhSALLRo0R6S K Ikt A BP0,
of bei ng i ngnairbrmients. Nueneroud MEMSs$dnsors forming accelerometers have been
demonstrated based on electrostatic operating principles, see, for example,
US patent 6,230,566. In this regard, STMicroelectronics has developed
MEMS-based linear and rotational accelerometers for application in disk
15  drives, as described in an article entitled “MEMS technology adds
manufacturing diversity” by Benedetto Vigna (Nikkei Electronics Asia, August
2001, 12~5). The accelerometer consists of interlocking fingers which are
alternately moving and fixed. Acceleration is sensed by measuring the
capacitance of the structure, which varies in proportion to changes in
20 acceleration. By building such a rotational sensor into the drive it is possible to
compensate for rotational movements, ensuring that the head stays on the
track when it is reading or writing. However, using the movement information
of the drive base to control the head on the slider involves a large amount of
calculation for movement transformation, which may lead to additional
25 possible errors. In addition, it may not be suitable to install the electrostatic
MEMS accelerometer developed by STMicroelectronics onto the slider
directly due to its size, which may affect the performance of head disk
interface. However, the direct sensing of slider's motion is important since the



.. 5 Summary of the Invention The present invention ains to provide a new and
useful MEMS accel eroneter, and in particular one having high sensitivity
and snmall size. 10 In general terns, the invention proposes that a MEMS
accel eroneter enploys one or nore elenments of piezoelectric material which
are deformed when the accel eroneter is subjected to accel eration, and
generate a neasurable electric signal. As in conventional MEMS devi ces,
t he accel eroneter enploys fabrication techniques fromthe field of

sem conductors, such as silicon mcro-nmachining, to create a structure, and
pi ezoel ectric filmis then deposited on the structure. The conbi nati on of
silicon mcro-nmachining and piezoelectric filmdeposition is attractive

si nce pi ezoéeidfwritezhe@giﬁ installed onte the slidesi gmd any anwapnted vibeatianhefrthe o

el ectrostati oupl, i-n [enggh,. and furthernor he pi,ezoel ectric mcro
mechani cai SRRSO’ 0 FO%k duis FRGislrilion SAY CrgRSERuTE FeesT 5

confi gur at i @mallldhdckyhit aReéletdmbtes isHesiFable. ARB, S@SH an agcélBrérAsiepnt i onal

el ectrostatic mcro nechani cal accel eroneters. Thus, the invention provides
t he possi bi Sheyldike eapahle ofbginggnstalled i the slideneasie, smal l er size and
higher sensitivity than 25 conventional electrostatic structures. Such a
cost-effective MEMS accel eroneter is desirable in a high-performance system
such as a h&uihmaskofthevaverfion expression of the invention is a MEMS

accel eroneter having: 3 at least one flexible nmenber including a

sem conduct substrate, .at |east one el enent of pie tric materi al
formed on t HReRIBSERLipYentignaims tPéHQY'deﬁ)n%‘fV@&drlé%&lz'ﬁgv etecting

el ectrical g j ! i J £ 0m t hem
generati ng ?’ﬁgglgkclﬁsntgég,?égﬁdaﬁﬁ%ﬁlg{jlﬁfgg{g:hé 8??3%3? ngnqgg@ ﬁ@arrgg{rwls%%%orted by
the flexible nenber; whereby acceleration of the device causes flexing of
the flexjible nmenber, which causes the piezpel e i.c material . to generate
el octri 40si G BRESta erfs, i faRlion propdteRdnel ME S attelroRistgergYS

i nvention i 9nadr rhérd élements MEHBza8I68IR RERNAN ﬁ/hfdhraré%dfb@né"@(nﬁﬁeﬁ%é' sk

drives, an alternative aspect of the invention is a har i sk drive

i ncor por at i Agceleromaier is sebjecieddoaccelenatiom andigeneratera measprahlé des net hods
of produci n%le{‘cﬁ'@c g@?‘g[reromat er using sem conductor fabrication technol ogy.
Brief Descriptioh he Figures Preferred features of the invention wll
now be described, for the sake of 15 illustration only, with reference to

t he fol I1gvm IA% H ures in whic

onventional MErI\]/iS devices, the accelerometer employs fabrication

techniques from the field of semiconductors, such as silicon micro-machining,

to create a structure, and piezoelectric film is then deposited on the structure.

The combination of silicon micro-machining and piezoelectric film deposition

is attractive since piezoelectric coupling strength is significantly higher than

20 electrostatic coupling strength, and furthermore, the piezoelectric micro-

mechanical device is usually not restricted by any geometrical configuration,

in contrast to the electric gap required in conventional electrostatic micro-

mechanical accelerometers. Thus, the invention provides the possibility to

attain a simpler design/structure, smaller size and higher sensitivity than

25 conventional electrostatic structures. Such a cost-effective MEMS

accelerometer is desirable in a high-performance system such as a hard disk
drive.

