LT TR VI LUl MUV VLT T 1111 *166166* 1 A MEMS Accel er omet er
Field of the invention The present invention relates generally to a MEMS
sensor and nethmwwNMWMMWHWMEating it, and nore particularly a MEMS

accel eronet er. 5 further relates to applications of the MEMS
accel eroneter in a hikgds- performance systemsuch as a hard disk drive.
Background of Invention M croel ectromechani cal systens (MEMS) are regarded
as providing 10 enornous opportunities for perceiving and controlling a

variety of physical environments. Numerous MEMS sensors form ng _
accel eroneters have been denonstrated based on el ectrostatic operating

principles, see, for exanple, Hﬁségéggtc g'ﬁ ?’ir%; 366. In this regard,
STM croel ectroni cs has devel ope - _ r and rotational
accel eroneters for application in disk 15 drives, as described in an

article enth th nterhnol ogy adds nmanufacturing diversity" by
Benedetto Vigna (N kkei Electronics Asia, August 2001, 12-5). The
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Background of Invention

Microelectromechanical systems (MEMS) are regarded as providing

10 enormous opportunities for perceiving and controlling a variety of physical
environments. Numerous MEMS sensors 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 entitied “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

_

AR

*G00002*



of the drive base to control the head on the slider involves a |arge anount
of calculation for novenent transfornmation, which nay | ead to additi onal
25 possible errors. In addition, it may not be suitable to install the

el ectrostatic MEMS accel eroneter devel oped by STM croel ectronics onto the
slider directly due to its size, which may affect the performance of head
disk interface. However, the direct semsing of slider's notion is

i mportant since the ---------------- L VIELE/ 1t/ vier v v vt 1/
11/ *000002 * 2 read/wite head is installed onto the slider, and any
unwant ed vibration of the slider contributes to track mis-registration

TMRehd/ ety i |y ' ri
desi rabl o TRPSMRE e ikGAcblied Bntc ¥R cicRR arid, A LARRTSLABRBE dighe
instal | ed isiidta*heoEl1ribtdIMSdtcaai$ziad:lf«ymi§r?lsstmt]fqnI elfrof\;dé(él’ MIRy)elmrh thg r?’é‘arﬁrdpgﬁzeintn
[ [ ' t ' n and, use accel eronet er,
ng\r/'?inlejlogra%ﬁ%" ﬁﬁﬁhgyﬁ?gﬂgf X Pfl%ﬁ%%}ra% ggﬁi‘?“@ 3R acagleramefehier al ter s,
the inventigibum BB%%@%bIé‘@#bén@/ﬁ@al?é&ﬂtﬁ%%%i%a@i%' Ooys ~one or nore

el ements of piezoelectric material which are or med when the
accel er@neter is subjected to accel eration, and generate a neasurabl e

electric si 5ft \.n canventional MEMS devices, the accel eroneter
enpl oys faﬁ%ﬁiﬁ%&%s fromthe field of sem conductors, such as
silicon m cro-nachi ning,

The present invention aims to provide a new and useful MEMS

accelerometer, and in particular one having high sensitivity and small size.

10 In general terms, the invention proposes that a MEMS accelerometer employs
one or more elements of piezoelectric material which are deformed when the

accelerometer is subjected to acceleration, and generate a measurable
electric signal.

15 As in conventional MEMS 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:



to create a structure, and piezoelectric filmis then deposited on the
structure. The conbination of silicon micro-nachining and piezoel ectric
filmdeposition is attractive since piezoelectric coupling strength is
significantly higher than 20 electrostatic coupling strength, and
furthernore, the piezoelectric mcro- nechanical device is usually not
restricted by any geonetrical configuratjon, in contrast to the electric
gap required in conventional electrostatic mcro- nechani cal

accel eroneters. Thus, the invention provides the possibility to attain a
simpl er design/structure, smaller size and higher sensitivity than 25
conventional electrostatic structures Such a cost-effective MEMS

accel eronet er i salgleast gpeefiexiblg 'H‘PQTP%éF‘FHﬁmnéeseé?'frf’@ﬁ\‘%tgbI$U§§tf§teh@ﬁd di sk

drive. One |§é$ﬁ’8ﬁé'§@m%tto?ﬁ>lir}3§? h{?%ét%nal ?@M%(?a ﬁeﬂhs;u Rifde,” hae(afaﬁl 3

at | east on exi b nmenbe a semnm con | east
one el enentleaét ﬂmzmecﬂmdesc fmatc&teaﬂlng celeeticah vditagesbgéeneatated aimd tbe

