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

el ectrical and el ectronic conponents, circuits and devices. Mre
specifically, the present invention relates to electrical and electronic
conponents inplenented with mcro-el ectro-nechani cal (MEMS) devices.
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| osses an conventlonal i npl enent ati ons 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
somewhat | ossy due to parasitic effects associated with the actuation
mechani sm of the MEMS devices. Further, prior MEMS desi gns have used

el ectrostatic actuati on and BAGKGROUND &Fﬂ‘l@ EXPEDNIEODs. 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 ngdelgplthe Inventieny patent Application serial no. 10/294, 413
entitled, N CRO ELECTRO WO 2006/076182 PCT/ US2006/ 000069

The present invention 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-
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Novenber@%'z?, Zoﬁégl%’gy J. Park el at. (Atty. Docket No. Pé&[m%fﬁogdofﬁe
t eachi ngs of which are incorporated herein by reference. This application
di scloses and clainms a radio frequency MEMS device with a piezoelectric 5
thin filmactuator disposed over a substrate and conductive bunps which

serve as spacer | n_aone enhodi ment e jce is disclased as hein
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too nuch variabiTl and a consi stent t°” cannot be ac
particul arly prandlaenRF ipathweledtrode 9p eattrotlably haried byt anuadthaor béant tnaldee to

capacitors. Mst att ts .at controllin he height requirenent have
i nvol ved ef for tsgle‘ftweﬁ'gpé%ﬁhﬁﬁaﬂ?@‘ttatné?!,’ethfS‘ék%gﬁ%iT ®nt bunps or by controlling
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that involves many variables that are difficult to control. Bunps are often
pl at ed using pubeeofptiativanty comstentioedidssignsyaiet &ypwhlleassemblrd Hiyeseeseo printing

hej ght. As an alternative, the.bumps are l.apped . afterward to a.specific
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paste or conductive epoxly., The screen-printed material depends fPr eatly on
t he tol er ances °gtradjof ples height gap between the flip chip and the substrate that the flip chip i3

15 mounted on. 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 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



mac'hi‘ ned stencil or the emul sion on the screen. Laser nachi ned or cheni cal
etch st &We#98074182 typically have a tol erance of 0. 00PCHUS2006{A006% can

result in great volume changes if the opening in the stencil is small such
as 0.004". Enulsion 2 WD 2006/076182 PCT/ US2006/ 000069 screens provide

i nconsi stent vol unme deposition because of the screen nesh that inpedes the
flow of material. Another approach is to assenble the flip chip usin

t her mal conpr e¥8§8H PETVide Hsorsittent ovolumepdenesitioneiccauss| of thadsreemmesh et hod

yi el ds devi ces;t hals @ 5 at tenperatures above 150 degrees
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above-referenced apphathatapproacididrie asemblelite figechip nsinp ehaink] canpressid afemai ns
in the art for_ an RF M5 desi that iIs easjer to nmanufacture and an
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present invention and the nethod makl ng ‘sane. | ustrative
enbodi ment, theontiohventive device includes a first substrate; a first

contact disposed o firs ur.f ace of he ,supstrat e; i ezoel.ectric
actuator di sposed %%Fe’t%%feftﬁ? oV 'ﬁ?f?rﬁlcl:cga8Pp1{°ﬁ§°1§ﬁ§&§?sﬁ%§tat8§)n%?% WA 2cont act
coupl ed to thendadtretading insthél ad fERAFEUMEM Pddidnthityis bidrie niahtftuentagt ; 20
and a gap control nechanj sm di sposed between the substrate and the actuator
for limting W&%‘f?éﬁﬁ“ﬁ’late@manﬁ%%lﬂn&@%%t relative to the second contact.
In the exeppl ary enbodi ment, the gap control nechanismis a gap control

stop constructed of dielectric material. In practice, plural stops are used.
In the exenplary enbodi nent, plural thernmosonic bonds are used to connect

the actuator to 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.



