; e3e[ 9[ 445T6: &7Tz868T9Yb8 1 Tunable MEMS Device Field of the Invention The
present invention relates to m croel ectronechani cal systens (MEMS) devices
whi ch conprise a piezoelectric elenment or material. 5 Backg

| nventi on MEMS devices are increasingly transducers, and evmm mmmmmml
bei ng used as sensors, actuators, The technol ogy surroundi ng 'S
beconing increasingly reliable, cost effective, and enabling of %"
m ni aturisation. Numerous MEMS devices foftming sensors, actuators and
transducers have 10 been denonstrated based on electrostamww T 1¢)
principles, such as described in U S. 6269698 and U.S. 6 Hmmmmmwwmanple-
However, it is difficult to design and manufacture high sensifjyi.ty

el ectrostatic devices, and such dgunhsisie MEMS Deviaehi gh D. C. bias vol tage
and are restricted to particular geonetrical configurations which provide

t he necessary .electrical gap. 15 Piezoelectric thin filns can be used for
VEMS devices!ﬂ%@éﬂgﬁﬁiﬁﬁggﬁﬁter sensitivity than electrostatic devices. An
exanpl e of a MEMS devi ce based on piezoelectric thin filmnmaterials is
shown in U. STHROMSENWALEALEH FEIESE o InRESSIBEFGRbERAMEaIISYdtEMsh AVEME R
defl ectabl e pi ezoel ectric conponent. The defl ectable conponhent is novabl e
wi t h appl i ed devicesgehich comiiise apiezaelestiiccglemenhor eaterialor, for exanpl e as
a m cronmechani cal val ve or punp. Tunable MEMS devices are useful as filters
particul agp f ' | i cations such as those required in nobile
phones, a%d aJ‘ d SEHE]fYert evice is showmn in U S 5729057. However
this is an electrostatic based device and for high resonant frequencies
only a snal | MEMSt deficgd farequmaressihglyi ngeingn usedr es8 | s@tkosst hactuators,

el ectrostatic tuning due to the lied force limtation with |jnmted,
el ectric gapdran&qusgis.sand| ev&llr acdl& itechiriegy Moy oMEMgl $

of 1t er connaskenn g NrBadhbf toRAelbrbES FRREAN] seabiofititiiufisRion l |1y
plurality of NAWerdusr BIEIMSidavices foaminge sgeswsanetliatorsrare frangdlecers have
10 been demonstrated based on electrostatic operating principles, such as
described in U.S. 6269698 and U.S. 6248610 for example. However, it is
difficult to design and manufacture high sensitivity electrostatic devices, and

such devices require a high D.C. bias voltage and are restricted to particular

geometrical configurations which provide the necessary electrical gap.

15  Piezoelectric thin films can be used for MEMS devices to provide greater
sensitivity than electrostatic devices. An example of a MEMS device based
on piezoelectric thin film materials is shown in U.S. 56914507 which discusses
a sensor/actuator device having a deflectable piezoelectric component. The
deflectable component is movable with applied voiltage to enable operation as

20  an actuator, for example as a micromechanical valve or pump.

Tunable MEMS devices are useful as filters particular for high frequency
applications such as those required in mobile phones, and an example of
such a device is shown in U.S. 5729057. However this is an electrostatic
based device and for high resonant frequencies only a small amount of
25 frequency tuning can be realised with electrostatic tuning due to the applied
force limitation with limited electric gaps. An adjustable surface acoustic
wave (SAW) transducer is shown in U.S. 6291924 in which switches are used



set of fingers. However the response tinme of this arrangenent is slow.
Summary of the Invention 5 It is an object of the present invention to
provi de an inproved or alternative tunable MEMS device. In general ternms,
the present invention proposes that a MEMS device includes a resonant
menber having a section of piezoelectric material. A control circuit
controls electric fields applied to the piezoelectric material, to 10 vary
the frequency and/or the quality factor & the resonance. Specifically, a
first aspect of the invention provides a MEMS device having: a substrate; a
resonant nenber having a portion fixed to said substrate and anot her
portion being free to nove, the resonant nenber having a resonant 15

frequency of tospriodidena pitrality oftintersineotien pattéingrbetiveph ¢e SIAMWIDTingRIrsr i al
| ocated on the resonaniﬁ rTEnber' | east two el ectrodes di sposed on the
resonant nendésh thate Para W&fﬁﬁ@} shaeacteristics qancbe aepersted fEam o singlef t he

pi ezoel ectri §etr@tfﬁ{'gie?§.’ HRWvEPtHR I‘é%BBané tiﬁ'@e&cﬁf%% drfa e‘?ﬁéﬁtﬁQ?'omﬁom act wi th

el ectrodes, and for controlling the electrodes to apply an electric field
to at | east part of said piezoelectric material in order to adjust at |east
one char act elSuminary of the ldveetiemance. In a second aspect, the invention
provides a nethod of controlling the resonance of a resonant nenber of a

MEMS devi§ € Ittig'eanr 88@8?8% tHEBBPeesre:nt ir%/ention to provide an improved or alternative
tunable MEMS device.

In general terms, the present invention proposes that a MEMS device
includes a resonant member having a section of piezoelectric material. A
control circuit controls electric fields applied to the piezoelectric material, to

10  vary the frequency and/or the quality factor of the resonance.

Specifically, a first aspect of the invention provides a MEMS device having:

a substrate;

a resonant member having a portion fixed to said substrate and
another portion being free to move, the resonant member having a resonant

15  frequency of said movement;

at least one section of piezoelectric material located on the resonant
member;

at least two electrodes disposed on the resonant member, and for
applying an electric field to at least part of the piezoelectric material, and

20 a control circuit in electrical contact with electrodes, and for controlling the
electrodes to apply an electric field to at least part of said piezoelectric

material in order to adjust at least one characteristic of said resonance.

In a second aspect, the invention provides a method of controlling the

resonance of a resonant member of a MEMS device, the resonant member



having a portion supported by a substrate and another portion being free to
nove, there being at | east one section of piezoelectric material |ocated on
t he resonant nenber, the method including controlling electrodes to apply
an electric field to at |least part of said piezoelectric material in order
to adjust at 5 | east one characteristic of said resonance. Brief
Description of the Drawings Non-limting enbodi nents of the invention wll
now be described with reference to the foPlowing drawings in which; Fig 1,
is conposed of Figs. 1 (a) and 1 (b) showi ng cross-sectional and plan 10
views respectively of a first enbodi nent tuneable MEMS device according to
the invention; Fig. 2 shows the fundanental vibration node for a beaniplate
structure; Filavigy ahptVNOpa&ﬁipmetedlby a@uhfstrhteaadtmditmporﬁlon hsmd{g fisdentp t he
structural resona uency 15 Fi g ZQOMS aﬁtlve tunlnq t he

enbodi ment de‘OYFcr g'“gr@ lgast ey %H“OF‘ JHiezrelestaq rateral lncgtedon ifns an

i npl enent at i hfdmpEdithy| e } 0 %tﬁyi
achi eved by qngabﬁa%upl |Hr;%‘d t&?grﬂ@thto?hmddgﬁr‘]g} g%ﬁ rgﬂlﬁé Q@?ﬁo%&?gﬁ t ey ah
structural Qelsctniodield éal atitdasy padt ofvaaid pieaveleviyic Fagerial in ©rdemfmoadjdsbéat 7a
and 7b regpectively show ue tuni ng and Q tuning; Fig. 8 shows a
third enbodi ri@ﬂ?t (H?e Qf’\?'é ?Pgﬁa'a/r{%ﬁﬂn?qﬁﬁ udes two piezoelectric
beans/ pl at es; 4 Fig. 9 shows a nodification to the third enbodi nent

t uneabl e MEMBEVDEsripkiba Ibf it Dualgingd r esonant pi ezoel ectric beam pl ate,

and two piezoelectric tuning beans/plates; Fig. 10 shows a further
nodi fication to the third enbodi nent tunabl e MEMS 5 device which includes a

resonant pi eZs@ndeyting %Bﬁ?"ﬂ'l‘%’tt% of \iaet liweRtomi Wil ot b8 cdescsibedpwithes,
and two addi tgeﬁg}gbm? ﬂféeilbﬂs\;v |‘h'\ﬂﬁﬁc eans/plates. Fig. 11 shows a
ar

process flow C rlca tunabl e PZT MEMS

Fig 1, is composed of Figs. 1(a) and 1(b) showing cross-sectional and plan
10  views respectively of a first embodiment tuneable MEMS device according to
the invention;