One expression of the invention is a MEMS accelerometer having:



FIG 1, which is conmposed of Fig. 1 (a) and 1 (b), shows a piezoelectric
MEMS accel eroneter which is a first enbodi nent of the current invention.
FIG 2, which is conmposed of Figs. 2(a) to 2(c), illustrates use of the
enbodi nent of Fig. 1. 20 FIG 3, which is conposed of Figs. 3(a) to 3(n),
shows steps of a process for formng the enbodinent of Fig. 1. FIG 4 shows
one of surface patterns of the enbodlneh§ of Fig. 1 after fabrication. FIG
5, which is conposed of Figs. 5(a) to 5(t), shows an alternative 25 nethod
for fabricating the piezoelectric MEMS device of Fig. 1. FIG 6 is
schematic view of fabricated deep trenches in a possible realisation of the
SO wafer in the nethod of Fi 4 FIG 7 shows an application of the

Snt)odi ment of Fi gt lqa,stme/v_ﬁeﬁgtehmmmfemgl@mgandsem@ogduq@r sebstiatearat di sk
i brai i on ol o Blsihi b2 gt efarfy RHETIH . ShyfE! aBilan' s, | o

Descri pti onlexstt twoeelwdiodeet ﬁorRefe@eEd:tingg dlectficgl. slgr(&ls) genenaaéd)einecthEI c
MEMS accel eromete 1is ich is an errbodl nment of the current
i nvention. P{€%08 eé‘é’t"hﬂ@i%r@ @fnd rofp deemganerating an opfputsignall el beans 3, 5

and a proof nenber 7 (having a mass significantly larger than that of the

beans). ghe figuged PbHQS:?o@f rﬁgés H;rﬁ%‘ﬁés@pﬁr%d b@rsthle'T ﬁﬁ’errhﬁer':' g. L,

t he base nmenber 2 and pro int ection of
about 1000m They have a thickness in the direction mar ked as y of 300 um
The bearms 3, 5 hahereby aagpelerstionmbefuthe XiHyicen causds 18iexing hobithe hitexiblacl udes

at their su are, each, of .| ength 600
fun | Che s midifiet, WhitkBaftes e BRzRR BRIy pAtudliotde i fiogfl iodh

t he pi co- sl wthich afedeleasaebe mgéteamsdeg—lDDs (hard di sk drives). Thus, |t is
easy to install between the ginbal and slider in a HDD, wi thout having an

effect on tgjthhard di sk interface performance. However) of 20 course, the

accel er onet gHab fbe jvenbipp is Rk Aimited tp MEMS PF%'?W?@’Q farusgpip) hardt i on,
and so y§s %ﬁéﬁf@?l\/@gsﬁtr %It@ﬂtatlkl{e”hé tt B¢ ttHQSr?wghtf&F bQVﬁal}d i ér% dr&e( a)
pro he proof nmenber IS

shows the mass inares Ssition, and

di spl aced fnrmnrpdxatmgsstuchcmi ad:cmenometdale TGheWermonrfmtlkeldpmvnddsembm 3, 5
25 urge it bCkc{y stha p05|t|on The |1 el lit)) qaveahigh
aspect rati @ c"tgh %\‘FC@‘?FGET?%\E%?Q SRM ctr da 'Eb??tSP”ttﬁﬁh"‘?HSV-r

t hi ckness in the direction x) and thus provide in-plane flexibility and

out - of - pl an@rfif DeseAption EfTBheFigLPési S a cross-sectional view of the 30 one
of the beans in the Tine and shows t hat each of the beans is 5
conposed of several |ayers: top el ectrode | ayer %h Au or Pt; an

adhesi on | aydef e(rmfegtmﬁpf th? ipventien wik now be; eﬁcmbedefog epgake af bot t om
el ectrogg 11"_1Ius?raﬂ% oﬁ‘g wﬁﬂ'&?%%ﬁéé ?@tHea%ﬂgwﬁbg@%LﬁggW%hm‘h g. Ti; an

insulation layer and a su e.g., Si. The top
electrode 11 is Flﬁaﬂtwhmhds coapasedrd Fign 1(apand d(ls), bhowd aasidzoeglectniczed

feai oned | n MEQS SSTARMEIPNNFE | @ 1TRCOBRORRIHK IS Cye BVt | on
indicated as x, kygbonghps i@lcohifosB8 M Figs. Ra) R cF Yflbtrates use of the
embodiment of Fig. 1.
20 FIG. 3, which is composed of Figs. 3(a) to 3(n), shows steps of a
process for forming the embodiment of Fig. 1.
FIG. 4 shows one of surface patterns of the embodiment of Fig. 1 after
fabrication.
FIG. 5, which is composed of Figs. 5(a) to 5(e), shows an alternative
25 method for fabricating the piezoelectric MEMS device of Fig. 1.
FIG. 6 is schematic view of fabricated deep trenches in a possible
realisation of the SOI wafer in the method of Fig. 5.



10 configuration of the accel eroneter when the proof mass 7 is deflected is
showmn in Fig. 2(b) (it is an "S-shaped" deflection). The base nenber 2
functions as a stopper to avoid planar excursions caused by serious
mechani cal shocks. The bending of the beans 3, 5 causes a stress/strain
distribution in the PZT-silicon conposite beam structure and accordingly 15
electric signals are generated in the PZT | ayer 13 due to the piezoelectric
effect. Preferably, the piezoelectric el énents are optimally | ocated at
high strain zones so as to inprove sensitivity of the acceleroneter. In the
enbodi mrent of 20 Fig. 1 (a), four distributed piezoelectric sensing

el enments (i.e. areas which are covered by top el ectrodes 11 ) have been
aﬁopt ed. FIG 2( cFIhCB s7 phewsytdﬁplmé?alm oﬂﬂ?%nbbdimhem?aﬁigm,@btwm E1eect ric
char ge out put t he pi ezoe e tric fi en the device is in the

confi gurati ofu %ﬁ%ﬂﬁp Eng g5l erﬂfg)harq}wés]kaqi@ép of the film13 narked as 23
has a high char gerRs, @7ca BRI dibgrantBila SBRLAISMITAIEH ifRrive Ni oh
charge of another polarity. The circuit configuration used f