25 the first substrate. A second substrate is disposed over the

pi ezo- el eMQ3086/8%18%at or. The second substrate has wel | s P6FA[S200680M6hds t o
facilitate application of a bonding tool to the bonds. 3 WD 2006/ 076182
PCT/ US2006/ 000069 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a
cross-sectional side view of the MEMS device disclosed and 5 clained in the
Park et at application. Fig. 2 is a cross-sectional side view of an
illustrative enbodi nent oBRIEFHNESCRIBATION OF THE DRAWINES r el ati on and

i npl enented 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 CPWtransmssion line in an illustrative phase shifter

i npl ement ation in d6&ol dadcEossyieetipnalhaidyvisyeof the Rgdevii gisclesed aind

perspective Viﬁ%{yf“?ﬁ e P%@L{/g&#%&lbd’ml enentation of a |oaded line 15

phase shifter I ZI ng e capacitors in accordance with the
present teachi ngs.Figi2s a@rdss-sectisndigidatviess afi apdilastiative érhibodimentsf & MEMS
i npl ementation of a,loaded _|ine phase shifter utilizing I\/EI\% vari abl e
capacitors of devigesin disgssembled relauon: andofmanlemenied, mearcgrdaice B e PRagBUt of a
5 section intepggitated 20 microstrip coupled transm ssion |ine band pass
filter utilizing the variable MEMS capacitors of the present invention.
Fig. 8 shows a schdimt3iis adimesertipndl side ivietveofch MEMS device afifig t2rinpssembistied
transm ssilcbn Iip? band pass filter of Fig. 7.
relation.
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.

25



25 4 WD 2006/ 076182 PCTI US2006/ 000069 DESCRI PTI ON OF THE | NVENTI ON

||| ust r at WMe2086BBsds2nent s and exenpl ary applications wil | PRENSBR6HRYER i bed 5
with reference to the acconpanying draw ngs to disclose the advant ageous
teachings of the present invention. Wile the present invention is
described herein with reference to illustrative enbodinents for particul ar
applications, it should be understood that the invention is not limted

t hereto. Those havi ng or di naPESERIFTIOMOFHEHEINVANTIE ess to the teachi ngs
10 provided herein will recognize additional nodifications, applications,
and enbodi nents 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 disclosed and clained in
the Park et at. appligm@tyopmbediments ardhpxrgwplasy appliceHonsr Wil pewWrhsodeserégdby 15
reference rej i ' : [ ' L conduct or
substrate risfl e‘g@%fﬁégﬁgﬁﬂei alcacdt: | ﬁyléll F Id}nglug% Sgtd%rglo%%ﬂ{r?%gk#g%%gﬁs %ﬁ(iraﬂm?ugbst rate
14, a conductofie pragent mbedibonode 18 driven by the piezoelectric thin film

actuator 16, cond lve bunps .22 which_ ar nnected tQ an external voltage
source (not shown) m&ﬁrpé%?ﬁén‘fq‘?g%gl qeéﬂg’eﬁgf?é‘?s&’ﬂ rp%fengf,éq HUSEVE e )
device 10, an &RiboRimicnes for ?éelgégﬁ%?ﬁlé&go%ﬁ sBdd BEuhdkrabsh et AW inwahiéh is

el ectrodes 32 and 34 noun 1le RFE circuit substrate 24 so as to be
spaced from t heot diontdd deretgy Plask bevingondodey sk8l inTthe art phd aesebsctotths teachiiiga il m

actuator 18, is_fahrjicated in,conjunction.with the .sem conductqr substrate
e oL b corbBEd SRR i ARGt | Bl SO eR BRSO AR ons S 4
technol ogy, fenibodinen® @ithint the Scopet terebhaid addifibiey) ifleldssinr whiel theripedenrent t he

bunps shown in_the 25 rjght side of Fjg. 1 act as spacers, although the
bunps coul d al PEmHaR WeRIdperod signigegnt uphty.

