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| NVENTION Field of the Invention: 10 The present invention relates to

el ectrical and el ectronic conponents, circuits and devices. Mire
specifically, the present invention relates to electrical and electronic
conponents inplenented with mcro-el ectro-nechanical (MEMS) devices. 15
Description of the Related Art: Various electrical and el ectronic devices
are bei ngmbriiseneired el FoWENE. -MeeEANTGA D MR TAIMS ch 0d1ek QBT Of fBHSMEEIOE! oF

| osses t Rarneoswenti onal inplenentations of discrete conponents.
Unfortunately, for certain types of 20 conponents such as vari abl e
capacitors, prior MEMS designs have not taken full advantage of the | ow

| oss potential of MEMS technol ogy. These prior approaches have been
sonmewhat | ossy due to parasitic effects associated with the actuation
mechani sm of >t he MEMS devi ces. Furt her, prior MEMS designs have used

el ectrostatic actuation and bigERtREROANS OF fH@WmN Unfortunately,

el ectrostatic attraction is inpractical for a variable capacitor

i npl enentation and the binetal approach has been found to be too slow and
requires too much power. Hence, a need existed in the art for an inproved
vari abl e capacitor design inplenented with MEMS technol ogy. This need was
met by the teachi ngs Fadld bk thSInvestboPat ent Application serial no. 10/294, 413
entitled" M CRO ELECTRO WO 2006/ 076182 PCT/ US2006/ 000069 MECHANI CAL SYSTEM
DEVI CE W TH 8| EZOELECTRIC THIN FILM ACTUATOR filed Novenber 14, 2002 by J.

Park et at. (Atty. DagketeshR-invehtion relates to electrical and electronic components, circuits

and devices. More specifically, the present invention relates to electrical and

electronic components implemented with micro-electro-mechanical (MEMS) devices.

15 Description of the Related Art:

Various electrical and electronic devices are being implemented in MEMS
technology. MEMS technology offers lower losses than conventional
implementations of discrete components. Unfortunately, for certain types of

20  components such as variable capacitors, prior MEMS designs have not taken full
advantage of the low loss potential of MEMS technology. These prior approaches
have been somewhat lossy due to parasitic effects associated with the actuation
mechanism of the MEMS devices.

Further, prior MEMS designs have used electrostatic actuation and bimetal

25  strip approaches. Unfortunately, electrostatic attraction is impractical for a variable
capacitor implementation and the bimetal approach has been found to be too slow and
requires too much power.

Hence, a need existed in the art for an improved variable capacitor design
implemented with MEMS technology. This need was met by the teachings of U. S.

30 Patent Application serial no. 10/294,413 entitled = MICRO ELECTRO-



01WL32), the teachings of which are incorporated herein by reference. This
appl i cati onw@ieed/se2 and clainms a radio frequency MEMS deRGEESANE/HN0869

pi ezoelectric 5 thin filmactuator di sposed over a substrate and conductive
bunmps which serve as spacers. In one enbodi nent, the device is disclosed as
bei ng usable as a tunable <capacitor in which the inter-electrode spacing
bet ween a conducting path electrode and an RF path electrode is

control | ably var MECHANKA L CSWATEM bRBWIGEH ) BATEr PIBZOEREETRIVeTHINafyLkhe

capact ance beC vl D! SRRt B, OB SE1RES ok "DAR, i A 5B P

desi gns, are typorwiiy), apsasdhiags Y wiatlear pidofforaig] heRiMley RASEReOr This
conductive epoxy and reflowed at tenperatures above 150 degrees Cel si us.

Unfortunately, tPReREatasdissipsecadrdaimpa radichiequaneyMEMERdqvineavitiogypiczaetrgtrist r i ct
control of t h? hﬁﬁrg lﬁ‘im Rlag?%%%&%dtd@@r é lshﬂgtrgtla'aﬂdac'agdtfclﬂ@e %HR .% LA stemt ast he

flip chip is 15 nount e eight is not controlled me because the
vol ume of paste spacgsl derone radodinenitishderenei ialiidclosgd asntielagtusame sst entnabki ght

cannot be achieved. .Thi.s ar.t| rl roblematic wt to
construction of f??ﬁ‘élbqréné%‘gb dPtfr'glR?g flgﬁfatcgﬁplfeéw%efl oot 8‘1‘95 lr‘?@“‘?fffl ght
requi rement haveaid¥®/RFegatkfdletibge isOcondeNDIPRaiel befan dtRiafr ARG Bt &8ér fBUNPS
or by controlling the volunme of screen- 20 printed material. The bunp

process is a progdedivelyyaryithe eAppeancrdicvopa ieticdedeshat are difficult to
control. Bumgg ar e of e Rkaed ahRt PRy R Akl AOCLARECKA ofidRnof Len

to achi eve opti mal hei ght. an al ternat’ ve nps "are

afterward to a specofr ezlath@tgrwnveﬁhoml denigny] @k dypicallyr assanmiiléd bynsbraerpptimingump
height, but it d ate for the.variation of volune t he
screen printed s%q‘gﬁérpmf§r cgggué:%&? e d i %%ﬁmpi‘ﬁ%“?&bgé%lgé (AR e
materi al dependscCgkRat Uylfmmath@ {hetcah@Reds Saibiot BE LE¥ANin bpflicati®BhitqeEngitaaci |
or the emulsion on the_screen. Laser machined or chem cal etch stenC| S

will typically héRpgopof e deight ganoetwesn e flig; qhip anghthe ubstratertat the tiprehip Bat
vol une c hang?§ Frob€d 8REThOBeibtht il R& cShiFdMel bweliHeSHRE theSHRIMASE Rt R solder