| east two el.ectrodes fo electrlc vol t nerated in the
pi ezoel ect rP'E? ‘ﬁ%!?‘éﬁ“ica{'ﬂa{frﬁ@? @:“ﬁc’t"ﬁ T 5"993’59%? %t" ignal; 5 at
| east one proof mass nenber supported by the flexible nmenber; and a base

menber & tached 4tolelake d‘nbeiitdlifQnﬁ@ém@émbéh%[xspﬁrté@%ypﬂ@fle%%s méinaérr anged
to be novabl e relative to the base nenber upon accel eration of

accel er onet &pd t hereby causing flexing of the 10 flexible nenber, mhlch
causes the piezoelectric material to generate electrical voltages which

are nmeasured by §RBgs&lns&hbaF&Rached to the flexible member:

wherein the proof mass is arranged to be movable relative to the base
member upon acceleration of the accelerometer thereby causing flexing of the
10 flexible member, which causes the piezoelectric material to generate electrical

voltages which are measured by the electrodes.

Although the invention is not limited to MEMS accelerometers for use in hard
disk drives, an alternative aspect of the invention is a hard disk drive
incorporating such an accelerometer. The invention further provides methods

15  of producing the accelerometer using semiconductor fabrication technology.

Brief Description of The Figures

Preférred features of the invention will now be described, for the sake of
illustration only, with reference to the following figures in which:
FIG. 1, which is composed of Fig. 1(a) and 1(b), shows a piezoelectric
20 MEMS accelerometer which is a first embodiment of the current invention.
FIG. 2, which is composed of Figs. 2(a) to 2(c), illustrates use of the
embodiment of Fig. 1.
FIG. 3, which is composed of Figs. 3(a) to 3(n), shows steps of a
process for forming the embodiment of Fig. 1.
25 FIG. 4 shows one of surface patterns of the embodiment of Fig. 1 after
fabrication.



Al t hough the invention is not linmted to MEMS accel eroneters for use in
'hard disk drives, an alternative aspect of the invention is a hard disk
drive incorporating such an accel eroneter. The invention further provides
met hods 15 of produci ng the accel eroneter using sem conductor fabrication
technol ogy. Brief Description of The Figures Preferred features of the
invention will now be described, for thg_sake of illustration only, with
reference to the following figures in fch: FIG 1, which is conposed of
Fig. 1(a) and 1(b), shows a piezoelectric 20 MEMS accel erometer which is a
first enbodi ment of the current invention. FIG 2, which is conposed of
Figs. 2(a) to 2(c?, illustrates use of the_ enbodinment of Fig. 1. FIG 3,
whi ch is conposel®fS, pyhjeh is¢enpesedphligssh@ido S(@pshewsan piaspatiee f or

formng th ﬂpﬂff . of. Ei : 'HE%§ af .surface patterns
of the enbgrg:érren og?&};ljc%‘ftmg tg?tpierm%?ea%}r'@aﬁ‘}w%n. aeog@f' '15, which is
conmposed of Fi gsFIGa (s sahebfatic viewmffalnicated deeptienehesimagdssiblé abri cati ng
t he piezoel ectrigc jce.of Fig. 1. FIG 6_is schematic view of

fabri cat ed r&@hﬁﬂ"r@%@?&M&“ﬂd@éri‘%m,@jfh?{S&Qaﬁi on of the SO wafer in the
method of Fig. 5. 4 FIG 7 shows an application of the enbodi nent of Fig.

1, between the suspension and the slider of a hard disk drive. FIG 8 is a
bl ock diagram of a servo systemw th an inner active



vi bration cohtrql | oop suitable for use in the systemof Fig. 7. 5 Detailed
Description of the enbodi nents Referring to Fig. 1(a), a piezoelectric MEMB
accel eroneter 1 is shown which 1is an enbodi ment of the current invention.
It is conposed of a base nmenber 10 2, two parallel beans 3, 5 and a proof
menber 7 (having a mass significantly larger than that of the beans). The
figure includes a set of axes x-y-z. As 4ndicated in Fig. 1, the base
menber 2 and proof menber 7 have a width in the x direction of about 1000
m . They have a thickness in the direction narked as y of 300 gm The
beans 3, 5 have a length of about 1250 fan, and 15 each of them i ncl udes at

t hei f t WOF[(®, ' f | th 600
o The oize of th MENE Sorar oL p ke B e iR T dyePRd e anp. as

fan . The size of the M EMS accel eroneter S
t he pi co- sl | HEPERSHR ndPupslisieriof armard didDdrivenar d  di sk drives). Thus, it

is easy to instal the.gi nbal ~and slider in a HDD, w thout having
an effect on the EI&%’? g%glchﬁé%rg&obgﬁe @M Wighandpnergdctize cour se,

the accel er orietagionadorttiot Iqupesigtable fte¥e iARh: Sy &R b IHF.gt od to this
applicati.on, and so its dinensions are not Ii?ﬁted to~f hose given above.