Fig. 1 is a cross-sectional side view of the MEMS device 10 disclosed and
claimed in the Park ef al. application, the teachings of which are incorporated by
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



anot her device, if desired. The piezoelectric thin filmactuator

conpri se"‘éﬂ?ﬁﬁ”"é{qml%l e material having piezoel ectric pr(gﬁgqu&ﬁ/oo?oc??
exanple, lead zirconate titanate (PZT). The PZT thin filmactuator 16

i ncludes a pair of electrodes 40 and 42, a 30 piezoelectric |ayer 44 nade
of lead zirconate titanate (PZT) disposed between the 5 WO 2006/ 076182
PCT/.US2006/ 000069 el ectrodes 40 and 42, and an elastic |ayer 50 di sposed
bet ween t he el deatioderctland(42,and apglastic dayse 60 disposed betvepen the elpatrop 40 (the

sem conduct of - kBShEAoR, fileig ) ah b ShiBlhduBYPLuRGark §4P7 OV dBd adi acent the
el astic | ayer reven s’or Sustantrali y reduces el ectri cal
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trench region 60. In the illustrated exe odi nent e conducting
pat h el ectrodeand@ free dmral cHChﬁﬁsvmrEimgt ih'@ 4 tmgqhtmgilonép ofthesubstodte tlhe TIBZT thin
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and 34 are traﬂﬂeh‘ﬂi[éga)ntéme | ongi tudi nal extent of the PZT thin film actuator
16, as is shown in Fi F MEMS device 10 in accordance with the
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and 34. During operation, evi ce ges t e distance of the
gap bet ween t hendaiingprthngegmidt iepepdndisdiar iBthegrighet dfethRipagan SindlaRf- that pat h
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the PZT thin film actuator 16, as is shown in Fig. 1.

The RF MEMS device 10 in accordance with the invention may be used as a
15  switch with controllable displacement or as a tunable capacitor for varying the
capacitance between the electrodes 32? 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
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requiring strict control of the gap height between the flip chip and the substrate on

15  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



requiring strict control of the gap height between the flip chip and the
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Cel si us, but0 t helectradneqisinighlt devise and théthadiof fheprasent imyentont rol with this _
process. Hence, whilgg bhe 89{%@&{0%{1%@20{&&%&9% b Qﬁb@&flrg§r§%f§w§ need in
the art, a need re ns 1n the ar or an RP desrgn at 1S easier to
manuf act ur e anddesite 10’ in disassembled relation and implemented in accordance with the present

teachings. 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



I mproved manuf acturing nethod therefor. The need is addressed by the mcro-
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teachings. As shown in Fig. 2, the design of the inventive device 10" is
substantially simlar to the prior design 10 with the exception that the
conduct i ve burisillypteative en@%il@é@dthlﬁﬁabéﬁm@l atechaslism iy provided by aipluralite of

macerial 93 bR LBl SPMBbTIUSRR ol ' SRANRLE N RE AR At e and

hol es are pro trate
Hence, in the enﬂbbdﬁrtmatthvegaprdomﬂolnnms fabhmwdméqmbwerséfsvioee)tﬁda ditlegtticides a

base substrate 24 disposed over a f talljzation 23 which,
dependi ng on trP?ée“aéolhéB’ﬁF fiCaPiueh StOPr%&P/ ‘8 T %Sea?kﬁfﬁdrw heart Wall aPrrestay

transni ssi gn Ithmhe ﬁresehh@adhkdgdaﬁer@k liMBed e hiRBLr, iabé%néh@%ﬁc&ﬁ{?&éuoﬂfo? :ls

fabricated of alumna. However, those of ordinary Skl in the art

appreci ate t hdhe stops. base 24 nay be inplenmented with quartz gal I ium
arsenide, Duroid o h i.on line die Lum The
transnission |ine ;%%brgﬁ es fg?boldr%%g %i”%’? tﬁ?YS‘L?PmB? q’lpﬁgﬁ 3%f$f8q‘t§8‘ﬂé‘9 (RF)
25 signal s. Acbmuest the abtuatol 18t the babe SpiBae” 24N ApstfReémbidimanef Fig. tthe base
substrate 24. per the enbodi nent of Fig. 1, a piezoelectric actuator 16

i s di sposed oxﬁéqonflﬁébstraﬁsplérls Q’EPQS%%V%@%H%%ZOS‘%‘E%@? agteatorgl 6. Andbe-idlyeirativat act 18
i s coupledto e&d%%digrgehv HhPlec sutﬁﬂﬁtéjfs%ﬂfeﬁﬁ.d Ho@ve%{oéﬂﬁ} hﬁtehgls%ﬂag/ e Js

contact 34. In acc ance W t e present "teachings, a gap cC
mechani smis dind pozeanbvbktumﬂﬂelyhéthbutsbpaﬁbgﬁomtthe sbpaofihe pees@d nmentumlt or for