Enul si on
has too much variability and a consistent height cannot be achieved. This is

particularly problematic with respect to the construction of tunable capacitors.
Most attempts at controlling the height requirement have involved efforts to
develop better, more consistent bumps or by controlling the volume of screen-
20  printed material. The bump process is a process that involves many variables that
are difficult to control. Bumps are often plated using pulse plating and checked
quite often to achieve optimal height. As an alternative, the bumps are lapped
afterward to a specific height. This can yield a very uniform bump-to-bump height,
but it does not compensate for the variation of volume of the screen printed solder
25  paste or conductive epoxy.
The screen-printed material depends greatly on the tolerances of either the
machined stencil or the emulsion on the screen. Laser machined or chemical etch
stencils will typically have a tolerance of +/- 0.001 mil., which can result in great

volume changes if the opening in the stencil is small such as 0.004". Emulsion



WD 2006/ 076182 PCT/ US2006/ 000069 screens provi de inconsi stent volune
deposition_beca NI of the screen nesh that inpedes the flow of mate

Anot her adﬁp&gg PB2% o assenbl e the flip chip using therH%W”H%W%V%@@?on of
the entire chip onto nall eable pads. This nethod yi el ds devices that
assenble well 5 at tenperatures above 150 degrees Cel sius, but the pad
height is-still difficult to control. Hence, while the above-referenced
application addresses the need in the art, a. need rengj in the art for an
R MEV dosi gn PHETTS RO Brompi oA e P e DR fiph i BB B
manuf act uri ng ne&baﬁsm§h¢ﬂ$mﬂﬁQhQF THE | NVENTION 15 The need in the art is
addressed by the m cro-el ectro-nechanical device of the present invention
and the method of maknAtiesaprsoach s torassambletherthip ichip usingoldipiea compigasion of

i nventive devi C?hé é}hlréjgtﬁ ft’nﬁlﬁtablﬁggést r tlsemef?loﬁ 'y'{e%é c?eQ/fEteggﬁat gésgxﬂ %iellon a

first surface o e su ate; I ezoel ectric uat o ose over- t he
first surfacé ofat tdmaoesamss nbdwe; 158 degeeo Qdistnnbacthe gpad ettt tls)stilhelfﬁalluaat or
and di sposed in grqginity to the first contact; 20 and a gap control

mechani sm di spo§ ¥ Yet ween the substrate and the actuator for limting

novenent of the firsHer@Nkans tHeQb@&e'—ﬂéﬁrén@edtA’ﬁ@h(@d@‘féﬁ@%@&@& fetneed M thdErt, a
exenpl ary enbodi nent, the ﬁ§ control nmechanismis a gap control st op
t

construct ed of @Fed wmapsdn aghforpn RF MBS desigw thapisipesier oo fashuse @S’e@ I'n
the exenplary ?écf?s%mat%lﬁiﬁrﬁn‘facm ;Hgﬁlggl c bonds are used to connect the
S

actuator to 25 t Irst substrate second substrate is disposed over the
pi ezo-el ectrldc actuator. The second substrate has wells over the bonds to
facilitate application of a bonding tool to the bonds. 3 WD 2006/ 076182
PCT/ US2006/ 000069 BRI'EF DESCRI PTI ON OF THE DRAW NGS

SUMMARY OF THE INVENTION

15 The need in the art is addressed by the micro-electro-mechanical device of the
present invention and the method of making same. In the illustrative embodiment, the
inventive device includes a first substrate; a first contact disposed on a first surface of
the substrate; a piezoelectric actuator disposed over the first surface of the substrate; a
second contact coupled to the actuator and disposed in proximity to the first contact;

20 and a gap control mechanism disposed between the substrate and the actuator for
limiting movement of the first contact relative to the second contact.

In the exemplary embodiment, the gap control mechanism is a gap control
stop constructed of dielectric material. In practice, plural stops are used. In the
exemplary embodiment, plural thermosonic bonds are used to connect the actuator to

25  the first substrate. A second substrate is disposed over the piezo-electric actuator.
The second substrate has wells over the bonds to facilitate application of a bonding

tool to the bonds.



Fig. 1 is a cross-sectional side view of the MEMS device disclosed and 5
claimed in wbhaokRaskigat al. application. Fig. 2 is a cross-serusmoadoosdode
view of an illustrative enbodi rent of a MEMS device in disassenbled
relation and i nplenented in accordance with the present teachings. Fig. 3
is a cross-sectional side view of a MEMS device of Fig. 2 in assenbled 10
relation. Fig. 4 is a top view of a single MEMS vari abl e capacitor nounted

across a CPWtransnissi on BRUEF DESORIPTIONIORIEEEDRAMWENGRI fter
i npl enentation in accordance wth the present teachings. Fig. 5is a

perspective view of an illustrative inplenentation of a |oaded line 15
phase shifter utilizing MEMS vari abl e capacitors in accordance wth the
present teachings. Fig. 6 is a schematic diagramof the illustrative

i npl ement ati on of a Foaded alcrose-squtiasa ssdei viewr ofuthiel MEMS) dvERMS disatosab hred
capacitors of. Fi g.S. ctional top viewof a circuit layout of a