Fig. 2 shows the fundamental vibration mode for a beam/plate structure;

Fig. 3 shows passive tuning of the embodiment for modifying the structural

resonant frequency;

15  Fig. 4 shows active tuning of the embodiment for modifying the structural

resonant frequency;

Fig. 5 shows an implementation in which modifying the structural resonant

frequency is achieved by modal coupling;

Fig. 6 shows an embodiment in which the structural Q is modified using active

20 tuning;

Fig. 7 is composed of 7a and 7b respectively showing frequency tuning and Q

tuning;

Fig. 8 shows a third embodiment of the invention which includes two

piezoelectric beams/plates;



device; 10 Fig. 12 shows a second flow chart of a process for fabrication
of a tunable PZT MEMS device; Fig. 13 shows a nodification to the first
enbodi ment tuneabl e MEMS devi ce for out-of-plane accel eration sensing; Fig
14 is conmposed of Figs. 1l4a and 14b showi ng a fourth enbodi mrent of the 15
invention for in-plane acceleration sensing; Fig. 15 shows a further
enbodi nent tuneabl e MEMS device applied as a m crophone; Fig. 16 shows a
nodi fi cation to the embodi nent tuneabl e NEMS device applied as a

m crophone; 20 Fig. 17 is a further enbodi nent tuneabl e MEMS device
consisting of an inplane beamplate array; Fig. 18, which is conposed of
Figs. 18(a) to 18(f), schematically shows the tuneable MEMS device of Fig.
17 appl i ed aBigeiot stesws abaodifizatonito o chied embddément tuneBbie MEMSsdevice

schematic of fhe tuneable MEMS device of Fig. 17 lied as an adaptive
Tilter: Fig WhERHES pyresBRTERmelrsie Hioaapflorane fio, Rieromaaic
consi sts of Mﬂﬂ@@ﬁpg g’l ate batch array; 5 Fig. 21 shows a nodification
of the enbodi nments o igs. 17 and 20 which consists of in-plane beanl plate
array plus tuning beamelenents; Figs. 22a and 22b show a furt her

enmbodi nent tEigedBl shavEvB faethet sadificationdosthet third ferabedimené dunakie MEMS ane

beanm pl ate array_ and. proof,ed nmasses. Detaj.l ed SCripti f the ] nvention
o e Tt crdbite aRic INGE8ed T8 Byt AP SR eETE bRyt Mg LM
illustrate: piepoéleyiricd Hdanad/pldtddistanat itwe erteRbingenpiegbellid jo

(Figs. 1 and 2); the operating principle of the illustrated enbodi nent of

the i nventi opeqdmpipates. to 7); two alternative illustrative enbodi nents
(Figs. 8 to 10); methods of fabricating enbodi ments of the invention (Figs.

11 and 12); gand 4ki : R _
sel 2(r:lt ed 120r'ﬁll pélé: %W%E}!\]E%é%p ﬁ%ﬁ%\@ f?ﬁag@ca%@ﬁ@é%i@é&@ P2Y MEmS

device;

10  Fig. 12 shows a second flow chart of a process for fabrication of a tunable
PZT MEMS device;

Fig. 13 shows a modification to the first embodiment tuneable MEMS device

for out-of-plane acceleration sensing;

Fig 14 is composed of Figs. 14a and 14b showing a fourth embodiment of the
15  invention for in-plane acceleration sensing;

Fig. 15 shows a further embodiment tuneable MEMS device applied as a
microphone;

Fig. 16 shows a modification to the embodiment tuneable MEMS device

applied as a microphone;

20 Fig. 17 is a further embodiment tuneable MEMS device consisting of an in-
plane beam/plate array;

Fig. 18, which is composed of Figs. 18(a) to 18(f), schematically shows the
tuneable MEMS device of Fig. 17 applied as either a bandpass or notched
filter,;



Specifically, Figures 1 (a) and 1 (b) show respectively cross-sectional and
pl an views of a tunable MEMS device 10 according to a first enbodi nent of
the present invention. The cross-section of Fig. 1 (a) is in the direction
shown as 20 B-Bin Fig. 1 (b). The device 10 conprises two substrate nounts
15a and 15b, between which is nmounted a support structure 14 which is fixed
at each end to one of the substrate nounts 15a or 15b. A netal film
"bottom' electrode 13 is nounted on the s8pport structure 14. A

pi ezoel ectric thin filmor layer 12 is nounted on the bottom el ectrode 13,
and three "top" electrodes 11 a, 11 b, 25 and 11 c are nounted on the

pi ezoel ectric layer 12. These el ectrodes 11 a, 11 b and 11 c¢ are copl anar
and toget her Figf 19ds a dcheenaticedfetheetdnéablbeMEMSs devigerof Fig. Tihvapplied as an

| ongi tudinal ly extenﬁing cut outs 16 through the layers 11, 12, 13 and 14

6 of the devizd@rtyediterarranged to define a narrow beam or resonant nenber
17. The nmenber 17 is free to nove out-of - plane in the direction indicated
by A althou NS rate
mounts 15a o:“ﬁ?Sbg Shﬁglserglogmsh%g% Vi brﬁé‘t& l’a}toﬂlﬁ'ota Ble Ke/lﬁﬁﬂeérrbldéy&%%@reg%ﬁgﬁgbﬁ
figure 2. Varingpidnabeamiplateskatshamayur al arrangenents are possible, for
exanpl e the support structure 14 may be fixed to only one substrate nount

for | ow f Poqdiog ! - TAE & mBHERENAH or shv SR BEBL B Flds, Sl 2 Rk, ©°
bridge structdorsisis olf- plhﬂwnaelam/ﬁlawaﬁrag phaviunthd BeardEieaehtsst ruct ure 14

fixed or clanped at both ends to the substrate m)unts 15a and 15b is
preferred for_high-frequency applications such as RF filters for nobile

phones for e@%l &2a AndZathihew a ether embadiment unegblRMEMS davice whichs
11, 12 F
gequences of %Qn%)eﬂg\;éap ?%l?m‘ﬁ g@%‘rf@,eéf& ée%®eé5§{er‘%Fé§ygn¢gF@g&M| %S’? Lree

top electrodes 11 a, 11 b and 11 ¢ are preferably used in the device 10, a
si ngl e or nulDétailed Desception obthednyantiony al ternativel y be used. Apertures
in the |ayer 12 define contact points 18a, 18b with the electrode 13) while