measur ement Vibratiooweontrol fdap sWitable fariusebotthe systeacof bigeg. 15 are connect ed
to earth,.and the voltages of the top elenents 11 are neasured. The induced
char ges |% the PZT | ayers 13 are 30 proportional to changes in

accel er ati onpetaifedbes&intipg o¥ithé akiboeiahents t he device of Fig. 1 are shown
in Fig. 3. Inafirst step, as showm in Fig. 3(a), a <110> silicon
substrate 31 is oxidised at the surface to formlayers of PECVD silicon

di oxi de 33. . . O- i . i raphy
t echni que isﬁgggpﬁggg?%ifﬁgﬁ5ibFE8%§év@?wEgG£$&G%Q%W@ggg%gggﬁéﬁbg%négttern

The pattern [ssar eatgidimeridofthe @uiieat Bivientiom [tlisceoraisostd ofsa bgsé&htertbeact i ve
ion etching) wth Si Ech sto andb thlsEr sashallowtrench 37 is
formed i Ht hé MQRaralle %eams sﬁ'}da%E eof MeMRE™ HINaving RIMaas signficantly i s

t hen remvedgairgergﬁh\éﬁ tﬁgﬁoﬁhégﬁaﬂﬁsﬁhﬂg@g@ul'é"'lnEhﬂies?a(é@t of Hkefhl@DMREt mar ks

(not shown) roduce i e sanme process 1s perforned
on the back mhdaiedumFug He tubase etembear ZJBIDdipl'Dd rBMbeowrtavera:wchI@wand

of ' Pow ot r olnex ORREUST S Bhowemoly Tt fha tikastsinghe ?Pf%t&EOfif e
substrate 315}}3@?%& rgg‘é‘f'of’ %brg:)fﬁl TRE %an‘fé iy ﬁ%\/éjg?ér‘n;getﬁ%?g%u{ a[;t]e”

applied and S resrst creates a {er

transferysd gRER of fHerdiind|Gdss au ﬂwélrcé@rraée WO%;EeWcmdsle@h@htss’t Pivhichi s
produces a through hole 43 bg pot assi um hydr oxi de) et ching of

substrate) targeaeh phlength 66 wneT(b\fe Fize of thedyll ecmlerdrﬂ@teanmaxo&ede mask
| 33, 41 d b t h
TS RhReAS Bt Akt b S By A i PSR o e

2 and proof ArR&Sdries). Thus, it is easy to install between the gimbal and slider in a HDD,
without having an effect on the hard disk interface performance. However, of

20 course, the accelerometer of the present invention is not limited to this
application, and so its dimensions are not limited to those given above.

.Fig. 1(a) shows the proof mass 7 in a rest position, and, if the proof member
7 is displaced from the rest position in the direction marked x, the beams 3, 5

25 urge it back towards that position.

The parallel beams 3, 5 have a high aspect ratio (i.e. they are much wider in
the direction y than their thickness in the direction x) and thus provide in-plane
flexibility and out-of-plane stiffness. Fig. 1(b) is a cross-sectional view of the

30 one of the beams 3 in the line A-A, and shows that each of the beams is



Not e that, although the process described above is appropriate in the case
that the silicon substrate is a < 110> wafer 31, alternatively we may start
from25 a <100> wafer instead) and in this case DRIE may be used to
fabricate the thorough hole 43 in the wafer. In either case, the next step
of the method is for the patterned wafer 31 to be doubl e-bonded with two
SA structures 45, which are each conposed of a 30 first silicon |ayer 47
adhered to a "handle wafer” 49 by a burisgd oxi de | ayer 48, 7 to give the
structure shown in Fig. 3(g). Prior to this, alignnment marks (not shown)
are made on the SO structures 45. Preferably, Si-Si fusion bonding is
adopted to bond the layers 47 to the substrate 31. Then) the two handl e

yers a8 aremPRTR SsaYedkaBls: SR80 Bheb™ modtilbiBrany o o °° °
3(h). The r adahésiondayeryAoSsKown ) arpiédeeissthis filmt1es edl PFHT; M Bottdm(b) . A layer

19 of oxide is deposited on the bonded wafer stack to insulate wafer
el ectri cal | gleciodenty. @, Bt i ao@gdhesien layey. (ngt showmg el ®wiinan inguatioan

adhesion |l a t 0 om.el&c pesited, to
gi ve the St?’af}%rﬁ&é%ﬁ, %Iﬁj&.’ w%%?f?@%ﬂe%a@ m%q eé%ﬁgrrggﬁdltqo'gf ormthe
bot t om e ecpatidmet requliing iettietdisttibufedyarat eptirnizetipiezddlsctrioadtivé zyges such
as Au, Cu, Al. Preferabl the bottomelectrode 15 is chosen to be Pt,
since this @?%@S@Gﬁemﬁﬁ%ct eristics. 15 APZT film13 is sol-gel mltiple
spi n-coated on the wafers, to give the structure of Fig. 3(k).
Alternatively, any of sputtering, CVD, PVD or screen printing nethod may be
used t o f or rhhetproeihentben 7 isldesighedJolusgeb move redativesto the kasei mgmbler PZT
filmis ac | néﬁgused evi ng kness, of around

i hi film20 i
1 umor noré. BoU9N %om%?s @Iﬁgesiglﬁppwgf‘?fﬁh?bﬁranf"f?e&tsgf]'lé%ﬁ‘?'éte and