Fig. 7, i
5 section infer§ Q’P‘f%‘f’iﬁg‘e Paﬁ’ﬁlefﬁl‘g?%glf?tfoﬁ’ coupl ed transmi ssion |ine band pass

filter utilizing thepyaright@sdMedonaCa@aaew OF &n Dlustidife RiBS8ient HVENEMS.
Fig. 8 shows a schematic diagramfor interdigitated mcrostrip coupled

! rarg .
transmi ssion | i HevVigani figssenyled glatigp and gmplementsd 4n\forrderse iy g present
PCT/ US2006/ 000069, .n;SCRI PTION OF THE | NVENTION ||l ustrative embodi ments and
exenpl ary applications will now be described 5 with reference to the
acconpanyi ng dr awi ng¥ig 8 ida sobssetidnabsidaiviewmofig MENStderichbHBig. 2 of assdmblgt esent
i nvention. X\Bi |l e 1tthe present invention is described herein with reference to
illustrativ reation.

Fig. 4 is a top view of a single MEMS variable capacitor mounted across a
CPW transmission line in an illustrative phase shifter implementation in accordance
with the present teachings.
Fig. 5 is a perspective view of an illustrative implementation of a loaded line
15  phase shifter utilizing MEMS variable capacitors in accordance with the present
teachings.
Fig. 6 is a schematic diagram of the illustrative implementation of a loaded
line phase shifter utilizing MEMS variable capacitors of Fig 5.
Fig. 7 is a sectional top view of a circuit layout of a 5 section interdigitated
20  microstrip coupled transmission line band pass filter utilizing the variable MEMS
capacitors of the present invention.
Fig. 8 shows a schematic diagram for interdigitated microstrip coupled

transmission line band pass filter of Fig. 7.



enbodi ments for particular applications, it should be understood that the

i nvention ivgo 2060761891 t ed t'hereto. Those havi ng ordi nary SATTS2006/G0p&%ar t
and access to the teachings 10 provided herein will recogni ze additi onal

nodi fications, applications, and enbodinents within the scope thereof and
additional fields in which the present invention would be of significant
utility. Fig. 1 is a cross-sectional side view of the MEMS device 10

di scl osed and clained in theDESCORIETIGN GPEHEENVENTIONe t eachi ngs of which
are incorporated by 15 reference herein. As shown in Fig. 1, the device 10
i ncl udes a sem conductor substrate 14, a piezoelectric thin film actuator 16
nmounted on the substrate 14, a conducting path electrode 18 driven by the
pi ezoel ectric thin filmactuator 16, conductive bunps 22 which are
connected to an ext eHlvairativg| embgdimeaisrand exproplashenmliyationn Vi mewi bie deseribedol t age
necessary fog o and
RF-in and RFgou'?ﬁ %g%fh%r%gft P gg%égﬁga%%#dﬁgﬁﬁgoﬁncﬁleﬁé%ﬁﬁ%ﬁ%&éﬁée&u?@e&g hgs
substrate 24 soofthetpeestre ispati@d from the conducting path el ectrode 18. The

[ lectric thin f t uat 16 fab d . t th th
Cem conduct or  subst PN HaPRIRR: P EpioRf ABrbY! EREnmpICTAGHEE ‘S BherFatc 24

using flip chipeB6diRRhS I particllar SppRERIRS, it §ho'ufd BRQirRestodathat &hetlﬁeennon is
illustrated enbodi nent the bunps shown in the 25 right side of act as
spacers, al t hougt litnisedyhergto. dbasechauing erdinary \?lellyn theramt 3pdraccass to @n@ﬁahbngs
device, if Si h z e thi m 1 np e any
sui tabl e ma'(tii gl’l gﬁ)@’dﬁg\,?‘ﬁ%l"% ggioeﬁ%%& nglguéérlt Pg"s%%?‘gséxg%lgﬁ )é?&}%éa%{ds
zirconate ti tanamboc(d%Zﬂ't); willtie tlEZEéopchltherédf Iandem:ltimmnﬂrﬁélﬁs imelhivdiethe gpresantr  of

el ectrodes 40 and 42, %g&&léezo Iectrl c layer 44 made of |ead zirconate
titanate (PZT) H}V§’btb‘§‘e‘&°% Fenfiffant Wil 2006/ 076182 PCT/ US2006/ 000069

el ectrodes 40 and 42fjgands arcrédb-a&dtivfal lstieerievo @f dieSPEMES! dbAESVRE RiskidSedARICt I Ode
40 (the wupper electrode in Fig. 1) and the sem conductor substrate 14. An

i sol ation | ayer cBimgdsingthe Fagee add jeBRlication, Kee tepelyngscof] whieh agpingergorstedviynt s or

15  reference herein. As shown in Fig. 1, the device 10 includes a semiconductor

substrate 14, a piezoelectric thin film actuator 16 mounted on the substrate 14, a
conducting path electrode 18 driven by the piezoelectric thin film actuator 16,
conductive bumps 22 which are connected to an external voltage source (not shown)
and provide the voltage necessary for operating the device 10, an RF circuit substrate
20 24, and RF-in and RF-out path electrodes 32 and 34 mounted on the RF circuit
substrate 24 so as to be spaced from the conducting path electrode 18. The
piezoelectric thin film actuator 16 is fabricated in conjunction with the semiconductor
substrate 14 and transferred to the RF circuit substrate 24 using flip chip technology,
for example. It is noted that in the illustrated embodiment the bumps shown in the
25  right side of Fig. 1 act as spacers, although the bumps could alternatively form part of
another device, if desired.
The piezoelectric thin film actuator 16 may comprise any suitable material
having piezoelectric properties, for example, lead zirconate titanate (PZT).
The PZT thin film actuator 16 includes a pair of electrodes 40 and 42, a