Fi g. 1(af shows the proof mass 7 in a rest position, and, if the proof

menber 7 i DEiaRBH TFELLriblONF EobdRe8Adk! on in the direction marked X,
t he beans 3, arge | at position. The parallel beans
3, 5 have a high aspect ratio (i.e. they are nuch wider in the directiony

than their thickness in the direction x) and thus provide in-plane
flexibility Fg%%lﬁ’g'ﬂﬁ f%F'gpﬂ e a¢Fq6ledEC MEMS agasjerometect dsshewntwiaaal Vi ew

f the 30 f ' ' DR S Ao, th
geamsei S orie adferhbedibeait®f thd ButrB8t ihUBRtdS A ls%%go%%\ésofta Base member
10 2, two parallel beams 3, 5 and a proof member 7 (having a mass significantly

larger than that of the beams). The figure includes a set of axes X-y-z. As
indicated in Fig. 1, the base member 2 and proof member 7 have a width in
the x direction of about 1000 1o . They have a thickness in the direction
marked as y of 300 wm. The beams 3, 5 have a length of about 1250 1o, and
15 each of them includes at their surface two top electrode elements 11 which
are each of length 600 0. The size of the MEMS accelerometer may be
substantially the same as the pico-slider widely apopted in most HDDs (hard
disk drives). 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-di§placed 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



5 conposed of several layers: a top electrode layer 11, e.g., Au or Pt; an
'adhesrgn | ayer (not shomn?; a piezoelectric film13, e.g. PZT; a bottom

el ectrode 15, e.g., Pt ; an adhesion layer (not shown), e.g. Ti; an
insulation layer 19, e.g., SiG2; and a substrate 21, e.g., Si. The top
electrode 11 is 5 patterned, resulting in the distributed and optim zed

pi ezoel ectric active zones as sensing elenents. The proof nenber 7 is
designed in use to nove relative to the base nenber 2 in the direction
indi cated as x, by bending of the beans 3, 5. One such 10 configuration of
the accel eroneter when the proof mass 7 is deflected is shown in Fig. 2(b)
(it is an "S-shaped" deflection). The base nenber 2 functions as a stopper

to avoi d plcomposedof sevenal legered top Sl6Etr@dsSIayBEERaBILaA, BPPEKS, The
bending of the beaps 3, 5 causes a stress/strain distributionin the
PZT-sili cona@ﬁﬁ%% y&" pretmhavnic 8 piezagtectte din didsnglg: RBT e bottorne si gnal s

are generat ' T bay. ' t | | ectyic .effect. .
Pr ef gr abl y,gtgﬁﬂera%% Zgbg]%é’cé:f?'i %ﬁ gﬁgﬁggﬁslég?re(ngbﬁ(ﬁéﬁff'sﬂ'ot'af’%wsé’ﬂaetlﬂ”gh strain
zones so aslayer 1%pe.gySiOenand adubgtrate 2ihee g¢,Sil Thensp electiodet figisenbodi nent
f 20 Eig. a}1 four . distrjbug q:d pi ezoel ectric sensing elenents (i.e.
areas W Chpail‘feé 88vr§tsgl§'n9>)nttb?) distdbytedand Qﬂ?lmﬁéfé)lﬁé@@ie@lﬁ@@céwe Ztgne;f ZE) ;:/)
is the res i htgal sinulation of the electric charge outpu _

t he pi ezoeltléeif?rﬁséﬁ??l‘én];ﬁ%%@Men 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

_ﬁ)_ﬁlear 'ty afgh bpoeof%gr%eﬁ rié,( %%s%?\egé}rsm u%e%%]o&eh%erlgt?veozo t%gol;[ag%rmg%lb%rrl v
2 in the direction indicated as x, by bending of the beams 3, 5. One such
10 configuration of the accelerometer when the proof mass 7 is deflected is
shown in Fig. 2(b) (it is an "S-shaped" deflection). The base member 2
functions as a stopper to avoid planar excursions caused by serious
mechanical shocks. The bending of the beams 3, 5 causes a stress/strain
distribution in the PZT-silicon composite beam structure and accordingly

15 electric signals are generated in the PZT layer 13 due to the piezoelectric
effect.