optim zeoi t SoRRGEratioR B thedAGcaikiomeer Wheh e BFdof dse'? & aBdII68 il scl osed
in the followi ng references: Ryutaro Maeda, Zhanjie Wang and Jun Akedo et

al (1998) "BbpwsiiniFigh 2(hk(ibistareiSrehapedt deflegtien) dherhase metriben 2of
Pb(Zr0.52, Ti ' il ,Cro actuator”, Jpn., J. | . Phys., 37,
7116 25 711&?'%?’3%%@%@@?; o S bighaf axettstins cailkbs by %%3‘3‘5( 1999) . " Sel f
excited pi ervsdhanioal ehbeks. Therbuiiing bethertsednis 308 RalkEs ffessitialh | nher ent
sensing and actuating capabilities"™, Sensors and Actuators A72, 179-188;

Dragan Danj Sifdibputionrig the R4 Tasilicom gompesitebeasy struatere and aseordinglect ri ¢

e | - Lot - nd B J.. Schill
(1005 130 PECHTESEAAR o8 ddittatelin b PZTayet 13 ducto bk fRfoglecthc > 11!
(MEMB) ", | neffgctat ed

Preferably, the piezoelectric elements are optimally located at high strain
zones so as to improve sensitivity of the accelerometer. In the embodiment of

20 Fig. 1(a), four distributed piezoelectric sensing elements (i.e. areas which are
covered by top electrodes 11) have been adopted.

FIG. 2(c) is the result of a numerical simulation of the electric charge output

by the piezoelectric film 13 when the device is in the configuration shown in
25 Fig. 2(a). The area of the film 13 marked as 23 has a high charge of one

polarity, and the areas marked 25 has a high charge of another polarity. The

circuit configuration used for the measurement is shown in Fig. 2(a). The

bottom electrodes 15 are connected to earth, and the voltages of the top

elements 11 are measured. The induced charges in the PZT layers 13 are
30 proportional to changes in acceleration.



8 Ferroel ectronics 7, 359-370. Besides PZT, other piezoelectric materials,
such as PZT/MN, ZnO and AIN may be alternatively adopted. Subsequently, an
adhesion | ayer (not shown) and a layer 11 of Pt or Au are 5 deposited as
the top electrode, giving the structure shown in Fig. 3(1). A photo-resist
is then applied, and photography on this resist creates a third pattern to
be transferred onto the top electrode 11 using etching, to give the
structure shown in Fig. 3(m. Various et%hing nmet hods may be chosen, such
as ion mlling and selective wet etching. As an alternative, the top

el ectrode 10 11 (e.g. if it is Pt) may be evaporated on the PZT layer in a
configuration such that etching is not required. The final step is to etch
the PZT and stop on a |ayer of bottom el ectrode 15. This gives the
structure shown.in Fig. .3 whi,.ch is . the sane as Fig.. 1 (a) 15 | t hough
o (a1 3 NAteRs ot Boristig i udvies 3HEIES 158NN loig a3 ARt . af t o
fabri cati on aslghowtCinUrlgs3(a)a a1 €8s sfiiton @abelrafecP! Rl H6dis6d @t iHe sidrfacy €a 65
where the PZT 13 is exposed, and an area 67 where the bottom el ectrode 15
i s exposed. tofars) layeeceh PEGVDrgilicomdisxidendd Then aphoto-rasistdayartie t op

5 chows. The SPIRE T P BfiarERtihonitfe 8 cpBIRg T Bl BiorRaRt BGet - T O

pi ezoel ect r ite chdatl asdaied tteirh OThel patté® ik aansfartdPoNtoEhE @ilicdhalidxidér om a
25 SO wafer 71, having the sanme structure as the SO structures 45

descri bed aBdwsing RAE (feactive jan atching) wividdicateh stap, @andy thisiprecess @k sil i con
f 74 : 1fl el 1 k I th

Suraces of TRIQWESN ARG IPthorolt S 6f suitrald s} Ui BRIE P P2

si licon di ophoto-Esistti® thern/emdvedstor give thestiictbiiegshdr)n Figh&¢s). | ayers 73 are

coated wW.th photo-resist. 30, Photolithograph n the photo-resist |ayer
cr eat es| p_ﬁﬁlsem%“t\mﬁfgﬁ (pat Shog”{)@éﬁ s@?‘?@ﬁ“éﬁ&ﬁ" ﬁ'}‘ésﬁﬁpfitr §F M xi dey_73.
using RIE Wihfceds i§tp%FfoFrh88on&hé'd&k@”‘u@fa&érdfﬂﬁé'gﬁtt)%tfattﬁ'tSob 'r*?la-srﬂémgwSI licon

di oxi de mask pattern is subsequently transferre e silicon substrate

usi ng DRI E, tigineh@9 andbakignroentumarkst (nbt ghowsn); as shownuidi frig. 3@).es 75 5
Foll ow ng the silicon etch, the holes 75 are used to renove the oxide 73
and etch the sacrificial buried Si02 insulator |ayer 76, to give the

structure ofafierghatbadayer 4 &f I5WNrdss rifride!i§ BbnfdPmiabfy dEpUsed orfbéthi t 1S

performed under tine-control to obtain the required beamlength. |n order
t o accel®r atwsiflas: of the substiater3 hfasishawn issFigs3EnAdhkick photorrasist layer isuch a