O 20061 076162 BCHRRL O HBOTESS PR (15 Bt (4t P1FE LROSIThEn © PR,
control rrechampglmahsn @M)ydndﬁ»,g téO! tierddd. ur aI ity of gap control stops 37 and 39
of which only two are shown in Fig. 2. In the exenplary
The device 10° is fabricated on silicon and is flipped onto the alumina base.
15 Hence, the designation “flip chip’. 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.



enbodi nment the_éﬁaag control stops fabricated of photo resist or
di el ectrl"Y:0 20960 |. In practice, plural stops are useHCTﬁé@élog%f"?l ed in

the art will appreciate 5 that the present teachings are not linmted to the
nunber, placenent or construction of the stops. In the exenplary

enbodi nent, plural thernosonic bonds 25 are used to connect the actuator 16
to the base substrate 24. As per the enbodinment of Fig. 1, a_ second

substrate 14 is di bpbedipstatsie auhedinieat stteshment and eleetrieal sennestion s rflw@
illustrative t !I%‘Pﬁ ot her
materi al s may gé&ﬁ&glﬂ% dbog%ifﬁ?é%ﬂ@@%‘baﬁ‘é@%ﬁ%% l%ﬁ?@oitﬁ&gtgpar I ng rom t he
scope of the prastator ifhtogthe lmrpadlﬁec)fsm:gnwbmdbﬁmamebas@ sbbﬁrammtsin’gS and 17
over the bonds 25.to facilitate Ilcat o n t hereto. The
device 10' | saf%%ql%?;%tﬂéeﬂmfisr?nécl I‘”F% %ﬁlﬂlglt" 1? Blé?llgg g?}estg ie }éﬁ &R $3Phase.

15 Hence, §hesgeagNaYibeRding thrdugh MoRs in the AAPAED 5i3GSe ke HEYRIsONEPoRat Ween
electrodes 34 on the alunmina circuit and on dielectric 18 attached to the

pi ezoel ect ri cisagtlized srore effestvely thandf 1t0’WSt?@§1éﬁﬂs@ thiygorcabtheisvbstratgy ueatric is
air and the %@gk}é@hgga%ﬂ} Qe capacitor electrodes is gold. The
e

el ectrode on evicée IS actually two electrodes form ng

back-t o- back seri ek adiflastiatios smbelimémwhe holes-i § l@ m th¥ Eilichdubdst?dle i €ateur e, no
RF pat h exi Snﬁ on the piezoelectric material or | ican subst rat e which
woul d conpr onf&® AP AChEL & FRrioRiRitcayery g0 clB’ﬁ‘é’E thecgold padyyElhicE 10', in

the illusypat hieoeaR e BBle referffaed PLRS) Elt gglmaﬁgxﬁ’r Offe! tgx{rﬁxogcﬁﬁé Ebn(iﬁrgg 2

mcrons) is spun on the base 24 and the IS contr
appr oxi mat el y p@ametarsgiot tlmnﬁl)straﬂ\vepmﬂ!@lmm Iarerrbi)f) ¥ of eltrasanid p@attreﬁ(}msr 25

posts near th riph of n.areas, of base ubtr te.which wll
serve as the g‘é‘ﬁg %%%2% 5?%%3“%}5@@“ 158 PO ER aﬁql %fﬂ 8752 bonder
such as a Hybageded Mop@letrfié @ubih atﬁ@mu@det lapdrETes @Y $liodn' Mdvend @fe Wpthard SPT
(single point protrudi nﬁ} tool 19. The silicon chip is placed and