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 conﬂgufation 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.



circuit configuration used for the measurement is shown in Fig. 2(a). The
bottom el ectrodes 15 are connected to earth, and the voltages of the top

el enments 11 are neasured. The induced charges in the PZT | ayers 13 are 30
proportional to changes in acceleration. 6 The steps of fabricating the
device of Fig. 1 are shown in Fig. 3. In a first step, as shown in Fig.
3(a), a <110> silicon substrate 31 is ox dised at the surface to form

| ayers of PECVD silicon dioxide 33. Then a photo-resist |ayer is 5 applied,
and a photolithography technique is applied to the photo-resist layer to
create a desired pattern. The pattern is transferred onto the silicon _
dioxide 33 using RIE (reactive ion etching) with Si etch stop, and by this
process a shallow trench 37 is formed in the front side of substrate 31

using DRI E. TH@hetepphrﬁtfabmcﬂurtgtthesdd\ﬁmfrlﬁlgw@ietsﬂow:n\ﬁﬁ Ft@e%l Shg'ﬁr?sgéttéplsgo"m
10 Al t t shown) are al so produc
Istn epF)I gThg( owR Hllzg%maﬁ?%) g{f@nﬂ&%svwrm& @mmdi&@d et tha@rimh rate
bt ai I t r 0 as shown in
F o ). agoan labrs of FHOVE Sih fol B8R THaR S Ppbflesl MiBis b v
deposi t &d @priedhand & rslmieb,thography tsubmﬂuetlseaﬂﬂ)hediso theoptotortebisglayded) . A

I ed oto raphy on this resi st
E::“e;r eghgt g%%épaag?%'f%d PB*"E@ erntr\ea‘?@#eépﬂ% apA r%%ntglthﬁéﬂﬁoﬁﬂ'@ﬂ@@ usi ng
RIE with SI3$U§|hgﬂlEp(re5'éW% @h@!éﬁiﬁg with {1 /eRt9 8¢ Olaﬁddog/ tmé, ;E%'e‘eéggt assi um
hydr oxi de) etching of substrate, ive the structur e] The
nitride ancShRlPwerenal 3T i farmegn th@. ang sigie mfemmsedtdom\msingaDRﬂIEn'@heo gi ve

t he struct ubstra has been
e Ged § niBriotaeu: istnEhdemtlblg! 9ike e Shnldlie SHGN IPEG. 3o
10 Alignment marks (not shown) are also produced in this step. The same
process is performed on the back surface of the substrate to obtain a shallow

trench 39 and alignment marks (not shown), as shown in Fig. 3(c).

After that, a layer 41 of low stress nitride is conformably deposited on both

15 sides of the substrate 31, as shown in Fig. 3(d). A thick photo-resist layer is
then applied and photography on this resist creates a second pattern to be
transferred onto the silicon nitride using RIE with Si etch stop. This produces
a through hole 43 by KOH (potassium hydroxide) etching of substrate, to give
the structure of Fig. 3(e). The nitride and oxide mask layers 33, 41 are

20 removed by wet etching to give the structure shown in Fig. 3(f), in which the
substrate 31 has been divided into the base member 2 and proof mass 7.

Note that, aithough 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,



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
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 double-bonded with two
SO structures 45, which are each conposed of a 30 first silicon |ayer 47
adhered to a "handle wafer"” 49 by a buried oxide |layer 48, 7 to give the
structure shown in Fig. 3(g). Prior to this, alignment nmarks (not shown)
are made on the SO structures 45. Preferably, Si-Si fusion bonding is
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¢ ' that the re,.el rically conductive, such
ggt Zﬁm aecﬁf&@éﬁg}%@gg Qfﬂcgn‘b@}e[%%%fagﬁ ?g&g%& 1(®8)-chosen to be Pt,
since this gives good characteristics. 15 A PZT film 13 is sol-gel

Itiple spjn-coated on the wafers, to give the structure of Fig. 3(k).
g\lu t elr Igat i vp yavesrh? offoxigdeis denasited omthervanded wafesstack to insulate wafer

electrically, giving the structure of Fig. 3(i). Following this, an adhesion layer
10 (not shown) and a bottom electrode 15 are deposited, to give the structure of
Fig. 3(j). Many materials may be chosen to form the bottom electrode 185,
provided that they are electrically conductive, such as Au, Cu, Al. Preferably,
the bottom electrode 15 is chosen to be Pt, since this gives good
characteristics.
15
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.48)O3 thick fitm micro actuator”, Jpn. J. Appl. Phys., 37, 71 16-