30 piezoelectric layer 44 made of lead zirconate titanate (PZT) disposed between the



at | east sustantially reduces electrical arcing between the 40 and 42. The

PZT thin | uator 16 has a fixed proximal end 54 gdiagsdkobdosy
sem conducta'oéidg%@%zate 14 and a free distal end 56 extendleng into a trench

region 60 of the substrate 14. The PZT thin filmactuator 16 thus fornms a
cantil ever beam which is noveable within the trench region 60. In the
illustrated exenplary enbodi nent, the conducting path electrode 18 is 10

transverse the | i i Xt en the PZT.thin,fil t ) us,
the conducting %ghaéé?dg%?‘ bggésﬁsénpeg;rsgénﬁ Pt %leots(e)d Ejﬁt‘e’}%r?%lr?g’?%ﬁ B?‘%@ ggge.
Simlarly, the ugperielecande RFigU) apbhdsealiantiuacessblitahtl 34 are transverse

the | ongi tudi nal extent. qf . the PZT thi.n fi]l. mactuator 16, as i,.S shown in
Flg. 1 The RE NEVS QRVEDRIOIN 2auPidr et tios Aesic e Dane R oBE ous e
as a 15 switch apidab setahtiadlyl Rlces BlectitARIR MetREendBe A0tan0aR! erHeaacitiPr for
varying the capacitance befween the el ectrodes 32? and 34. During

operation, tHRe FMEmMENBtordértefirgl morimglesndiHeadificent dhesenu¢ondheiorsupsttats ieen
the conducting F&ﬁ&*& t?éee&\i%t(rﬂo%% 5168exté?xﬁﬂgtimg aF%Ee-nlcﬁ' r%&l %: b?'rﬁ[e sﬂggtﬁteelf Cﬁ“fleo des
par y, as e source

32? and 34. More I cul ar voltage I'ncreases and
decreases the vdZATatm filot @ntateal16 applfored atcantiléner bbax, twidces n2dvedile aithindRs t he
PZT | ayer 44 ch nﬂgkz its6@i mension in length, that is, the PZT | ayer 44
respectively ex%? 8108 °Cont racts. The elastic layer 50, in turn, converts

the expanding and coptieattdtatedSkehpleryRébolideat, thetcdnali@inged dednde deuhvard
novenment of the cantilevered or distal end Bortlon 56 of the PZT thin film

act uat or 16.10vnhdransvsesst thaolapgisidinal enentapk thel PERdthes filmgeaiuatere 1@ ohise tthg
Gl ect rodes 32 and g bpah YBfrodtis BuRRALAR o the Biche B e pike” NnlTif the PALT
conducti ng pat h Ri-mcanddtizodt@ativaisctibdesbtand 3Rfard hardmelsdihe langitugiasliexedneof r odes
32,20 20, e TPy B R i ARy Bragnp ey cont ol he T
RF-out path el ectrodgse R MENME dedite 34 .in Aterdanneunith efe idiGBbAGRYBRuscEeNds on
mainly the driving voltage, and the 6 . .
15  switch with controllable displacement or as a tunable capacitor for varying the
capacitance between the electrodes 327 and 34. During operation, the RF MEMS
device 10 changes the distance of the gap between the conducting path electrode 18
and the RF-in and RF-out path electrodes 327 and 34. More particularly, as the
voltage source increases and decreases the voltage potential applied to the electrodes
20 40 and 42, the PZT layer 44 changes its dimension in length, that is, the PZT layer 44
respectively expands and contracts. The elastic layer 50, in turn, converts the
expanding and contracting of the PZT layer 44 into upward and downward movement
of the cantilevered or distal end portion 56 of the PZT thin film actuator 16. When
bent downward, the distal end 56 urges the conducting path electrode 18 closer to or
25  in contact with the RF-in and RF-out path electrodes 32 and 34. When bent upward,
the distal end 56 urges the conducting path electrode 18 away from the RF-in and RF-
out path electrodes 32 and 34.
The PZT thin film actuator 16 thus actively controls the displacement between

the conducting path electrode 18 and the RF-in and RF-out path electrodes 32? and

30 34. The amount of displacement depends on mainly the driving voltage, and the



V\D 20061076182 PCT/ US2006/ 000069 di nensions of the PZT thin fil m actuator

i ncl u%@goo‘s}a%&& nmensions of the PZT layer 44 and thecgl@sbdsobRyer 50.
V\hen enpl o as a switch, the RF MEMS device 10 can cl ose the spacing

bet ween the conducti ng path el ectrode 18 and the RF-in and RF-out path
electrodes 5 32 and 34, and thus turn on the swtch, or open the spacing
and thus turn off the switch. The RF MEMS device nay al so be enployed as a

Lunabl e, copact kilend B 0 ppn il BRELGLAR! (005 PRBP IR RENSENRERZL o,
and 34 is cont lapérd4atanyg theardasgdldygr 30he PZT thin film actuator 16 in order to
Chese. devi Les. KnowTPHLSRPRYRL Bt BLERGe RICVERE HRGruld BIoSRaPT PR on
thereof rel atiygwté tﬁelaymtcmggwpdm JR&t RIS 2Rk 8hd Rpllﬁahd RFa5u$ 9| B irbaes SCr een
printing sol der paste or conductive epoxy and refl owed at tenper atur es above