el . ; o . . Py
e ructur e ofhd BABIR AR phbtogPanibi ik e RaRacH Lot SRS fh

f ﬁbr i cat eg _ ﬁ@ngi(mfeﬂ ?_?]taahteMW?niniriHbg;s;]@ RIE w&tﬁ_ $ihﬂd|3h bﬁﬂﬁ?‘h\tléh ﬁlgﬁ:.lbééi as 1f5
shown in Fig. 5(e).. The str re is then used jn place o e structure o
Fig. 3(h), %#hm@bggeﬁ%%%(wﬁﬁiqur%%) eiching ofsubstrate. tp give 3(i )

to 3 . S ; i t i nt ai
the thl cknethd STaErabPRRLa” e MrBErERode Rlask Eiers 352 atel 0 Ton i o
not 20 ROm trewmtoved blyiwetretshiagtto givedtherstruchirel shdwmintFig. 3(fY, inmahiakstaeot her

vent on. | shESRe LBos Baen e Mo fig base Meltber? aRd aeoelmass 7as o
devi ce
Note that, although the process described above is appropriate in the case
that the silicon substrate is a <110> wafer 31, alternatively we may start from
25 a <100> wafer instead, and in this case DRIE may be used to fabricate the
thorough hole 43 in the wafer.

In either case, the next step of the method is for the patterned wafer 31 to be
double-bonded with two SOI structures 45, which are each composed of a
30 first silicon layer 47 adhered to a "handle wafer" 49 by a buried oxide layer 48,



conbi ning the functions of sensor and accel eroneter, and as a resonant
filter. 25 As an actuator, it is suitable for dual -stage servo in a
recordi ng/ reproduci ng apparatus, as disclosed in prior Singapore
application No. 200104979-0 entitled "A Mcro-Actuator for Dual-Stage
Control in A Recording/Reproducing Apparatus", the disclosure of which is

I ncorporated herein by reference. Furtheynore, fabrication nmethods
enbodyi ng the current invention are al so 10 suitable for the formation of
a 3-denensi onal piezoelectric MEMS actuator and resonant filter. It is well
known that the neasurenent of acceleration has applications to a 5 w de
variety of industrial and commercial problens, such as crash detection for
ai r - bags i ntegive,theisinuature shawal inHig. 3(p).iRribrdo thia aligmhemte'ngrksa(ndt provi si on

hand el d vEBPAD) a1 Mo, dit e 0L strffes B8 RrkteaM HES o ZBBMBh o o

di scl osed i adbpge &b%&ithbﬂéiﬁ‘éﬁs'ﬂlo tﬁé%u%ﬁéérﬁ?dfﬁﬁwlthé?&% HBnd% for
embodi ment of Fig. 1 to 10 function as a snmall MEMS accel eroneter in a hard

di sk drive wafers:4Raresamenadby eiterdf@heiching or PRI @ndtherhuriedroxide eedback

178 sand GYERS R THIH N BY T el slCHiE AN R ARET T Siward i sk
drive, withThesehasting Imﬁﬂmfednttbe%bbsﬁa@Q@’lS(bWQB band the slider 83 by

any type of 15 adhesive such as epoxy. Thus, the acceleroneter 1 is capable
of measuring any vibration of slider 83. FIG 8 is a block diagramof a

Servo systery %m %'&f B%idkeYs gégglélrf}%dnﬁﬁ (t)??é’?%ﬁ&’éd w-glﬂﬁ' ek o @gu 4% Wafer

accel er onet er IS an e e lnvention IS 10 detect
t he accel er &leatricallyngivingsthe storctumetdféig. 3(ferFallowing this,isn adinesienlsgery2 and

th VCIVI t f d ted F I tion of the
mags ist gu ! C’§ I %Bg 3 'gfsﬁté?q,%\f‘ g@r%geégiecgé&@fvgstﬁﬁar%}qc&rstq fonshi p
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active danpi ng |oop 82 I's present for t sense%]ZS acce ieratlon si gnal .
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are transf erchathdtévistice. voi ce coil notor (VCM through a feedback controller
so as to actively suppress structural resonance and 30 increase servo
bandwi dflf.

A PZT film 13 is sol-gel multiple spin-coated on the wafers, to give the
structure of Fig. 3(k). Alternatively, any of sputtering, CVD, PVD or screen
printing method may be used to form the PZT thin film 13. Sol-gel multiple
spin-coating of PZT film is a commonly used process in achieving a film

20 thickness of around 1 um or more. To deposit the piezoelectric film on the Si
substrate and optimize its performance one skilled in the art may use methods
disclosed in the following references: Ryutaro Maeda, Zhanjie Wang and Jun
Akedo et al (1998) “Deposition and patterning technique for realization of
Pb(Zro 52, Tio.4s)O3 thick film micro actuator”, Jpn. J. Appl. Phys., 37, 7116-

25 7119, Chengkuo Lee, Toshihiro Itoh and Tadatomo Suga (1999), “Self-excited
piezoelectric PZT microcantilevers for dynamic SFM — with inherent sensing
and actuating capabilities”, Sensors and Actuators A72, 179-188; Dragan
Damjanovic, Paul Muralt and Nava Setter (2001), “Ferroelectric sensors”,
IEEE Sensors Journal, 1, 191-206; D. L. Polla and P. J. Schiller (1995),