O&¢]

| ocat ed usi nglsr Badsd egFﬂﬂiﬁYldﬁféFB@tdé 28n

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



the base substrate. After alignnment is conpleted the gold to _gal Au- Au
bonds 25WRPONEIFE| ded t hrough the holes 15 and 17 in ?ﬁg’%ﬁzg‘]‘;@g?{&%ubs&ate
14. 9 WD 2006/ 076182 PCT/ US2006/ 000069 In the illustrative enbodi nent,
attachnent and el ectrical connection is nade by thernosonically bonding the
upper pad 29 of the gold bond 25 on the underside of the actuator 16 to the
| ower pad 31 of the gold bond 25 on the base substrate 24 using a nodified

t her mosoni ¢ wiktgingonk Fig 3 dhs siliconspfstaigH 4isFhosvn flippasewith the ceptensestion
substrate. By ' j i ' - Ak e

t her nosoni c pc‘?\t/%lggﬁi E‘ng %{]{1%{%%& m%é?i % ?\gcl? g %‘léﬁs@at? Egp luﬁ#ﬁ)?’%‘qa\%’g%“ig‘g??sed to
the top of thdO0Subslispated ovthaisubatratbe4.t ArCIHNncinganissibelinctd B\dighosddrabave

illustrative enbodi nen the holes 15, 17 .in the silicon substrate 14 a
deep reactive e&ﬁ%ﬁ%é@%%ﬁ%@éﬂ%ﬁ ‘Ei’ép‘}tahgré‘%ﬁlsﬁﬁﬂlépc ‘ﬁ%ra@’o‘?fdhepad;e
(This is 30 dinseh®eetnilémddifioaIvelohliciRnease Hank &nizﬁldg MRS Ve@dpion. The

t her nosoni ¢ bondi ng paraneters for the illustrative enbodi nent are 150 nm of
ul trasoni ¢ powenaciteefsrig dur dsiierevidemdi@sdiigy Gf CHYr cansmidhion liegH02 arce, hi gh

power, and | ong. h [ i .needed to net.rate through the nitride
| ayers on the gﬁl+cﬁ%gl ¥ %Iéne\%\le%thf?\vgn %g%é%i’ agllrt\%f 8?%%9?5 %)Eﬁéngtsg‘ FARACHS provi de
t he bonds 25. sHimkir@allBtol ttigoued sond@térs. Olitthe s atiie@mbolingentyB\aptayt ce of
Fig. 2 in assenbled relation. Note that when assenbl ed, the upper and | ower

pads are wel déiciesdsérfaised o  provide the bonds 25 and the gap control stops
extend fuljlhy betwe Rask t uak or - - El 41is a
top view ol:‘o a si ngF%‘ R/Eﬁ/g var ing B%E:egg{%%? tgigcrﬁgo é\u?gggcasc#gﬁs@{gg@ég%%%
transni ssi on [Inierestrip cawpléd trarsiission Viee pdvdpesssiiitel 260 utiligingtire marablaoMEMS
accordance wth the :l nt teachings. As shown in Fig. 4, the device 10

i s aligned usiARFHES! %ﬁ‘ﬁ%‘?fﬁﬁe ‘%V%{Flgats 41. The inventive flip chip 10" is

secured on the basBiggshéwd @ kdheinatic diagram for interdigitated microstrip coupled

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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shown) using four bonds 25 at the coners thereof. Lines 4 || ow for
the appl WOAWPYH68%2 act uati on signals to the piezo-electrezﬁgg@gQW@?116. The
dark rectangle 25 in mddle of the device is capacitor el ectrode suspended
bet ween piezo-electric actuators. In Figs. 2 - 4, note the renoval of the
upper silicon substrate 14 in the region of the capacitor so that no | ossy
material would be in the region of the resonant structures. Fig. 5is a
perspective view of A&¢Prdinglyst rati ve i npl enentation of a | oaded line 30
phase shifter utilizing MEMS variable capacitors in accordance with the
present 10 WO 2006/ 076182 PCTf US2006/ 000069 teachings. In Fig. 5, the
silicon substrate 1WHAT3IOGWAIMEDISed with the center section etched away
as di scussed above. Bel ow the substrate 14, plural variable capacitors 10
are di sposed over a substrate 24. A CPWtransm ssion line 34 is disposed
above the substrate 24 to provide RF input and output. Fig. 6 is a
schematic diagramof the 5 illustrative inplenentation of a | oaded |ine
phase shifter utilizing MEMS variable capacitors of Fig 5. As is evident
fromFig. 6, CPWtransm ssion |ines 102 are periodically spanned by the
vari abl e capacitor electrodes form ng shunt capacitors symetrically to
both ground conductors. In the illustrative enbodi nent, 8 capacitor