150 degrees G2} 3rd,34. adrigps Bivars|the swikkbser apanhibespecnghend Bas e dff ik
appl i cations v@wﬁ' B RFMEMR acRBLEaGlal B e oA log&Pa Sebabde b ax\@oanBvPﬁhfl'p
t e nelg 0

chip and the substrate on 15 ich i1t 1I's nou iIs N
control | ed wel the betemissrodechgpaving t]nﬂtweeﬂi thza®induading padi decrtrddaslStmd thel®IF-in

variability and onsi not be ieved. This | .
particularly p?”fﬁ?@ﬁﬁi P?:th\/ﬁletcﬁo 8 e@%a{h lst‘WBtr?:l%& P’ff&% Wnn’&spiﬁﬂﬁ%lfgn

capaci tors. Mgduaddrt1i@iRbderto seRBVeR Vahylie Widthg@psithndtakgebeivednved efforts to
develop better, nore consistent bunps or by controlling the vol une of

screen-priMed 20 Mapeed abovem@emwlse%k@wsés |tkp-ahlp$ d&lés?% thehupside gownves
many vari abl esoﬁ%?atnoﬁ“ﬁ% egiffrélét%'ta IR/eﬁ:t%EIr&'SI @51%%%@%{1%1 ﬂﬂcgéé using

pul se plating and chec qui t tento ach
al ternative, tpmltingrspkleap@té ap paductive expoer eind taﬁloa/ed ;aecmﬁpecauhes ghdve nsm s can

71! 0,2, 1T VRSB GhRMIR 5 AL, pBHol e 4055 001 SOTRARSRR 1,01 e
epoxy. The scrrgiiripg lsﬂicﬁdorﬂ‘ﬁil of LRl gag HoRitiBetGE@Athk Mlip Rhiphmdithd eutafiae sn Of
either the, machined stencil or the enulsion on the screen. Laser machined
or cheni cald et which it is mounted. The height is not controlled well because the volume of paste or
solder has too much variability and a consistent height cannot be achieved. This is
particularly problematic with respect to the construction of tunable capacitors.
Most attempts at controlling the height have involved efforts to develop
better, more consistent bumps or by controlling the volume of screen-printed
20  material. The bump process is a process that involves many variables that are
difficult to control. Bumps are often plated using pulse plating and checked quite
often to achieve optimal height. As an alternative, the bumps are lapped afterward
to a specific height. This can yield a very uniform bump-to-bump height, but it
does not compensate for the variation of volume of the screen printed solder paste
25  or conductive epoxy.
The screen-printed material depends greatly on the tolerances of either the
machined stencil or the emulsion on the screen. Laser machined or chemical etch

stencils will typically have a tolerance of +/- 0.001 mil., which can result in great

volume changes if the opening in the stencil is small such as 0.004”. Emulsion



stencils will typically have a tolerance of 0.001 ml., which can result in
great volune changes if the opening in the stencil is small such as 0.004".
Ermul sion 7 WO 2006/ 076182 PCTI US2006/ 000069 screens provi de inconsi stent
vol une deposition because of the screen nesh that inpedes the flow of

mat eri al . ArMOBI6OZIPE oach is to assenble the flip chip PETAE2006600064
conpression of the entire chip onto nall eable pads. This nethod yields
devices that assenble well 5 at tenperatures above 150 degrees Cel sius, but
the pad height is still difficult to control with this process. Hence,

whi |l e the above-referenced a catlo esses, the n in the
need renains in t¥EH} POy ?"g‘ﬁ gﬁp%t‘?"hgetca‘fsg gé‘g? é“?“"‘“t“o”“ﬁ%‘n{lﬁl Ycture

and an inproved iﬁmeda‘sa&tﬂuwmamtahod therefor The need i s addressed by t he

m cro- 10 el ectro-nechanjcal device and tho t he present inventi
Fig. 2is a cross-secrrl\“B?l?ﬁ‘i approRen Fita drsgm ‘ﬂ?ﬁé‘?l“é‘t"g “@ﬁ%ﬂﬁpﬁéﬂ?“

MEMS device 10" th@eddirs aﬁp* ofitd Ineletad patdg omhaaﬂﬂthbapiemwleek that aadéﬁlereebaamce with

the present teachings esi of the_inyentive
device 10' is %u@tgﬁQ¢WF§ab§mﬂ§b gFgTP?j (’E“Iiséus B?to‘g ‘gg'@‘ﬁhtl‘e Swltdf{‘%["ﬂb"
exception that tr@nﬁam@iughis\f,ﬁ,cbgmps are 15 repl aced by bonds of gold or
ot her suitable materi gl R%?tops are included between the actuator and

the substrate and hol @sen% B¢ pRpverrsierencrbarplierdiop addzesses theypsed i the art ane| di ng

or bondi ng. HencCeneed Fenfalt® i {hleldﬁtféxadnlmeMEMSQﬁk@thht is leliGerith MRAIhoGe Bh@vdnce 10'
I ncl udes a base substrate 24 disp aqsled oV | ayer of netallization 23

whi ch, dependi ng BRTYVAL mApRfachring waheg erethty E‘??r@‘-’é%% addregsed, by {hg MiEre (CPW