30 ‘Integrated ferroelectric microelectromechanical systems (MEMS)”", Integrated



11 The active danping | oop 102 for the neasured accel eration uses the

out put signal fromthe MEMS sensor and a controller Ca to close a feedback
| oop, to actively danp nmechani cal resonance of head actuator. The two
feedback 5 | oops 101 (a current control |oop, which uses the controller
denoted as C, and operates on an input signal denotes as i* to produce an
out put denoted as i) and 103 (a position control |oop, which uses the
controller denoted as Cy, and operates an input signal denoted y2') are
both known already in to a skilled reader. The feedback control |oops in
Fig. 8 are cascaded frominner to outer 10 are the current control | oop,
the active danping | oop and the position control |oop, respectively. The
nmost i npor t &srroedentonicsof, 353l dBesides PAIT, other ipigzoelectiio oaderials, sughar at ed

in the freque ) N~ an desi can.be carrjied out one by one from
I nner to ou?@%% ai"ﬁr@&e@aﬁ’ggélt%%?vﬁ@{a %tﬁghas a very w de
bandwi dt h when conpared with the other two outer | oops and can 15 be

considered as ideal in the frequency ranﬂe of interest for the danping,
that is, i Subsequenrtiyreradhesion lyah@tatshownandm layend hof Pt er Auiatea(s)

K, , . 1. ) . .
contr ol 13 capesfed 3 175 e eeiEielgivpa e SHICEES SHRuh FiL YF Adency ' ange
of interest photo-tesistdsitisn avplled, andiphotograpey onehisaesistteatds a'thites) 1 . (3)
Thus, the oscillation system becones an | deal daqubl e-integrator systemfor

the outer p&HSHEMMIP beansiaiedANty the tamelestiode)! 1iyging etehingato oiwe I Btive
danpi ng | 00Qtrﬂggﬁégﬂg@@gﬂﬁg.ﬁﬁﬂf)rng%ahgﬁs ?fi’ﬁg‘q Bidthats rﬁéﬁ{bre)c@%%r Qhder 1S

preferable to enen hi's Syst I nce the
pi ezoel ect r ias iMEhhilling @rideselectiverwelf etthiagi Asant alternatives tiné toppeléctrodét wei ght ,

it can also he install in other |locations | HDD, such_as the carrier
- bad ot EisSD e Svapaiaied an dhe BLTARYENA SN BRUAN SHo £ b 5
a feedback gRstdtehinh®®Rot reqhifed.

The final step is to etch the PZT and stop on a layer of bottom electrode 15.
This gives the structure shown in Fig. 3(n), which is the same as Fig. 1(a)
15  (although Fig. 3(a) is not to scale).

Fig. 4 shows a possible surface patterns after fabrication. It includes two
areas 61, 63 of top electrode 11, an area 65 where the PZT 13 is exposed,
and an area 67 where the bottom electrode 15 is exposed. Thus, electrical

20 connections can be formed to the top electrodes in areas 61 and 63, and to
the bottom electrode in area 67.

Fig. 5 shows the steps of an alternative method for fabricating the
piezoelectric MEMS sensor of Fig. 1. The fabrication method starts from a

25 SOl wafer 71, having the same structure as the SOI structures 45 described
above: that is, a thin semiconductor layer 72 and a thick silicon wafer 74
connected by a sacrificial SiO, layer 76. In a first step, the surfaces of this SOI
wafer 71 are oxidised to give masking layers of PECVD silicon dioxide 73, to
give the structure of Fig. 5(a). These layers 73 are coated with photo-resist.

30 Photolithography on the photo-resist layer creates a pattern, which is



Claims 1. A MEMS accel eroneter having: at |east one flexible nenber

i ncludi ng a sem conductor substrate, at |east one el enent of piezoelectric
material fornmed on the substrate, and at 5 |l east two el ectrodes for
detecting electrical signals generated in the piezoelectric material and
fromthem generating an output signal; at |east one proof mass nenber
supported by the flexible nenber; wherehy acceleration of the device causes
flexing of the flexible menber, which calses the piezoelectric material to
generate electric signals 10 which are neasured by the el ectrodes. 2. An
accel eroneter according to claim1 in which there are two flexible nenbers,
supporting opposite side of said proof mass nenber. 3. An accel eroneter

accor di ng t drapstarradionto the silicon diexige i78using:Rir withddi etcle stap, giviegrithe i s
nore flexiblg i ks i ti.on than . in a second.orthogonal, 15 direction
and than i nsﬁ'uf’ﬂﬁ@&% EH‘E%& Bﬁ% s["f?é)nf‘ﬂ&é'f’? @%%R%*?%[Hds ?HF? '{ﬁr}ﬂgcti ons being
nutual 'y or tlapgferadd tthhersﬁlbbn@@st‘rét@ﬁsiﬁ@@?l@ﬁhﬁﬁg the ﬂﬂ_ﬁdfhie_t@lfFiﬁp nove in
the first direction and substantially prevented fromnoving in the second

and third didf@ecinc#eting holesyccel eroneter according to claim1 in which the
or each Elexible 20 nenber conprises a piezoelectric |ayer sandw ched
between top and bottom el ectrode | ayers. 5. An accel eroneter according to
claim4 in Hollowirg theesilidonogteh othetHodes 35 ana dsbd td cameve the oxide!7ayanids i s

patterned. 6, accel er ter cording to claim4 or claim5 in which an
Phsutat i ng St etsacricis Buiied 8o Madlanor AveL (Babialteins siniduasigm

el ectrode | Thi 7 ; | L Vend ¢ i

accel er onet ?X%ggbsr%ﬁg's '? @"@;‘?E@eg@ I %% @da?%bgﬁ%@écdggpger one -ecro nggll ng
provi ded betowebtaimthe retpiredrivbasm féngthirla drder toeacoelérate itthe mambenfoft he