105, 100,020 S BRICY Wik e bePaT Y TBTERS o SRR R B o
silicon (althotg iNidietiveedabodihterdicf the Ievaridai ﬁ@u@ .1 ahd B} PR operdtingct ur e
14 is typically silicon dioxide, silicon, pol icon, or SiN (although

agai n ot her rRtnsinla|ef the,tiistiatedepmbodiraent af He d et“é‘@ﬂe()F'Q%n%l tonhe); ¥ om

13 and top 1 ory

el ectrode 13]alfélrﬁ%ﬁ\fe ﬂl‘ﬁ%tr?flt\?e e@;fgfre?tgsbéﬁgg be O\t/‘lv(élsaﬁ%rt deé ?’@JQQ '%cmrgode
11 of Pt). Preaﬁbodxbtqntst bétha I@IZIGBﬂIm(FﬂgS Taaed 12); arsd fireslly ow eevbddimentsanat e
(PZT) or PZT-PNN, .al t hough ot her zogel ectrj.c i al oul d_be ed, for
Sxamnl o ABne SPaATUEHIGH Y e, e Befecais Sbecif MEMS, ABafeatols Fioantd
frequency w' mfy the cl anped nmenber 17 can be expressed as follows when it
is subjected to an axi al force F, w=1473 z EIl 1+0.295 Flz (1) " 2~c C

| ~ pA 12EI 5 where | is the rrenber 17 length, Ais its cross-sectional
area, pis |t%pmfmllvalggrey(aiear@H@atshow reispectivelyrstnsscaectignal and slame

effective monpaks Y 4 A& MEMS device 10 according to a first embodiment of the
present invention. The cross-section of Fig. 1(a) is in the direction shown as

20 B-BinFig. 1(b). The device 10 comprises two substrate mounts 15a and 15b,
between which is mounted a support structure 14 which is fixed at each end
to one of the substrate mounts 15a or 15b. A metal film “bottom” electrode
13 is mounted on the support structure 14. A piezoelectric thin film or layer 12
is mounted on the bottom electrode 13, and three “top” electrodes 11a, 11b,

25 and 11c are mounted on the piezoelectric layer 12. These electrodes 11a, 11b
and 11c are coplanar and together define a layer referred to here as layer 11.
Two longitudinally extending cut outs 16 through the layers 11, 12, 13 and 14



The resonant frequency of the nenber 17 is adjusted by adjusting the axial
force F. This is achieved by the application of electric fields to the

pi ezoel ectric layer 12 using the top and bottom el ectrodes 11 a, 11 b, 11 c
and 10 13, to generate in plane conpression or expansion and thus generate
a tension in the nenber 17. Thus when D.C. bias electric fields are added
to the top electrodes 11 a and 11 c, in-plane tension or conpression |oads
will be generated. These |loads nodify thebflexural rigidity of the nmenber
17, which in turn affects its resonant frequency w'. By adjusting the D.C.
bias fields, 15 the piezoelectric MEMS device 10 becones frequency tunable.
Note that although in plane conpression/expansion of the piezoelectric
layer 12 is prehedeviteds0 ldhe dimaeditorddfite 4 wakdl bESmISViesenaht mdnmssr
deformations may alternatively or additionally be used, and in general any
def or mati on df-tThe meadkss) cis free tayrovel outpiiplane i dhe difectian indicated by

resonant freque 0 r t i Chrl &, ach
of the top e%c?@%%"@ ﬂ_@gwgl%ﬁ@s %fe{%dé%wgﬁg%?ibﬁefhtehﬁ)gha%ﬁéz% g@p%tﬁ'%t%
active zones maowitertsdot a50eMhe ahdbdedpf yibratioraofithe reshsst 1% ary shBwef iar abl y
t hese active zones are |located at each end and in the mddle part of the
nmember 175 t di98Fhénce the degree of el ectronechani cal coupling between the

active piezoelectric layer 12 and the 25 support structure 14 since these
zones are lo a : ' r tLai 0GhAt | he
fundanment al vi rfr%faét'tsi %ﬁ%ggéoﬂ%éheaﬁ@@ﬁmih%% é?\ g%éﬁ?gleg(\%l rlét?tlhtgn
mode i s showsupport uucturg, 14vriayhbe fixed dolwobdone 8ubstratg motinhi $2 te feme at

anal ysis. This technique i.s particularly useful for analysi d desi gni ng
enbodi ment s GPHRGSRE st ah eA Vet Sl et of e BBy adiey
points to be dophbatitats sicH B8 wiRirSphdidsofdr d@ingplehhilsBaYbritd afrutife @fs thi s
device are possible, enploying the sane 5 working principle. For exanple,

it is noflOnesbowarin Figuraiehadngdhe sapporrstricturect4 died oriclamped af 11

ot her erbou fee tRESuPAERLr SR TaRia IpooR BBt for, b FELNHR.. "
are utilisedappliyat@it® sUchad RFGfitevd fatinsisile Beoreseldr Ramplels tAlsd ahilsstaant
frequency. 10 The piezoelectric active zo ilst acting as

nes x, vy, z whil >t

tuni ng el enemrefesigqd arargereniselithgdayersuild. 4341 3r 1HuUISRR ghewp in Fdgyey].ce
10. For exa 1 j i i L to
10, For  SXaTHEnR MishetnoRsbCONREs AURUSBN B i wpLied |
will caudé c@&imilady, whileipaadoprelécirades Piaeziddl and rilc aremeferably, usedwhi ch
generate an 15 e|ectri,cal charge or vol|tage between top electr.od 1 a,
ITE 13 o aie s Do SMA PoqBulBle At eieEs fuurBRy ATARER heow
to a di scussiygadofagerireSandie e8/ek01Dfddfing. cdntadt ipos. 184 3spaitRethy

passive tuning, or by active tunlqg. 20 The case of passive tuning is shown
in Fig. 3, mgecérqﬁa/dﬁt adulesthspielectmdesstiaedlp.o 1deaver eespegtive Laniagic

vol t age bi as ooy t 8a and 19b, and a voltage supply 20b is used
to generate §m%%&§§%Ie vgﬁﬁagg&difference whi ch is applied between contacts

18b and 19c. The vari abl e voltage biases pernmt tuning the centre frequency
of the resondhreferablytthe substrete mounBS1Shend dde ark tapicaMeof siticory (although
illustrated in Fig. 4, where a reference/ excitation,si | js.applied to
the devi co 161" RERiASFE 8IS0 ROTIIE) Hoe RUBROGSALTE this HRisal Silopn; <
produces Vi brggd i@ Ssilifort, NSOl PSS, of /SN (&thought addin other materials, such as
metals, are also suitable), and the bottom 13 and top 11 electrodes are of a
suitable conductor (e.g. the bottom electrode 13 may be of Pt/Ti as described
25 Dbelow, and the top electrode 11 of Pt). Preferably the piezoelectric material is
lead zirconate titanate (PZT) or PZT-PMN, although other piezoelectric

materials could be used, for example zinc oxide and aluminium nitrate.