transmi ssi on {4 Neslectrd-niddManical désics Atd M&hRABP A RSB invéfiRnbase substrate is
fabricated of alum na._ However, those  of ordinary skill in the art wll

appreciate that the bdie? 39 Grass-sersionalside Wew g an \Hflftf?tlvwaqufnengaﬁq MEMS
arseni de, Duroid Qkicetbreh d%HésEnﬂﬂE@re‘idﬁ@ﬁ‘%f&lﬁﬁ,leﬁﬂnﬂe& ReacdbrahRE WithGhd edeltm The

transm ssion |i net 23 provides for input and output of radio frequenc }/ (RF)

eachings. As shown in Fig. 2, the design of the inventive device 10’ is substantially

similar to the prior design 10 with the exception that the conductive bumps are

15  replaced by bonds of gold or other suitable material, gap stops are included between

the actuator and the substrate and holes are provided in the substrate to facilitate
welding or bonding.

Hence, in the illustrative embodiment, the inventive device 10’ includes a base

substrate 24 disposed over a layer of metallization 23 which, depending on the

20 application, may serve as a co-planar wave (CPW) transmission line. In the

illustrative embodiment, the base substrate is fabricated of alumina. However, those

of ordinary skill in the art will appreciate that the base 24 may be implemented with

quartz, gallium arsenide, Duroid or other suitable transmission line dielectric medium.

The transmission line 23 provides for input and output of radio frequency (RF)

25 signals. A first contact 34 is disposed on an upper surface of the base substrate 24.

As per the embodiment of Fig. 1, a piezoelectric actuator 16 is disposed over the

upper surface of the substrate 24. A second contact 18 is coupled to the actuator 16

and disposed in proximity to the first contact 34. In accordance with the present

teachings, a gap control mechanism is disposed between the base substrate 24 and the

30 actuator for limiting movement of the first contact relative to the second contact. In



25 signals. Afirst contact 34 is disposed on an upper surface of the base
substrate ﬁ‘ﬂ)zooﬁ@@&r t he enbodi ment of Fig. 1, a piezoel petiksooandodét or 16
i s disposed over the upper surface of the substrate 24. A second contact 18
is coupled to the actuator 16 and disposed in proximty to the first
contact 34. In accordance wth the present teachings, a gap control

mechani smis di sposed between the base substrate 24 and the 30 actuator for
limiting noveneg, ifisttallfe EhbREm&RthaGp £kl n¥ehahRnd RSrSEERNS, &@ma@i@; of IN 8
WO 2006/ 076182 PCT/ US2006/ 000069 " the 'illustrative enbodi ment’, the gap
control mechani s ¢antnel opsdeang y9 of phighgnlyityrosre shyayp in &ia: Rolln Sreepemplaryand 39

of which only t . h ] ; P e FYo:ei€ i he gap
control stops fa P%gﬁelztdq%?g%(g?%&rl esgqutﬁ%é&geph&ef |t’§lré%§tr| cgglﬁg:ageyrlﬁcgfc. In
practice, pl uramastiapsinaprectiesgslurallitosears ksddl €thoser skitied ar the aitl willegppreeiateat € 5
that the pregsent teachings are not limted to the nunber, placenent or
const ruct i on’ of Hf ﬁ’@ PEESEHscacies #e ng&lé‘ﬂlfﬁdaff’)}hee?iﬁlbl%ﬁr’rfg?ﬁefnebqp?}rcapﬁ'f“ﬁ%?‘}ﬁsoni c
bonds 25 are usefstgps. connect the actuator 16 to the base substrate 24. As
per the enbodiment of Fig. 1, a second substrate 14 is disposed over the
pi ezo- el ectri c act ualmothel gxempiary (embiodimest rpduril, éhetmosonisobpndsn2S arehesedetvond
substrate is silj : , g . . T ved
conpletely wt h%%@ggégg?%}ﬁ%g‘r#Grtgkﬁkte%aggggjg%gétgg?' gﬁﬁ"*grﬁ‘éﬁﬁ’g dﬁn?]e\'l}g% |15'nf’r£DThe
second subst r at eectdd hudbstrate 14 $s digpossicbvirthe peroteleetricaotiato? 36t tn fthadilustrhtistee

application_of a pbopding.tool thereto.. The deyice 10' . is fabricated o

PPl con and1fs FRPOBBATORESSoRE ST S haTe. HOTE o i AEIEEY B 4on
"flip chip'. A a@PaGeisndecohpletdy wlthhe defafingePin Bletesgeti@fe ptésenOivénion.
alumna circuit and on dielectric 18 attached to the piezoelectric actuator.