|i der. 8. d_disk dri di t Lai m 7 includi f eedback
oop. 1 of Scoftelet 15 Fig B MEIRasPoe fe Syothgossuly Brahandt bLlgut. Bpicis
accel er onet f per8pediveRNiBRAbfthe SRUBIUAE oRPigR G, BUOWRA & [aRfeT Hudhbr dfo any of
claims 1 to 6 which includes: formng a proof mass nenber and one flexible

nmenber supp®olénfP.the 10 proof mass menber, the flexible nenber including a
sem conduct or substrate; formng at |east one el enent of piezoelectric
material and at |east two el ectrodes on the substrate, the el ectrodes

sandw chi ng TwWtefabrieatese! SOl WafersRiscshown inlBigl 8(d) ArediérwBoRdsd taljetigert ascl ai m
9 in which the sem conductor substrate is attached to the proof nmass nenber
when t hd5se#NeWRdO&igrSEnnkhe sliructuee igithenysedin placeefthe stretvee of kgt er, and

the handl e vigfihy procadB 3t S ivalent to those illustrated in Figs. 3(i) to 3(n).

SOl wafers are adopted the processes of Figs. 3 and 5 to maintain the

thickness of the parallel beam accurately. However, the invention is not
20 limited in this respect, and one skilled in the art may use other fabrication

methods in the formation of the MEMS device in the present invention.

The MEMS device of Fig. 1 may be used as an actuator, as a device
combining the functions of sensor and accelerometer, and as a resonant filter.
25 As an actuator, it is suitable for dual-stage servo in a recording/reproducing
apparatus, as disclosed in prior Singapore application No. 200104979-0
entitled “A Micro-Actuator for Dual-Stage Control in A Recording/Reproducing
Apparatus”, the disclosure of which is incorporated herein by reference.
Furthermore, fabrication methods embodying the current invention are also



renoved. 11. A nmethod according to claim9 in which the proof mass nenber
Is 20 fornmed by etching a handl e wafer attached to the sem conduct or
substrate. 12. A nethod for formng a MEMS device for use as an actuator, a
sensor, an acceleroneter or a filter, the nmethod including: providing a
first Si wafter, which is a <110> Si wafer or a <100> Si wafer, 15
etching the first wafer to forma through-hole through it; providing at

| east one silicon-on-insulator structure conprising a handle wafer and a
second silicon wafer; bonding at |east dRe side of the first wafer to the
second silicon wafer 5 of a respective one of the silicon-on-insul ator
structures, with the second silicon wafer extending over the through hole;
and renovi ng the handl e wafers. 13. A nethod according to claim 12 further

i ncl udi ng f gultatle fohie fownbtiem 6hg 3-démehsiohar sibzeélbtiFie MPRISSActRbfbfi mate the
t hrough hol e before the first 10 silicon wafer is attached to the second

si licon waf @ahddesonant fikefet hod according to claim12 or claim 13 further
i ncluding providing at | east one piezoelectric layer in a |location where it
is flexed if the second wafer is flexed, and at |east two el ectrodes for

measuri ng eliteswelikrfovai that enmeasarergntt dfeaceekzaidreRas applicitiohs tda 15. A
met hod for form naetglql}(tlli devi ce for use as an actuator, a sensor, an
[

accel er onet fidgva ustrigland:caraenersial RIgpIRIns, SuchAskraah dgtegtioneast one

silicon-on-i - ; C idrPAREI S B ;L con
waf er j oi neg&?ﬂ g%ﬁ% ms%éfﬂéégig?%t eri A*s;ﬁé ?’?.”@“Eﬁv‘bﬁhﬁ\%ﬁg' ﬁﬁﬁﬁe‘ﬁé@? e%(rP into
at | east sefeadiackisignadiatalsieadydineimagen byidewr reicorder agairesthiandehgeid i t

extending at.least as.far,as the.interf rial; and (iii) introducing
an et chant i\/}p[rgf’i‘qmﬁ%qeé thege appli : _"se‘?ar(ciﬁ? Wlﬁﬁleaqcﬁl%rp g glosedin
bet ween thetﬁ@ﬁﬁas@nwv@htiaﬂ,cbﬁéﬁﬁre‘féﬂré&QBPN@Jﬂ% i§ %reéﬁuﬁﬁain%rﬁ%_ffighht% hol e
so as to forma chanber between the handl e wafer and the 25 silicon wafer,
wher eby 10 wh&inciioniassa small MEMShac¢elerimeter ima hard diskfdrivedo detect

mechanical resonance and suppress them with a feedback loop. Fig. 7 shows

such a system, in which the MEMS accelerometer 1 of Fig. 1 is sandwiched

between the suspension 81 and the slider 83 of a hard disk drive, with its

base 2 connected to the suspension 81 and the slider 83 by any type of

15  adhesive such as epoxy. Thus, the accelerometer 1 is capable of measuring

any vibration of slider 83.

FIG. 8 is a block diagram of a servo system with an active vibration control.
The built-in MEMS accelerometer which is an embodiment of the invention is

20 used to detect the acceleration. In this diagram the slider position is denoted
as y, and the VCM output force is denoted as F. The measured acceleration
of the mass is denoted as a. The boxes indicated as R(s) denotes the
relationship (response function) between the applied force F and the
acceleration a. An active damping loop 102 is present for the sensed

25 acceleration signal. The active damping loop 102 is inserted into the inner
current control loop 101 and the outer position loop 103. In this regard, the
multi-sensing signals by the accelerometer and the magnetic sensor in the
read/write head are transferred into a voice coil motor (VCM) through a
feedback controller so as to actively suppress structural resonance and

30 increase servo bandwidth.