9 generate voltages across the piezoelectric material. The frequency
conponents in the voltage at contact 19b are detected by a frequency
detection unit 122, which provides an input for a controller 123, which in
turn provides an input for a driver 124, which outputs a voltage to contact
19a. 5 This nakes it possible to adjust the frequency characteristics of
the nmenber 17 "online", i.e. using a conparison of the nmeasured frequency
of the vibrations of the member 17 with & desired frequency. The contact
18a is sinply connected to ground. Note that the many variations of the
arrangement of Fig. 4 are possible in which the contacts 18a, 18b, 19a, 19b
and 19c to 10 different ones of the active conponents 121, 122) 123, 124.
Referring toTFrégfun&amemwira*sd)mtlfiéhlm‘ncyhe efrited chmieddmdrhiger 17 dan Bevi ce
110 the electrode 1 is replaced by tw electrodes 11 d, 11 e, having
cor r espondi n§XR'E/EEE A f‘i‘iﬁ’ﬁ‘,’s when '%lﬁ supiacted foyan axiahiasee Fs1 generates a 15
signal to contact 19c, and a S|gnal |s generated at contact 19e, which is
sensed by a sensing unit 162. As contact 19d is
detected by a frequency det LJod ﬁﬁ@ 1 51 Ang 2o provides a §“gna
for a frequency synthesi ser 164, 2,0hi ¢h)i pHyrn proyzgﬁ a signal to'th
driver 165, which outputs a signal to th contact 19a.” Thus there are tmo
sets of 20 excitation/detection units: units 161 and 162; and units 163,
164, and 165. The first operates as a resonator with fixed resonant

frequencys wwheee I Retheanember 97Usegthad ig ifsLoress- sédfticmal ﬁve'a lp)fsht@d@mémy and
sense structure resonance with other different nod known from

structural dgnignihese ‘P‘Hé’enﬁ'éét'c doReH usgangy '§H5ﬁg%ﬁqqii'éedé'§me@@ of dReftia.

frequenc of i V. i es
10, q110 )qu strbg e@arﬁggéiﬁgwgﬁ%c@\be@om% %“ﬁgs't?gr gdfcl)"%t"t@@"%%% gce of
t he nmenber 1fbrce| FheThlacis mhmmgwortheaapphceatronniorﬁgeleatndaeﬂeldmctot dherodi fy
the structural Q valu S |1  as the centre, frequenc A hi

Siructural GRS Ry en T skl tna p ST bptecriEs Beesbie: TTh 1ESaMnt
frequencyy byg, eilgerera@r frPWIé?%”@Mﬁiir@smé‘r‘i‘%erﬁ@aﬁé%ﬁaandAEhLﬁxggﬁbPath

active tuning to achieve this is shown in Fig. 6, In which 5 device 10
is again usetﬂansmgalnntheaﬂemb@réﬂceﬁéw&Wlaﬁm thCuhias gleatricdieldmare addedde ween

Bt o o1 O el 53 ahd 3B HDERR 1BnSbHAR ol rblrR 1AM Wi e

whi ch sends g@nmtwt TheseoBhte Inédify2thé, floxuirlTigi@indsf ihesmewibait1 7, avislch ver
215, which in turn sends its output to the contact 19a. Control is a plled

from out si deimirpafiegts ke respnansifrasuepey w Ry agiustiegtheB&. fias die Q
factor nay bgd CB%n‘zbe[gcﬁ% Flh’EJg%SaéMﬁetW'bQEmlﬁ\é &{;Igeg-lfdg nfaja% de?\\f?t‘éethja@ to a

passi ve canU|t I'ncludes any of resirstors, I nduct ors or
resistors/i ndltltmdxug’rs/lmapjanétcmmpreSsmh/expaas@menf sthaamezcielexmbolayet he2 fisct

that the d ted I film12 f h Th
exact real | SAEISREBASINE Cureraram dor WL e oo e OUET Cerarbiatons A
skilled per SQI’?ernEhGelﬂor‘ §ddiﬂ@?ﬁ‘él§ﬁﬁe Qfse’a' %d |?\(§énér9| Eh9)def5|*rﬁatlc7r( af tRdows
the anplitude of 20 vibration of the nenb in the absence of tuning

accor di ng topIBEeeieﬁVMaV@nm will affectde etrﬂ@t@ral\rescwmm\ﬂedluleney bet ween
frequenci es fey and fee) but its desired bandwidth is b, between

the orf et vae gy of fhe,plERHRAEY, (U8t 12,AnDuE B8KR o e \dh plistihopd) o'

fee. Fig. 7(¢)bsélw\ﬂ1@me$maﬁhl'ee p‘ez@alteumcrm:twbrzdrie@ ?&e&bd&ﬁ@ér@‘ralley
i nvention, the frequency response is as shown in line 150, but the present
i nvent i on make¥ ARd Foraspechvaly Rieferably theseaddiva zanesrare loratad: ahgasky

response becgpBsyidi6n the Ghiddls paoBh tRS héMBer3F, to enhance the degree of

electromechanical coupling between the active piezoelectric layer 12 and the

25  support structure 14 since these zones are located about the main stresses or
strains associated with the fundamental vibration mode of the member 17.
This fundamental vibration mode is shown in Figure 2, which is produced



Fig. 8 shows a further enbodinment in which the tuning is provided by a 30
separate structural elenent fromthe resonant nenber. The device 300 11
conprises a resonant nenber 307 which has two top el ectrodes 301 a and 301
b which each act as either an input or an output. The device 300 further
conprises a tuning structure generally referred to as 320 which conprises a
tuni ng menber 327 having two top electrodes 321 a and 321 b. Both the 5
resonant nmenber 307 and the tuning menbed 327 have the sane |ayer structure
as the resonant nenber 17 described with respect to the first enbodi nent of
Fig. 1. Contacts 303, 304 are in electrical contract wth respective
el ectrode layers (not shown) in the resonant nenber 307 and tuni ng nenber

327. Each neoging 30finitnckl8dént sarfalystsl Thisonechrigud ds apdficalipgt uséfl nernt
(15a and 15b in Fig. and are coupled together at their other free ends

g.- 1) | . .
328. In the 8RlY$RInandedesigning: gmbogimeants: pf daespresent inyentiony $nee obi de
electric fie whi : k %Fﬁ & material to tw st
t he tuning 1%%%@%%égﬁéﬁg%bgﬁtgwgé\éﬁ% Engﬁﬁ%@?léeﬂogffect of expandi ng
or contracting the resonant menber 307 and hence altering its resonant
frequency w'NotEhtiratamanypariativgsaif this déwice rasdep@Bible, empldying ithe exaene by

0 ST RSB S o R o5 8 SRR S

nerber 327 28 ebitolés 128PY 115 ahdon OandnRPRCip angInteibdrofidisdtisde(§) &n 9
and 10 show nodifi ed versions of the enbodinent of Fig. 8. 1In Fi 9, two

tuni ng nenbeb® used, Fasthesmere;siadother rpbgdiments, oene r Dthes epyrMumbenef 407.

i al for oe HerReEREE RS Zohes S8 ENSES Sl o 8RR cr B 25 42 v
range of t hetodgjustethe tesomarntdregrienoy. of Fig. 10 is simlar to that of Fig.