Losses are | ow Bbe#aeadt substeatpddi hasr welisell &g £7 joyeraithe hentist B torefeeilitatezat i on
on the capaci t?ﬁ 18h8 tJf%%%ﬁdﬂa%toggﬁlgretoThe el ectrode on the MEMS device is
actually two e et rodes f o m g back-to-back series capacitors as shown in
Fig 6.. Wth this 20Theddviteel0’ nofaBificapait dn @hdontmdas fligped pniezthe abwting base.
material or 15" | er?cne, ﬁ)%%gigr%ttign "“ﬁ&'p%nip’. A capacitance is developed between electrodes 34

on the alumina circuit and on dielectric 18 attached to the piezoelectric actuator.
Losses are low because the capacitor dielectric is air and the metallization on the
capacitor electrodes is gold. The electrode on the MEMS device is actually two
electrodes forming back-to-back series capacitors as shown in Fig 6.. With this
20 feature, no RF path exists on the piezoelectric material or silicon substrate which
would compromise insertion loss performance.
To construct the device 10°, in the illustrative embodiment, a photoresist of
appropriate depth (e.g. 2 microns) is spun on the base 24 and the height is controlled
(e.g. to approximately +/-200 angstroms). A photo mask may be used to locate four
25  posts near the periphery of the chip in areas of base substrate which will serve as the
gap stops. The alumina base substrate 24 is placed on a bonder such as a Hybond
Model 676 Utrasonic thermosonic wire bonder with a SPT (single point protruding-v
tab) tool 19. The silicon chip is placed and located using outside alignment targets on
the base substrate. After alignment is completed the gold to gold (Au-Au) bonds 25
30  are welded through the holes 15 and 17 in the silicon substrate 14.
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connection is made by thernosonica bondi ng t he upper pad 29 of "the gold

bond 25 on the ﬁﬂhﬁi@ﬁ%lBbeb@dmgtth@ll%lth@@tléﬂhQ®PFblmwbstta@W\félp theggoBnicaiowehe gol d
bond 25 on the xpﬁﬁﬁze%%ﬁe{eﬁfeaf\%ﬁf fﬂﬁxﬁ] gﬁqefi t?‘{jhe g@ %0§95Ub§n¥fﬁqg§s ondi ng

tool 19 throug es’in ndin rough hol es
inthe flip chllnttswmtln:atbeachmédaer rmsonl C power is utilized nore

effectively than if s a 1o the t f e substrate, S a

better bond can be &Eﬁ?‘é@ﬁ&afﬁ)‘? d]iu}ephl,;t\} r]}fg‘?vﬁ é%rﬁb&herﬁblifpn S’t“i’?ér‘ﬁ‘ﬁ‘?(r;lllj €15, 17
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| ayers 50 under old pads (This is 10 di'sclosed in the above referenced
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upper and | ower ds t oge r t rovid the
cross-sect i onalneg lO\PeR Eﬁ&“ﬁ%ﬁ% AP e’(§f° ‘@S‘ ison ﬁn‘;&GﬁgT upper ra%‘?atl on.
Not e that when |g&&csat RgethéMs pkvRRthedidd er pads are wel ded together to

15 Fig. 3 is a cross-sectional side view of a MEMS device of Fig. 2 in assembled

relation. Note that when assembled, the upper and lower pads are welded together to
provide the bonds 25 and the gap control stops extend fully between the base
substrate 24 and the actuator 16.
Fig. 4 is a top view of a single MEMS variable capacitor mounted across a
20 CPW transmission line in an illustrative phase shifter implementation in accordance
with the present teachings. As shown in Fig. 4, the device 10’ is aligned using four
alignment targets 41. The inventive flip chip 10’ is secured on the base substrate (not
shown) using four bonds 25 at the corners thereof. Lines 43 and 45 allow for the
application of actuation signals to the piezo-electric actuator 16. The dark rectangle
25 in middle of the device is capacitor electrode suspended between piezo-electric
actuators. In Figs. 2 — 4, note the removal of the upper silicon substrate 14 in the
region of the capacitor so that no lossy material would be in the region of the resonant
structures.
Fig. 5 is a perspective view of an illustrative implementation of a loaded line

30 phase shifter utilizing MEMS variable capacitors in accordance with the present

10



provi de the bonds 25 and the gap control stops extend fully between the base
substrat e wé Boghiiee actuator 16. Fig. 4 is a top view of per/B51006/600MBNVS

vari abl e capacitor nounted across a 20 CPWtransm ssion line in an
illustrative phase shifter inplenentation in accordance wth the present
teachings. As shown in Fig. 4, the device 10" is aligned using four
alignnent targets 41. The inventive flip chip 10" is secured on the base
substrate (not tesdhéid) IFigNg, thesilichiofBsiratdl1als shben Egped withies eater skdtings 43
and 45 allow for the appl i,catié)n of actuation signals to the piezo-electric
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the renoval of the upper silicon substrate 14 in the region o}? t he

capaci tor so t htae spRstrhig2dyio peatviddei RE inpiiaind obtpust. Fig Heisreghematigfdidgen pEthenant

structures. Fig, S a rspegctiy iew of an il trati.ve,i ement.ation
of a | oaded ig‘éluaffg‘%%ﬁ%g@mgﬁﬁaﬁnef’ 9486 fige B it i“gtﬁ‘&gé\ﬁ%@ i YeRPe
accordance W t heaphetopy eS8t 5. 14 1AREQA6 OMORIG2 6 PCPWUGRANGLHAR00R] 10eashi ngs.