16 second handle elenent is resiliently supported fromthe first handle

el enment via the silicon wafer. 16. A nmethod according to claim 15 which

i ncl udes: repeating steps (i) to (iii) to produce a second device having
two handle 5 elements nutually connected by a silicon wafer, and attaching
the handl e el ements of one of the devices to the respective handl e el enents
of the other device. 17. A nethod according to claim15 or claim 16 further
i ncludi ng providing at | east one piezoeléctric | ayer in a |ocation where it
is flexed if one of the 10 silicon wafers is flexed, and at |east two

el ectrodes for neasuring electric fields generated by the piezoelectric

| ayer. 18. A MEMS devi ce produced by a nethod according to any of clainms 12
to 17. .AalY. AR A2. ALU. AYr. A A A A A A Aue/.A9. A .A A% u3Kk>a8{
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=] ca] oa] oa] o1} BPI 6 iR esPIo B The Tae0RE) ShieTuhpl ics has &%) 2l ©
1090°& () - YOLRPl %ide bandwifth when compared with the other two outer loops and can
15  be considered as ideal in the frequency range of interest for the damping, that

is, i = i . Therefore, the transfer function from a” to a is

als) _ kC.(s)R(s) (1)

a'(s) 1+k,C, (s)R(s) .

If we can design an active damping controller C,(s) such that
k.C,(s)R(s)>>1, (2)

20 in the frequency range of interest for the outer position loop, then we have

a(s)

a'(s)z1 ' ®)

Thus, the oscillation system becomes an ideal double-integrator system for
the outer position loop. Actually, equation (2) implies that the active damping
loop needs a robust controller, and thus an H., controller is preferable to be

25 adopted in implementing this system.
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at least one flexible member including a semiconductor substrate, at
least one element of piezoelectric material formed on the substrate, and at
5 least two electrodes for detecting electrical signals generated in the

piezoelectric material and from them generating an output signal;
at least one proof mass member supported by the flexible member;

whereby acceleration of the device causes flexing of the flexible
member, which causes the piezoelectric material to generate electric signals
10  which are measured by the electrodes.

2. An accelerometer according to claim 1 in which there are two flexible
members, supporting opposite side of said proof mass member.

3. An accelerometer according to claim 1 or claim 2 in which the or each
flexible member is more flexible in a first direction than in a second orthogonal

15  direction and than in a third direction, the first, second and third directions
being mutually orthogonal, whereby the proof mass member is permitted to
move in the first direction and substantially prevented from moving in the
second and third directions.

4. An accelerometer according to claim 1 in which the or each flexible
20 member comprises a piezoelectric layer sandwiched between top and bottom
electrode layers.

5. An accelerometer according to claim 4 in which at least one of the top
and bottom electrode layers is patterned.

6. An accelerometer according to claim 4 or claim 5 in which an insulating
25 layer is provided between the substrate and the bottom electrode layer.
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controlling motion of the slider based on the output of the accelerometer.

9. A method of forming an accelerometer according to any of claims 1 to
6 which includes:

forming a proof mass member and one flexible member supporting the
10 proof mass member, the flexible member including a semiconductor
substrate;

forming at least one element of piezoelectric material and at least two
electrodes on the substrate, the electrodes sandwiching the piezoelectric
material.

15 10. A method according to claim 9 in which the semiconductor substrate is
attached to the proof mass member when the semiconductor substrate is
already attached to a handle wafer, and the handle wafer is subsequently
removed.

11. A method according to claim 9 in which the proof mass member is
20 formed by etching a handle wafer attached to the semiconductor substrate.

12. A method for forming a MEMS device for use as an actuator, a sensor,
an accelerometer or a filter, the method including:

providing a first Si wafter, which is a <110> Si wafer or a <100> Si
wafer,
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5 of a respective one of the silicon-on-insulator structures, with the second
silicon wafer extending over the through hole; and

removing the handle wafers.

13. A method according to claim 12 further including forming shallow
trenches in the first silicon wafer proximate the through hole before the first
10  silicon wafer is attached to the second silicon wafer(s).

14. A method according to claim 12 or claim 13 further including providing
at least one piezoelectric layer in a location where it is flexed if the second
wafer is flexed, and at least two electrodes for measuring electric fields

generated by the piezoelectric layer.

15 15. A method for forming a MEMS device for use as an actuator, a sensor,
an accelerometer or a filter, the method including:

(i) providing at least one silicon-on-insulator structure comprising a

handle wafer and a silicon wafer joined by an interface material:

(i) dividing the handle wafer into at least separate two handle elements
20 by forming a hole through it extending at least as far as the interface material;
and

(i) introducing an etchant into the hole, the etchant etching the
interface material between the handle wafer and the silicon wafer to either
side of the hole so as to form a chamber between the handle wafer and the

25 silicon wafer, whereby, when a first one of the handle elements is fixed, the
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repeating steps (i) to (iii) to produce a second device having two handle
5 elements mutually connected by a silicon wafer, and

attaching the handle elements of one of the devices to the respective
handle elements of the other device.

17. A method according to claim 15 or claim 16 further including providing
at least one piezoelectric layer in a location where it is flexed if one of the
10  silicon wafers is flexed, and at least two electrodes for measuring electric

fields generated by the piezoelectric layer.

18. A MEMS device produced by a method according to any of claims 12
to 17.