9, but additional supporting plates 429 and 439 are provi ded extendi ng

bet ween t he {_esonant menber 407 and the su%orti ﬂggframa 415, connected to

the resotfant THe RiRF0SlerRirie AClYe FANEs X.. .39 Whilsh agllg AsoHDing: S19MeRS ¢alheabl e
MEMS devi ces i ' iHo i n t a
of el ect rost%"?l P?fgég%%ﬁbggﬁleéﬁ@g .O nﬁ?uéés?&gq{éaﬁgv@%qiof ﬁjcg'fér& gf{ﬁl\ erﬂ %rvg@%gsgsp
f or produci ngsetkascasminrophahiae)gacaustibevibrabiods nappliedofo thee mambet ildnhwilb | n

Fig. 11, at steg gti ). . the st%lrt{gtg vvaf%r its fagri at ed b\y dergosi.ﬁi ng a

dielectric IW{‘:‘ , pr"éf 3Pat9|uy 9 02250 WREIY] SupsiP aMOVEMP té{ﬂ (F l)'S,ea
sputtered adb@ftftiohAspankiokeinTthd pidzBerceRPeshéLs, 3N 2z AhicH geRerAi 4le,
foll owed by a sputtered bottom el ectrode |ike Pt that covers the entire

st ruct ur'® " Teleciical sbpwe: o yollagerketween a tepetlectipds 1921 11bs 1depyd that on
t he bottom eﬁ&fé%%ﬁ’%}@ﬁ%{%&hﬁéﬂ é%n Hé'tdie'tec{t%? desired thickness is achi eved.
) or sol - net ho

Ei t her sputtéring, gel ds may be used to formthe PZT
thin film The top electrode is deposited on the entire PZT surface in step
(iv). After Vdturm howdepndistussion sf howrthe deyiceekksf Rige1 istohedo Thist thayn t he

top electrode, ,the PZT .and other 15 layers to obtain the opening in step
(v). Either RepP¥Hass¥etuping, BBSY@Q?Y%%Q'I ing or isotropic silicon etching

may be used in mcronmachining, as shown in steps (vi) and (vii). Finally,
the beamis freed in step (viii). An alternative process is illustrated in
Fig. 12,20 n e ease of pagsive tuning is shown in Fig. 3, where a voltage supply 20a is

used to generate a variable DC voltage bias between contacts 18a and 19b,
and a voltage supply 20b is used to generate a variable voltage difference
which is applied between contacts 18b and 19c¢. The variable voltage biases
permit tuning the centre frequency of the resonance of the member 17.

25
The case of active tuning is illustrated in Fig. 4, where a reference/excitation
signal is applied to the device 10 as a voltage difference between contacts

18b and 19c. This produces vibrations in the member 17 which in turn



20 mcromachining is mainly used. In step (i) there is a deposition and
patterning of a sacrificial layer of Si, in step (ii) the deposition of a
support layer, in step (iii) the deposition of a dielectric layer, in step
(iv) the deposition of Pt/Ti to formthe bottomelectrode, in step (v) the
deposition of the PZT layer and the top electrode, in step (vi) the
patterning of the top electrode, in step (vii) 25 etching of the PZT | ayer,
in step (viii) the etching of the sacrifi%ial layers, and in step (ix) the
etching of the sacrificial layers and the freeing of the beam The nethod
of Fig. 12 is conpatible with conventional IC fabrication techniques. This
provides the possibility of the formati on of an enbodi nent of the invention
as an on- chi gepermenithgbs abrdisnbe e-celedtfehRedndl CTAYeqgbnélevi ce and
associ ated el ectronics, 13 W& now turn to enbodi ments of the invention
for use in sgefHANeNteiHrRItage @l goneet 19 are detacied bya fieauensyi der t he
situation of i : i : odjir Fig. 1
is suitable #g?éﬁﬁin?@ﬂ}%%s@pﬁg (Se(&%sngﬁt'@)"ﬁ?@%%o? -%e"%(;ﬁ‘?% ow h;')n(?{a:%eta endi ng
of the rrelr)rberprd\\ii,\gw Eh_ihputtfoeminhiy?nezz_u,iwlhich@ucwt*scaf\dmfabeab c@nthctﬂg_ai n the
resonant beam, . whi in turn shifts its resonant frequency according to
equation ?1 ;JP hi B dinRafisible fo pdivst thedregiency chagartgristicsofdhe anamber,

i ndi cati on of' el er at:i j i id. 13 shows a
o £ cat i on FooT RIS HL8LEHhG SEAISRCSn e diurdd ebfery oftr -5 P1ON
addi ti onal nwitiratiommasfthelviembedi1$witred desired fregaenth & heecdntatt HBeeist r ode 11
b. This increases the sensitivit f the device 10 when used as a force
sensor or " acanabnerteoria aropd ik gt e meR, MR T B T BREa ¢ o
bend the 15 @_’F‘Rﬁu are %%iﬁ]éﬁ?@ﬁ/hﬁﬂ'i thetcontscts 988N A8k ‘fgae,qgﬁ%%61§éﬂ> 14a
shows a variation of the enbodi nents of Fi 9" and 10, whi ch can be used

S. ,
as an acdel elddffﬁi’eétonam@ff@@o@tiﬁﬁmmmneﬂm?&hﬁ%’,r@éoh&ﬁt menber 507,
supported by two support nenbers 509a, 509b. It neasures 20 acceleration in
the in-plane direction which induces an inertial axial force F in the

nmenber 507 t ReAfrYtOTAGPS aSariafien Mo the whibdidirant ¢f Figchanarvidd $10
resonant frequency and which is detectable as descri bed above. Fig. 14b

shows a nodi the gtechieds11d bis repiased by iwgeategttodes e, ddeahayibaf ed 25 nmass 511
is added to i . L thYi i bot h
arrangenents cﬁﬁr&éﬁ?ﬁ%hggg gﬁéﬁ% H?réh%%%%&bé)}&ﬁaggﬁ ei%“gﬁﬁ‘sm%ﬁ%’tr? % forma
cantil eved stsignal to eontéot 4@c edner @sigheal is_Lgérieiraﬂeldgattmataibdge, wa'mlriisbed
resonant concept | superi.or t nyent Lon el ectrostatli cel.ero ers
| sensi ti vi S§TSaYRYR ETSRROT ARd A5 &t FlthAnesignal et paiest 14 ik dstzs
applied for C%ycafréeuér%y)@ém té&ﬁt'ir?uﬁi@%g,eérﬁ&ﬂ{iéﬁst;ﬁr%k/ﬁieﬁbﬁsi ﬁ/ﬁspfgﬁa_tfré&i@h%?hgm,

which in turn“shifts its resonant frequenc evi ce of

, the
present i nvesynthesiagy 164, whighdndurtnerosises as‘gnee/tpéhp@riaeuﬂ%,s\@lnigbr. Al so
since a sligh ss will .shift th t.freque f. tthe menber, the
devi ces may glt“ggﬁﬁg ﬁ'ﬂéb?'éﬁé’ﬁ?gaﬁtégt55%-2@@%&“\?@? afﬁ{?@/sﬁﬁgg sensors, for
exanpl e po t kechatirigetebtibh QARsliuiits 151281 ¢HZMAPUNIGNU63er84, Bad 1g5zondl y,

| et us consider the use of enbodi nents of the invention as transducers.
Fig. 15 showdhg fifst/preratascay airaspnaior with fixed resasnanifieaHenay. iwhiledhent ed as a

tuneabl e m 0%888%% ﬁé’é’d ad %ac[]ﬁglug«ﬁ{i& hiét%dﬁm %&8&@8@8%891% k! nd of
pressure sensor |1 C my De use 0 detect air/waterborne sound pressures
whose nmagni t uesenace widh othengiffarbainmbles. Ad isskrinvenfropr stasatiual dyhammics,

m crophone needs an extrenely c | iant diaphragmto have an, a tabl e
Senstivi ty. i cRl Coupie way RRRoR dHbFS B oo dre Banaey S8 HE B pnr agm
havi ng asgpr ingrarREEh Hicdl HeVreH £g)i ckness to inprove its

Since in the devices 10, 110 distributed piezoelectric active zones are formed
on the surface of the member 17, either active tuning or passive tuning can be
used to modify the structural Q value as well as the centre frequency. A high