In Fig. 5, the siJicon substrate 14 js shown fljpped with the center section
et ched away as Eﬁr@el‘}%]%)éap%ﬁ{/ y %V%\ﬁﬁk&r@p%gﬁk%@ei@mﬁ%ﬁ@m \FAPACHYSE e

capacitors 10" s afferdlHHas s&h%\f&{ndgoﬁﬁ%&sr ah %e%ﬂustéﬁs‘ef’éé{m&dzﬁ&m @é&tpqatdri ne 34

is di sposed above the Substrate 24 to provide RF input and out pu Fig. 6
is a schematic ¢éctngdesmronsedhe 5 illustrative inplenentation of a | oaded |ine

phase shift utili zi. i abl cit. f Fig._5.. LS. evi dent
fromFig. 6?6 CPW t I’?ﬁgg’l—l S%EV% ﬁ%{&{alrl]g% ‘%E)‘ﬁ%gfggm%ggaﬁ'g iocfgil ?35/6%18??1%%%1%?{6 he

vari abl e capacihiztosaipaiupled @andntissidnighedandpass Apercd00akitizing Yienetinble MEMSt 0
bot h ground conductors. In the illustrative enbodi nent, 8 capacitor
el ectrodes are ‘fi‘%cdt°is()1q:i°gt.he?rqs§ménv§%t&ﬁnf onal top view of a circuit |ayout of

b A e T e S R K
i nventi on. transmission line band pass filter 200 of Fig. 7. As shown in Figs. 7 and 8, variable
15  capacitance loading on the ends of the transmission line resonators 202 — 210 (even
numbers only) allows tuning of the center frequency of the pass band. Illustrative
locations of the piezo-electrically actuated capacitor electrodes are indicated in Fig 7.
As per the phase shifter circuit 100 of Figs. 5 and 6, the MEMS devices are mounted
on a single silicon substrate that is flipped onto the alumina circuit. The center of the
20  silicon substrate is again etched away so that no lossy material would be in the region
of the resonant structures. RF signals are input to and output from the filter 200 via
the first and fifth resonators 202 and 210 respectively. The RF signals are then
coupled between the resonators.
Thus, the present invention has been described herein with reference to a
25  particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional modifications
applications and embodiments within the scope thereof.
It is therefore intended by the appended claims to cover any and all such

applications, modifications and embodiments within the scope of the present

30 invention.
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Fig. 8 shows a schematic diagramfor interdigitated mcrostrip coupled

t ransmi ssi oRollbék7haad pass filter 200 of Fig. 7. As showpdrmiusiogseoodsoand 8,
vari abl e 15 capacitance | oading on the ends of the transm ssion |ine
resonators 202 - 210 (even nunbers only) allows tuning of the center
frequency of the pass band. Illustrative |ocations of the

pi ezo-el ectrically actuated capacitor electrodes are indicated in Fig 7. As
per the phase shifteragdordisdly, 100 of Figs. 5 and 6, the MEMS devices are
mounted on a single silicon substrate that is flipped onto the alum na
circuit. The center of the 20 silicon substrate is again etched away so that
no | ossy material wo i ion of the resonant structures. RF
signals are input to an l%%%%i$$%§gthe filter 200 via the first and fifth
resonators 202 and 210 respectively. The RF signals are then coupled

bet ween t he resonators. Thus, the present invention has been descri bed
herein with reference to a 25 particular enbodi nent for a particul ar
application. Those having ordinary skill in the art and access to the
present teachings will recognize additional nodifications applications and
enbodi nents wthin the scope thereof. It is therefore intended by the
appended clains to cover any and all such applications, nodifications and
enbodi ments within the scope of the present 30 invention. 11 WO 2006/ 076182
PCTI US20061 000069 Accordingly, WHAT IS CLAIMED IS: 5 12 WD 2006/ 076182
PCT/ US2006/ 000069 CLAIMS 1. A micro-el ectro-nmechani cal variabl e capacitor
characterized by: a first substrate (24);

12



a first contact (34) disposed on a first surface of said substrate (24); a

pi ezoel eaypizgodrkigat or (16) di sposed over said first surg@Eggs@bs/®@avdd
substrate 5 (24); a second contact (18) coupled to said actuator (16) and

di sposed in proximty to said first contact (34); and a gap control stop
(37) disposed between said substrate (24) and said actuator (16) for
limting novenent of said first contact (34) relative to said second contact
10 (18). 2. The invention of Caim1l fusfRevsi ncl uding plural bonds (25)
between said actuator (16) and said first substrate (24). 3. The invention
of Caim2 wherein said, bonds (25) are thernosonic gold- gold bonds. 4. The
invention of Claim3 further including a second substrate (14) di sposed

over said piezo-electric actuator (16). 5. The invention of C aim4 wherein
sai d second substratleA(rﬂié)) Momchaﬁc(alﬁariabtb?:)ipz&iﬁefcl‘&ﬂictéribﬂh@s (25) to
facilitate appli catl ?%gl ng tool to said bonds (25). 6. The
invention of laim#B ‘Fﬂrs’t‘ Fte tuding a netallization |ayer (23) under a

second surface of saiffst26RNE34HURPbIALE a (g urfaks of said substrate (24);
a piezoelectric actuator (16) disposed over said first surface of said substrate
5 (24);
a second contact (18) coupled to said actuator (16) and disposed in proximity
to said first contact (34); and
a gap control stop (37) disposed between said substrate (24) and said actuator
(16) for limiting movement of said first contact (34) relative to said second contact

10 (8).

2. The invention of Claim 1 further including plural bonds (25) between said
actuator (16) and said first substrate (24).

3. The invention of Claim 2 wherein said bonds (25) are thermosonic gold-
gold bonds.

4. The invention of Claim 3 further including a second substrate (14) disposed

over said piezo-electric actuator (16).

5. The invention of Claim 4 wherein said second substrate (14) has wells (15,

17) over said bonds (25) to facilitate application of a bonding tool to said bonds (25).

6. The invention of Claim 1 further including a metallization layer (23) under

a second surface of said second substrate (24).
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