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



printing method may be used to formthe PZT thin film13. Sol-gel nultiple
'spin-coating of PZT filmis a commonly used process in achieving a film 20
t hi ckness of around 1,umor nore. To deposit the piezoelectric filmon the
Si  substrate and optimnze its performance one skilled in the art may use
nmet hods disclosed in the follow ng references: Ryutaro Maeda, Zhanjie Wang
and Jun Akedo et al (1998) "Depositiongnd patterning technique for
realization of Pb(Zr0.52, Ti0.48)03 thick filmnicro actuator”, Jpn. J.
Appl . Phys., 37, 7116 25 7119; Chengkuo Lee, Toshihiro Itoh and Tadat omo
Suga (1999), "Self-excited piezoelectric PZT n1prpfantllevers for dénan1c
SFM - w t h gdhsd [ _2apd ' b hes. NsSors a
actuators A0 I Ty e Beaaohre: ST Pl nRagE < o
(2001), " FeasrBETAINr ZoOsas AN tnay b&Eftefeatb@iysadoptedal , 1, 191-206; D. L.
Polla and P. J. Schiller (1995), 30 "Integrated ferroelectric

m croel ectromechani cal systems (MEMS)", Integrat efl 8 Ferroel ecét%_rrz&:\lcs;b
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and AIN may be alut er)rllativele ado%féerg. bguﬁ(s)eqzjently, ygn adhésion l'ayer (not

shown) &nd denosited asthetopelaptrode, giving shelsprostutedhawntih&id.&{l)eAect r ode,

I Vi h . lp Fig . 3(l1). A photo-resjst is then applied,
and phot o TeHECEeY Bebled utphotoorepny R Baeamhoreeadhimer er  cd
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it is Pt) r?syiohemm %ré&gglgcﬁ\';'e We‘? e?é:nrinlgf"‘xg%ni é]tee}ngt?vng, itﬁg Eté’% ie%rc]:trtsnggh that

etching is not requi
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 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



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(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

el ectrode 11, an area 65 where the PZT 13 is exposed, and an area 67 where
the bottomel ectrode 15 is exposed. Thu8, 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 nmethod for
fabricating the piezoelectric MEMS sensor of Fig. 1. The fabrication

met hod st akfzhsferidl antodheIMcorrdiskidé 13 l']@}H'? RAELEh @%h%t{)écéiwn@ gfs_the SO
b that is, a thi g

structures 45 descri bed above: : n sem cpnduc [ayer 72 and a
thi ck sili stmiciuesf Figr 5(bprlhecsiicbrhdioxideamask ipattern Bi sibsegyentyy6. I n a

first step, 0of this S waf 1 .are oxidised t I ve maski ng
| ayers of ey rEet 1R siftnrl shsssste MBI qiing Petivehiec Hey. 5(a
These | ayersgc)/ thaollidfing P78 t h photo-resist. 30 Photolithography on the

photo-resist |ayer creates a pattern, which is 9 transferred onto the
silicon®dioxide 73 using RRE with Si etch stop, giving the structure of

Fig. 5(b). 11 icon.:di oxi de t IS subsequent|y. transferred to
thg sili lef@gﬁ‘é@dr %'}%ealﬂ‘g‘}'ﬁéicgr%f%aﬁ‘g?%?gae rrfe e&tPJSmPr @etgF cl}éﬁ'%e rﬂ@{‘g) ,

i ncl udi ng tettietherSadrifieill bavied SiObenstilatoe Eyee 76 to ghe thelseaicklre ¥ Figised to
renove the i .73 and etch the sacrificial burired SiQ2 insulator |ayer
76, to gi V&?éhgﬁgﬁ stept !y caitigal tpitge process, and it is performed under time-control

to obtain the required beam length. In order to accelerate it, the number of
10  holes 75 can be increased, and such a possibility is shown in Fig. 6, which is

a perspective view of the structure of Fig. 5(d), but with a larger number of
holes 75.

Two fabricated SOl wafers as shown in Fig. 5(d) are then bonded together, as
15 shown in Fig. 5(e). The structure is then used in place of the structure of Fig.

3(h), in process steps equivalent 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'sefvo 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



5(d): This step is critical to the process, and it is performed under
tinme-control to obtain the required beamlength. In order to accel erate
it, the number of 10 holes 75 can be increased, and such a possibility is
shown in Fig. 6, which is a perspective view of the structure of Fig.