15 flexibility to sound pressure. Either or both f or Q may be tuneable.
Also a DC bias can be used to adjust the diaphragm geonetry to increase the
acoustic coupling effect. The outputs of electrodes 611 b and 611 c are fed
to a first input of a differential anplifier 612, which receives the
outputs of the electrodes 611 a and 611 b as its other input. 20 Fig. 16
shows an alternative inplenentation for a m crophone having a different
configuration of diaphragms 617 and top &Pectrodes 621. Numerous ot her
di aphragm arrangenents are known in the art, and appropriate conbi nations
of piezoelectric material and top el ectrodes are contenplated by 25 the
i nvention. As already discussed above, such devices could alternatively be
used as m cr grastalaG pRvidEehigBdisaivitp of fibqebissies bBelit thedBabsato the top
el ectrodes. Devices according to enbodinents of the invention can usefully
be enpl oyed Heaqueneyaduhpolytd Bagawdhansdwidie, ead viee vargd. frequency range and
sensitivity of piezoelectric sensors. 30 15 Thirdly, we consider the use
of enbodi ments of the invention as filters. In order to provide a w de
bandwi dt h fi Ahesxaatpleiofacfiveetunimg teeschieveltHid iy steoviroihi Fign6, mfwiibe thevent i on

is described with reference to Fig. 17. This,K enpodi nent es an array of
resonant renBeYice787s &9ain yse IAQ??E’IQ/@?W‘&?{%“%“%H@'F gﬁr‘%&%’é’?ﬁﬁt% such

et et bl LA FORSOGEL o i £ 3ERe pAABg oc

707 is provide our el ectrodes e out put
of el ectrodet amplifiera2it?, Whichl sendslite butdud to aoyhitudeldetbctiorduit 218, whichg

conbi ned. The centre frequenc f ch nmenber 707 is own as. f1 f2 . fn The
el ectrodes a?erbf,fs _@nQHLOLﬁq%PQnﬁQ%H 2fe1glr’ %?%%'%%@Pﬁg’ %V%T%I#m'% as
descri bed abpvgriysbRds RS BRIt tOtHE b&ritabi™mei GBRIrSI iQTafoPhéd foveBhiste  The
array of Fig. 17 includes resonant nmenbers 707 of differing lengths in

order tolGovusing the gentrolieyidgidcy range. Alternatively or additionally
menbers having different wi dths and/or thicknesses may be used. A MEMS
based filter having high f of GHz order and high Qis considered to have

wi de 15 appl Atetriativelynthd stehcaml CoRRtraay bersnteNed bg pﬁBQibeaﬁniﬂ?l!N e
phones. The device 700 may, be configured as a bandpass or notch filter
havi ng a wi deomerlinodhe devisenl QGte apassive sipuit whishgacludgs anyiaf resistors. Fig.

18(a) shows ‘ i ; i : Lhput

S gnal - i st 0 PrEnEaNcYs bEResTHor RGO R fop@inaf B
and thfal‘rﬁ;sulaXplgii tlwtﬁ_ldtdmt?tttbeaiapasiterygisuodaleatriodém ‘tﬂaitﬁlﬁha@bph iF_s 18(0)
controlled to adjust i requency an .response, as.shown |n Fig. c).
A modul at or FRpadipape; Theexack Bal RO QIGHAT WERETHCE e HELIK bRvellcor di ng
to the frequrigyn3n@ KRillddhdigosel ected, the result may be that the device

700 functions as a 25 basspass filter having a frequency response as shown
in Fig. 18(e), or as a notched signal filter having the frequency response

shown in Figg; 18(f) f yrt her td. g i 3 e
configured ag'aéﬁ 'gggﬂfpﬁjvsgdquﬁ%r' 75@ t[gﬁ@% 'ﬂ.'ﬁeﬁ% gh%gél:ﬂgfaé% H‘gey%r ocessi ng
in paral2el . vibration ofithamembegnalin tHelaPkrce ofnpmihg aitdortisieth the a ref erence
signal 802. The result is i r#)ut, to a tunable 16 )

invention. It has an effective bandwidth a, between frequencies feq and f.,, but

its desired bandwidth is b, between frequencies fq1 and f42. Frequency tuning

is shown in Fig. 7(b), so that the effective bandwidth of the device is increased

to ¢ between f1 and feo. Fig. 7(c) shows an example of Q tuning. In the

25  absence of the invention, the frequency response is as shown in line 150, but
the present invention makes it possible for Q to be increased so that the

frequency response becomes the wider one shown as line 250.

Fig. 8 shows a further embodiment in which the tuning is provided by a

30 separate structural element from the resonant member. The device 300



PZT m cronechani cal array 803 of resonant nenbers (this array may be the
device 700) to generate an output signal. The output is also fed to a
processor 804, which uses it to control an adjuster/controller 805 which
tunes each of the resonant nenbers of the array of nenbers 803 by the
principles 5 discussed above. Thus, the enbodi nents of Figs. 18 and 19
provi de signal processing "in parallel”. The device 700 may thus be used to
mtigate the effects of noisy environnent!d when using nobile phones for
exanple, in that the main 10 frequency conponents of a persons voice are
used as training sanples or a reference. Wth adaptive signal processing
the output signal may be adjusted to follow the reference value, which may

by- pass the dosipHseancesonantmemis?)307ovhighhasawbep slati@desB01ai sy rati o.
The device could al so be used for pattern matching i n voice recognition

systens, or f3dbuvkicheash %aﬁ@ltbghahwtg&r@nwtm Ahe deviceodMbhucdier An
d t f ]S it
conpat 1 oi1 1 SO ese rE SoBLGATTRINP ¥ 6a (0 B2 R SBHRES 4 © 11

m ni at ur i sat iteming mémbepBRT davingrtdoctoptel @dtfoeizsi 324memsd 30D Bothahet he devi ce
700 of Fig. 17 may be ada as shown in Fig. 20 02 thattherearea
plurality>(ar®¥ ”)’e'Bg Fé@gﬁaﬁﬂh %95”97089’1‘%? E S3'Re @yer

frequenci es. sTH&bﬁJré%sstHQ‘?ﬁsér{%]rﬁ'ngemBQr 1P dkb&i \?wtﬁ ?%%oéc'??éﬁ] Al nat| vely be

menbers 707 for each b e arrangenent o
modi fi ed as smbvedimenFofFige1. Contasts 408 LB amwlnrfgjecntaoalmtmzv\wmth t he

properties and ad ant f the Ln mers 327 escr be bove with
ref erence to "BPRP %@5@0 lﬁéf?@a@‘@%'ﬂ@”ﬁ'ﬁggﬁlr%s h QOZQEF\ r esonant
member 707 Stun‘ﬁﬁ@'?ﬁéﬁ\béfsﬂﬂeﬁﬁéh n1’é$nt9erf307t£tﬂi32ﬂs€'f>fbﬂét\/&1e eago af a set of
cantil evered resonant nenbers 807 30 shown in Fig. 22(a) nmay be provided

wi th a pf8of subgtiate Mognt (15a7anthSkain Biggdhend and ceuplet itegethetat theinant

menbers 807 in Fig. 22b, where the resonant nenbers 807
ext end invvar%ew a@??ﬁé@ side of a frane 809. Different proofed nasses

810 are added to each resonant 5 nenber 807. This is especi aIIy useful for
devices operating at low fre enC| es such as in_the order of

order to nai md HtuningmamBien 327 e tan elecirodes séla ﬁeaﬁZﬂésorewdﬁwéeQﬁaﬁ ous
o e oA e SRR UE R A ol SR T2,
of the i ngenmembasasishbwhdycdreaws tvb Tdhis has krealeffectddexpanding or

contracting the resonant member 307 and hence altering its resonant

frequency w,. Thus an input signal at electrode 301a may be filtered by the

resonant member 307 to provide a filtered output signal at electrode 301b.

The centre frequency of the filter is adjusted by twisting tuning member 327

20 by the application of appropriate electric fields.

Figs. 9 and 10 show modified versions of the embodiment of Fig. 8. In Fig. 9,
two tuning members 427, 437 are used to apply tension to a resonant
member 407. Having two tuning members 427, 437 enables the generation of

25 alarger axial force F in the resonant member 407, and hence increases the
tuning range of the device. The arrangement of Fig. 10 is similar to that of Fig.
9, but additional supporting plates 429 and 439 are provided extending
between the resonant member 407 and the supporting frame 415, connected
to the resonant member 407 to support it.

30



18 CLAIM5 1. A MEMS device having: a substrate; 5 a resonant nenber having
a portion fixed to said substrate and anot her portion being free to nove,
t he resonant nmenber having a resonant frequency of said novenment; at | east
one section of piezoelectric material |ocated on the resonant nenber; 10 at
| east two el ectrodes di sposed on the resonant nenber, and for applying an
electric field to at |least part of the piezoelectric material, and a
control circuit in electrical contact wi il el ectrodes, and for controlling
the el ectrodes to apply an electric field to at |east part of said
pi ezoel ectric material in order to adjust at |east one characteristic of
said resonance. 15 2. A nethod according to claiml in which one said

charact eri st TheigbovBIdscABEE AMmeabie MEMSEINRRGRe chsyAo Mabitege afstor ding to
claim1 or claim2 in which one said characteristic is the quality factor Q

of the resontefidlingithexnarng elraiiage gacof elpajostatie Pased MEMBAavicesor claim 3
resonant b 3k 2 0ESHARIMLERe fof Bioa B LEREEs peFENGBETRE” " 1"
el ectrode | agabodinets afithadhvaentieyer of the piezoelectric material. 19 5.
A MENB de5vi ces according to any preceding claimin which the
In Fig. 11, at step (i) the starting wafer is fabricated by depositing a dielectric
layer, preferably SiO,, on the Si substrate. In step (ii), a sputtered adhesion
layer like Ti is then deposited on top of the oxide, followed by a sputtered
bottom electrode like Pt that covers the entire structure. The piezoelectric
10  material, preferably PZT, is deposited on the bottom electrode in step (iii)
until the desired thickness is achieved. Either sputtering, CVD, PVD or sol-gel
methods may be used to form the PZT thin film. The top electrode is
deposited on the entire PZT surface in step (iv). After all film deposition is
complete, masks are used to pattern the top electrode, the PZT and other
15  layers to obtain the opening in step (v). Either selective wet etching, ion
milling or isotropic silicon etching may be used in micromachining, as shown

in steps (vi) and (vii). Finally, the beam is freed in step (viii).

An alternative process is illustrated in Fig. 12, in which surface

20 micromachining is mainly used. In step (i) there is a deposition and patterning
of a sacrificial layer of Si, in step (ii) the deposition of a support layer, in step
(iii) the deposition of a dielectric layer, in step (iv) the deposition of Pi/Ti to
form the bottom electrode, in step (v) the deposition of the PZT layer and the
top electrode, in step (vi) the patterning of the top electrode, in step (vii)

25 etching of the PZT layer, in step (viii) the etching of the sacrificial layers, and
in step (ix) the etching of the sacrificial layers and the freeing of the beam.
The method of Fig. 12 is compatible with conventional IC fabrication
techniques. This provides the possibility of the formation of an embodiment of
the invention as an on-chip component including the piezoelectric MEMS

30 device and associated electronics.



el ectrodes are arranged to apply said electric field to an area of said

pi ezoel ectric material proximate an area of the resonant nenber which
experiences nmaximal stress in said resonance. 5 6. A MEMS devi ce according
to any preceding claimin which the resonant nenber is el ongate and
supported fromone end as a cantilevered structure. 7. A MEMS device
according to any preceding claimin which the resonant nenber is el ongate
and supported fromboth its ends. 10 8. A3SMEMS device according to any
preceding claim further conprising at | east one sensor for to sense the
vi bration of the resonant nenber. 9. A MEMS device according to claim8 in
whi ch said sensor senses the electric field within a part of said

pi ezoel ectric material. 10. A MEMS device according to claim8 or claim?9
further conprising 15 neans to generate a reference vibration in said
resonant meni¥¥e NowruButgpeMbedines oé thainveetieryfarusednispeeifictechmealcont r ol
means. 11. Axﬁ@@@%@@vice according to claim10 in which the output of the
S

sensor is tra ed to the control nmeans by a frequency detection device

for detecting the anplitudes of different frequencies in the vibration. 20
12. A MENS devyi recfergiﬁig claimfurther conprising a

e according to an
tuni ng nedrbe '%&vé%%é’%jc?'aﬁ'gﬂet%fa&%ﬁ PR O SUgh @srrahrdimeny @s|xeqnse
e s e
out of plane bending of the member 17 wiil induce an inertial force to deflect
and strain the resonant beam, which in turn shifts its resonant frequency
according to equation (1). Measurements of the resonant frequency thus give
10  an indication of an acceleration experienced by the device 10. Fig. 13 shows
a modification to the member 17 of the first embodiment of Fig. 1 in which
additional member mass 117 is disposed on it near the central electrode 11b.
This increases the sensitivity of the device 10 when used as a force sensor or
accelerometer. This is because more applied force is required to bend the

15 member 17 and hence adjust its resonant frequency.

Fig. 14a shows a variation of the embodiments of Figs. 9 and 10, which can
be used as an accelerometer. The accelerometer 500 has a resonant member
507, supported by two support members 509a, 509b. It measures

20  acceleration in the in-plane direction which induces an inertial axial force F in
the member 507 to extend/compress the member, which in turn changes its

resonant frequency and which is detectable as described above.

Fig. 14b shows a modification 510 to this arrangement in which a proofed

25 mass 511 is added to increase the sensitivity of the device 510. Note that both
arrangements have the resonant member 507 fixed at only one end to form a
cantilever structure. An accelerometer utilising the above described resonant
concept is superior to conventional electrostatic accelerometers in sensitivity,
dynamic range, and disturbance resistance. Since any applied force or

30 temperature may deflect/strain the resonant member 507, which in turn shifts



resonant nenber supports an el enent of known mass, the el enent of known
mass i nfluencing the frequency of the resonance. 14. A MEMS devi ce
according to any preceding claimin which there are a 5 plurality of
resonant nenbers, including one or nore menbers having each of a nunber of
different resonant frequencies. 15. A MEMS device according to claim114 in
which there are a plurality of resonant nenbers for each of said
frequencies. 16. A MEMS devi ce accordi ngl#o any preceding claimwhich is
arranged as 10 a sensor, having an output which is obtained froma signal
generated by a vibration of the resonant nenber. 17. A MEMS devi ce
according to any of clains 1 to 15 which is a transducer. 18. A MEMS device

accor di ng t ojtanyseiart fi@iqi@ndy,!the MEMSde\dep eNtheniressntlibvemtiinmimBywa ch i s
arranged as a filter, the device being arranged to receive a signal having

mul tiple fredoplementadasrioree/ tamperaiun sehsotdse sinsaa light arasstwill sbiftct i ve
| brati I ' t
v 1oL onel SSSABRER rBReIEQPRAE S, o SeLERR i Qe E

of the differen I NG esonance of a
resonant nenmbaertundalsie AkiGhi\ds rdass sensdriefor esamply inrthetiietdshaefbiogedigadr t i on
supported_by a substrate and another portion being free to nove, there
bei ng at ? eadNdSHENIERIENGNQATING: ez0el ectric material |ocated on the
resonant nenber, the method including controlling electrodes to apply an
electric field to at |east part of said 21