5(d), but with a larger number of holes 75. Two fabricated SO wafers as
shown in Fig. 5(d) are then bonded together, as 15 shown in Fig. 5(e). The
structure is then used in place of the ggructure of Fig. 3(h), in process
steps equivalent to those illustrated in Figs. 3(i) to 3(n). SO wafers are
adopted the processes of Figs. 3 and 5 to maintain the thickness of the
paral |l el beam accurately. However, the invention is not 20 limted in this

I t he a use ot her fabrication nethods in
ho for et 1 OHA8E B B iohi § 4 SHeRn I iR aaieene NGRS FUfGabENS devi ce
of Fig. 1 ramd feeoHaROflas, an actuator, as a device conbining the functions

of sensor and accel eronmeter, and as a resonant filter. 25 As an actuator,
it is suitabl e for dual -stage servo in a recording/reproduci ng apparat us,

00104979-0 titled "A
M cr o act uat 5 bkiln thRR IhEadiRaleRor 2CetatErizsapmisationnip a
Appar at @s" mdbe/adegpd)mdnetr@f amlcéhmérdlélcﬁbtﬁl%%t %gcll?%%rgslp%iefe%ftl%ence

Furt her nor ri cati on net hods enbodying the current inventron are al so
10  sui tabley}@r '%algﬁé"péfﬁmfﬂbféﬂoﬁﬁnaly:sm@frﬂﬁdustmlahmthemyalemrt povidirVBf

Rccel er at i oaoneaaCaaRaisbistEldy e gt o VBB Tete by spRmt paramekha
commer ci al vibratibenBesidas these appiﬁ:latldﬁﬁ EtHOMEMS accelerometer disclosed in
the present invention, one preferred application is for embodiment of Fig. 1 to
10 function as a small MEMS accelerometer in a hard disk drive to 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) througha

feedback controller so as to actively suppress structural resonance and
30 increase servo bandwidth.



for air-bags in cars, vibration analysis of industrial machinery, and
‘provision of feedback signals to steady the inmage in a video recorder
agai nst hand-held vibration. Besides these applications of the MEMS

accel eroneter disclosed in the present invention, one preferred
application is for enbodinent of Fig. 1 to 10 function as a small MEMS
acceleroneter in a hard disk drive to detect nechanical resonance and
suppress themwith a feedback loop. Fig. 7 shows such a system in which
the MEMS accel eroneter 1 of Fig. 1 is sandw ched between the suspension 81
and the slider 83 of a hard disk drive, wwth its base 2 connected to the
suspension 81 and the slider 83 by any type of 15 adhesive such as epoxy.
Thus, the acceleroneter 1 is capable of nmeasuring any vibration of slider
83. FIG 8 The aclivedenyiingieop 020k the enegssiretnastéleratiornebby ehy idugiti on

control. The% ilt accel eroneter which is an enbodi nent of the
i nvention i¥3n 8 éhe BSA 1RN9R Coniplen Gmto Flesera teadbagkdaop.He

sl i der _posiddtgalyl Safpneiehahical 4e38Hahbs YA RHIabLr P60 Sudsaghad as F.

The neasured accel erati on he mass 1s deno as a. X i cat ed
as R(s) Sderleers 10hda qusient |Con’erhi loopy a&haxdnaeeé thectontrolldp efaneted tbec;apdl i ed

f F A ing | 102 | t f
the. sensod S StesaPERnrNBH SBpALAeRaBS an FithdRANE A9 GuBpt donofed ander t od
into the i et 103 (4 pesttionadhtrel |ddpomﬂ&4ru§@§itﬁé1ﬁorﬁl=6|@r RAdkdd 98 df%ﬂdm?’

In this regard, the nulti-sensing signals accel eroneter
magnet i c scRSSAtasER AB Inmémgrwahdemﬁ@cgdz haee boﬁmlgicmm atteady in to acskdledcm |

Tt VB ek SERUBRGERRLSTNITh. GERnRAE HER IRVRB SRS
10 are the current control loop, the active damping loop and the position control

loop, respectively. The most important feature of cascaded control is that the

loops are separated in the frequency domain and the design can be carried

‘out one by one from inner to outer. The most inner current control loop has a

very wide bandwidth 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

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

]
—~
—d
~—

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) ~1.
@

(3)

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.



11 The active danping | oop 102 for the neasured acceleration uses the

‘out put signal fromthe MEMS sensor and a controller Ca to close a feedback
| oop, to actively danp nechani 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 positith control |oop, which uses the
controller denoted as Cy, and operates on an input signal denoted y2*) are
both known already in to a skillled reader. The feedback control |oops in
Fig. 8 are cascaded frominner to outer 10 are the current control | oop,
the active danmping | oop and the position control |oop, respectively. The
nost inportant feature of cascaded control is that the .Ioops are separated
i i the fredvionehelpiexbalestric Mid 8 exicglerometdreof tiae invethtionls somati.dnd one from
inner to oyter. .The .npst inner. current control . loop has-a very w de

bandwi dt h MM@*@H&% alspibe instaliefidn ot 'agatigns 'B@péﬁ%cﬂ@grg[sﬂ@ebe

consi der ed frigM, basel SpilbesteeREdetern8d Qliphrdss Skt vibrﬁio‘i'ﬂﬂ?ﬂ ng,

that is, i =i. Therefore, the transfer function froma to a Is a(s) _

k, C, (s) B(s)a {eedbagk contrekleop, (s)R(s) |f we can design an active danpi ng
controller Ca(s) such that k,C (s)R(s)>> 1, (2) 20 in the frequency range

of interest for the outer position |oop, then we have a(s) 1 (3) a (s)
Thus, the oscillation system becones an ideal double-integrator systemfor



the outer position |loop. Actually, equation (2) inplies that the active
‘danping | oop needs a robust controller, and thus an H . controller is
preferable to be 25 adopted in inplenmenting this system 12 Since the

pi ezoel ectric MEMS accel eroneter of the invention is small.and LLOYD WISE
| i ghtweight, it can also be installed in other locations in a HDD, such as
the carrier arm base or pivot etc. to,getect and suppress structural
vibration with 5 a feedback control Io&%. LLOYD WSE 13 Clainms 1. A MEMS
accel eroneter having: at |east one flexible nmenber including a

sem conductor substrate, at |east one el enent of piezoelectric nmaterial
fornmed on the substrate, and at 5 |least two el ectrodes for detecting

el ectrical Gl@iMSges generated in the piezoelectric material and fromthem
generating an output signal; at |east one proof mass nenber supported by

the flexiblg rrenpq\n'EMsaggcé}eRﬁﬁ@tepﬁgpiﬁgéattached to the flexible menber; 10

wherein the proof nass I's arranged to novabl e relative to the base
menber upon accel eration of the accel erometer thereby causing flexing of
the flexible neableast wnectiexibleseember iptluding acsemiconduetor siubstraige@dr at e

acoel er omet SPSLBBETEPHEE & A iBaHR altn! FiuR BhePE SunstiaPhond at
5 least two electrodes for detecting electrical voltages generated in the

piezoelectric material and from them generating an output signal,

at least one proof mass member supported by the flexible member;
and

a base member attached to the flexible member;

10 wherein the proof mass is arranged to be movable relative to the base
member upon acceleration of the accelerometer thereby causing flexing of the
flexible member, which causes the piezoelectric material to generate electrical

voltages which are measured by the electrodes.

2. An accelerometer according to claim 1 in which there are two flexible
15 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
direction and than in a third direction, the first, second and third directions
being mutually orthogonal, whereby the proof mass member is permitted to
20 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
member comprises a piezoelectric layer sandwiched between top and bottom

electrode layers.



15 nenbers, ‘supporting opposite side of said proof mass nenber. 3. An
‘accel eronmeter according to claiml1l or claim2 in which the or each
flexible menber is nore flexible in a first direction than in a second
orthogonal direction and than in a third direction, the firstlL®4wrgE and
third directions being nutually orthogonal, whereby the proof nmass nenber
Is permtted to 20 nove in the first diggction and substantially prevented
fromnoving in the second and third directions. 4. An accel eroneter
according to claim1 in which the or each flexible nenber conprises a

pi ezoel ectric | ayer sandw ched between top and bottom el ectrode |ayers.
LLOYD WSE 14 5. An accel eroneter according to claim4 in which at |east
one of the Pop ARPIEIATEMELPREIVHET tQydign Adn yuhicl &b deast@nespf the top

accel eromet g d?)6&8&%@&&8%‘Féy@ré"isd'pé’t'iderfnhai m5 in which an insulating |[ayer

I s provided between the substrate an e bottomelectrode layer. 5 7. A
hard di sk drive incorporating a MEMS accel eroneter according to any
precedi ng cbai m Antaccetaremetemacaordipgita glaimot odeldimél inewhich anl indelatiagd a

flexure for, measurin venent .of the slider. 8. har d, di drive
accor di ng t!?yc?rhﬁ'?ﬁ°’/9%eﬁ2‘?€m’.eﬁat 615858*63%@’1%%‘889%@“ (‘?iﬁﬁtr E%h?}‘ﬁgf- noti on of
the slider based on the output of the acceleroneter. 10 9. A nethod of

form ng mn accel Arpart diskaghas dimapmtiﬁgya MENIS abBelérdreted adtioeding 1tel udes:
form ng a proof mass nepher, a base nmenber and at | east one )
any preceding claim, the accelerometer being provided between a slider and

a flexure for measuring movement of the slider.