Secondly, let us consider the use of embodiments of the invention as

transducers. Fig. 15 shows a device according to the invention which is
implemented as a tuneable microphone 600. Transducers like microphones

10  are a kind of pressure sensor which may be used to detect air/waterborne
sound pressures whose magnitudes are far lower than that of ambient
pressure. Thus a microphone needs an extremely compliant diaphragm to
have an acceptable sensitivity. In Fig. 15 a resonant member 607 is provided
as a diaphragm, having a spring zone of reduced thickness to improve its

15  flexibility to sound pressure. Either or both f or Q may be tuneable. Also a DC
bias can be used to adjust the diaphragm geometry to increase the acoustic
coupling effect. The outputs of electrodes 611b and 611c are fed to a first
input of a differential amplifier 612, which receives the outputs of the
electrodes 611a and 611b as its other input.

20
Fig. 16 shows an alternative implementation for a microphone having a
different configuration of diaphragms 617 and top electrodes 621. Numerous
other diaphragm arrangements are known in the art, and appropriate
combinations of piezoelectric material and top electrodes are contemplated by

25 the invention. As already discussed above, such devices could alternatively
be used as microspeakers by the application of electrical signals to the top
electrodes. Devices according to embodiments of the invention can usefully
be employed as ultrasonic transducers due to the high frequency range and
sensitivity of piezoelectric sensors.

30



pi ezoel ectric material in order to adjust at |east one characteristic of
sai d resonance.
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invention. The array of Fig. 17 includes resonant members 707 of differing
lengths in order to cover a wide frequency range. Alternatively or additionally
members having different widths and/or thicknesses may be used. A MEMS
based filter having high f of GHz order and high Q is considered to have wide

15  application in wireless communications devices such as mobile phones.

The device 700 may be configured as a bandpass or notch filter having a wide
bandwidth and high Q as shown in Figs. 18(a) to 18(f). Fig. 18(a) shows
schematically the multiple frequency components of an input signal. This

20 frequency response is used via a modulator in Fig. 18(b), and the result is
applied to an array such as device 700 which is controlled to adjust its
frequency and Q response, as shown in Fig. 18(c). A modulator in 18(d) is
used to revise signal gain further. The according to the frequency and Q
tuning selected, the result may be that the device 700 functions as a

25 basspass filter having a frequency response as shown in Fig. 18(e), oras a

notched signal filter having the frequency response shown in Fig. 18(f).

As a further alternative the device 700 may be configured as an adaptive filter
as shown in Fig. 19 for signal processing in parallel. A disturbance signal 801

30 is input and added to a reference signal 802. The result is input to a tunable
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PZT micromechanical array 803 of resonant members (this array may be the
device 700) to generate an output signal. The output is also fed to a processor
804, which uses it to control an adjuster/controller 805 which tunes each of
the resonant members of the array of members 803 by the principles

5 discussed above.

Thus, the embodiments of Figs. 18 and 19 provide signal processing “in
parallel”. The device 700 may thus be used to mitigate the effects of noisy
environments when using mobile phones for example, in that the main

10  frequency components of a persons voice are used as training samples or a
reference. With adaptive signal processing the output signal may be adjusted
to follow the reference value, which may by-pass the disturbance (or a noise)
to improve the signal-to-noise ratio. The device could also be used for pattern
matching in voice recognition systems, or feature based sound synthesisers

15  with a microspeaker. An advantage of MEMS based signal processing over
conventional methods is its compatibility with microelectronic technology,

which results in miniaturisation, batch process and cost-effectiveness.

Note that the device 700 of Fig. 17 may be adapted as shown in Fig. 20 so

20 that there are a plurality (a “batch”) of resonant members 707 for each of the n
frequencies. This is shown in Fig. 20 in the case that there are two members
707 for each batch.

The arrangement of Fig. 17 may alternatively be modified as shown in Fig. 21
25 toinclude tuning members 727 with the properties and advantages of the

tuning members 327 described above with reference to Fig. 8. These increase

the tuneable bandwidth of each resonant member 707’s resonant frequency.

As a further alternative, each of a set of cantilevered resonant members 807
30 shown in Fig. 22(a) may be provided with a proofed mass 808.
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structure.

Features of the various embodiments are freely combinable with each other.
10  Furthermore, many variations of the embodiments described above are
possible within the scope of the invention as will be clear to a skilled reader.
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1. A MEMS device having:
a substrate;
5 a resonant member having a portion fixed to said substrate and
another portion being free to move, the resonant member having a resonant
frequency of said movement;
at least one section of piezoelectric material located on the resonant
member;
10 at least two electrodes disposed on the resonant member, and for
applying an electric field to at least part of the piezoelectric material, and
a control circuit in electrical contact with electrodes, and for controlling
the electrodes to apply an electric field to at least part of said piezoelectric
material in order to adjust at least one characteristic of said resonance.
15 2. A method according to claim 1 in which one said characteristic is the
frequency of the resonance.
3. A method according to claim 1 or claim 2 in which one said
characteristic is the quality factor Q of the resonance.
4. A MEMS device according to claim 1, claim 2 or claim 3 in which said
20 electrodes comprise a first electrode layer located on the resonant member,

and a second electrode layer, the first and second electrode layers

sandwiching a layer of the piezoelectric material.
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electrodes are arranged to apply said electric field to an area of said
piezoelectric material proximate an area of the resonant member which
experiences maximal stress in said resonance.

5 6. A MEMS device according to any preceding claim in which the
resonant member is elongate and supported from one end as a cantilevered
structure.

7. A MEMS device according to any preceding claim in which the
resonant member is elongate and supported from both its ends.

10 8. A MEMS device according to any preceding claim, further comprising
at least one sensor for to sense the vibration of the resonant member.
9. A MEMS device according to claim 8 in which said sensor senses the
electric field within a part of said piezoelectric material.
10. A MEMS device according to claim 8 or claim 9 further comprising

15 means to generate a reference vibration in said resonant member, an output
of the sensor being transmitted to the control means.
11. A MEMS device according to claim 10 in which the output of the sensor
is transmitted to the control means by a frequency detection device for
detecting the amplitudes of different frequencies in the vibration.

20 12. A MEMS device according to any preceding claim further comprising a
tuning member attached to the resonant member and means to deflect the

tuning member to apply a strain to the resonant member.
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a number of different resonant frequencies.
15. A MEMS device according to claim 14 in which there are a plurality of
resonant members for each of said frequencies.
16. A MEMS device according to any preceding claim which is arranged as
10  a sensor, having an output which is obtained from a signal generated by a
vibration of the resonant member.
17. A MEMS device according to any of claims 1 to 15 which is a
transducer.
18. A MEMS device according to any of claims 1 to 15 when dependent on
15 claim 8 which is arranged as a filter, the device being arranged to receive a
signal having multiple frequency components for which the device has
different respective vibrational responses, and the sensor being arranged to
detect the amounts of the different components.
19. A method of controlling the resonance of a resonant member of a
20 MEMS device, the resonant member having a portion supported by a
substrate and another portion being free to move, there being at least one
section of piezoelectric material located on the resonant member, the method

including controlling electrodes to apply an electric field to at least part of said
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