8. A hard disk drive according to claim 7 including a feedback loop for

controlling motion of the slider based on the output of the accelerometer.

10 9. A method of forming an accelerometer according to any of claims 1 to

6 which includes:

forming a proof mass member, a base member and at least one
flexible member attached to the base member and supporting the proof mass

member, the flexible member including a semiconductor substrate;

15 forming at least one element of piezoelectric material and at least two
electrodes on the substrate, the electrodes sandwiching the piezoelectric
material, the electrodes being arranged to detect voltages generated in the

piezoelectric material and from them generate an output signal.

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



fl exi bl e menber attached to the base nenber and supporting the proof nmass
‘menber, the flexible nmenber including a sem conductor substrate; 15 form ng
at | east one el enent of piezoelectric nmaterial and at | east tW‘E el ectrodes
on the substrate, the el ectrodes sandw ching the piezoelectric LOYR ¥HSEl |
the el ectrodes being arranged to detect voltages generated in the

pi ezoel ectric material and fromthem ge B ate an output signal. 10. A

met hod according to claim9 in which the“sem conductor substrate is 20
attached to the proof mass nenber when the sem conductor substrate is
already attached to a handle wafer, and the handl e wafer is subsequently

renoved. 11. A nethod according to claim9 in which the proof mass nenber
is formed B9 et AHnathod feafenmainger MEMS devicedor yse @ aearitigteruatsansor,

substrate. %h%@el@‘oﬁﬁete]r‘@ alﬁlterpt Qﬂ%dfiﬂ[:luﬁmdm ng a MEMS device for use
as an actuator, a sensor, an atceleroneter or “a filter, the nethod
including: providing a first Si wafter, which is a <110> Si wafer or a
<100> Si  waf er, ptdvitiibg W $iEst Sbwafftehi whichhis @ i11st0>WaF evafen of @r v180> Si

t hrough-hol e through it; providing at |east one silicon-on-insulator
structure cYWftsing a handle wafer and a second silicon wafer: bonding at
| east one side of the first wafer to the second silicon wafer



5 of. a respective one of the silicon-on-insulator structures, with the
‘'second silicon wafer extending over the through hole; and renoving the
handl e wafers. 13. A nethod according to claim12 further i ncl udgi \Nﬁkning
shallow trenches in the first silicon wafer proximte the through hole
before the first 10 silicon wafer is attached to the second silicon
wafer(s). 14. A method according to clais 12 or claim 13 further including
providing at |east one piezoelectric layer in a |ocation where it is
flexed if the second wafer is flexed, and at |east two el ectrodes for
measuring electric fields generated by the piezoelectric layer. 15 15. A

ecateronet er ornnai Rt Rt BT AStiBUghg Mo ot 1 east one

silicon-on-insulator structure conprising a handle wafer and a silicon:
waf er joined by movidingaf east one siliceh;or-Insulatorsididtare esmpasidhe wange i nto
at | east se a{ate two_handl.e elements 20 by formng a hole through it
ext endi ng é‘?a e£30¢ a;8eq0od gjlicamwafsfi er f ace material: and (iii) introducing

~an etchant into the hole, the etchant etching the interface materi al

bet ween the handishdifd @k |Sd dﬂéeSi%"%fgﬁgﬁl@ﬂ,a (fa%rqgﬁhgt gogﬁiﬁ'ﬁowwtd@ hol e

so as to forma chanber between the _ I con wafer,
wher eby 5 wfnaarespestiveopaeodf the silicah-endhsutetor ssticthiiese ayitht ffee [ds@¥BdW SE

22 oecond NanSrwstet Exilndig 581 He gt HBROGREE from the first handle

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 sénsor,
an accelerometer or a filter, the method including:

(1) 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



via the silicon wafer. 16. A nethod according to claim15 which includes:
‘repeating steps (i) to (iii) to produce a second device having two handl e

5 el ements mutual |y connected by a silicon wafer, and attachingdypeyfandl e
el ements of one of the devices to the respective handle elenents of the
other device. 17. A method according to claim15 or claim 16 further

I ncluding providing at |east one piezogdectric |layer in a |location where
it is flexed if one of the 10 silicon wafers is flexed, and at least two
el ectrodes for measuring electric fields generated by the piezoelectric

| ayer. 18. A MEMS device produced by a method according to any of clains 12

to 17. second handle element is resiliently supported from the first handle element
~via the silicon wafer. ' '

16. A method accbrding to claim 15 which includes:

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.