el ectrodes are used 10 Fig. 7 is a sectional top view of a circuit |ayout of
a 5 section interdigitated mcrostrip coupled transm ssion |ine band pass
filter 200 utilizing the variable MEMS capacitors 10" of the present
invention. Fig. 8 shows a schematic diagramfor interdigitated mcrostrip
coupled transmission line band pass filter 200 of Fig. 7. As shown in Figs.
7 and 8, variable 15 capacitance |oading on the ends of the transm ssion
line resonators 202 - 210 (even nunbers only) allows tuning of the center
frequency of the pass band. Illustrative

12



| ocations of the piezo-electrically actuated capacitor el ectrodes are
indicated in Fig 7. As per the phase shifter circuit 100 of Figs. 5 and 6,
the MEMS devices are nounted on a single silicon substrate that is flipped
onto the alumna circuit. The center of the 20 silicon substrate is again
etched away so that no | ossy material would be in the region of the
resonant structures. RF signals are input to and output fromthe filter 200
via the first and fifth resonators @@¥Mid 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 enbodinent for a
particul.ar appli¢rozlectsomedtaoisel dexiceegmprisingiary skill in the art and access
to the preseanft %Segchi ngs will recognize additional nodifications
applications R UeM i ment s within the scope thereof. It is therefore
i ntended by 4 et anpeNiSshsed an BFirdt QuitR¥of sadyubdfisteal | such applications,
nodi fications and enbodi nents within the scope of the gresent 30 invention.
11 WO 2006/ Cre®sleriariacuano dispewd gyer saiddipiduHaseof spdATOSIStag AIMED 1S: S 12
CLAI MS 1. ] [ j i i.siag; f trate;
a first conféa%%&{lcggloaggé ugn g?%? Jrj g?llastgrre g?gw ggﬁggipgd’{sﬁggg{ofsﬁdeﬁ%gcglmﬁ
pi ezoeladt ri c actuator disposed over said first surface of said substrate; a
second contact coupled to . said %ct uat or, ar])d di sEé)se in rtox'i,m',ty to said

d dsu or li

first cont ackgap control means disposed between sai strate and said actuator miting
movement of said first contact relative to said second contact.
2. The invention of claim 1 wherein said gap control means includes a first gap control stop.
3. The invention of claim 2 wherein said control stop is a dielectric material.
4, The invention of claim 2 wherein said gap control means includes a second gap control
stop.
5. The invention of claim 1 further including plural bonds between said actuator and said
first substrate.
6. The invention of claim 5 wherein said bonds are thermosonic gold—gold bonds.
7. The invention of claim 6 further including a second substrate disposed over said piezo-
electric actuator.
8. The invention of claim 7 wherein said second substrate has wells over said bonds to
facilitate application of a bonding tool to said bonds.
9. The invention of claim 1 further including a layer of metallization under a second surface

of said second substrate.
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and a gap control neans di sposed between said substrate and said actuator
for limting novenent of said first contact relative to said second
contact. 2. The invention of claiml wherein said gap control means includes
a first gap control stop. 3. The invention of claim2 wherein said control
stop is a dielectric material. 4. The invention of claim2 wherein said gap
control neans includes a second gap control stop. 5. The invention of claim
1 furthek |n%mpﬁ&cwmealllantf@hu%ﬂab@t%@ﬁoyéﬁ@r&@t&ator and said first
substrate. Iths% gt&ﬁntl on of claim5 wherein said bonds are thernosonic
gol d-gol d bon 9 e invention of claim6 further including a second
substrate dlzsqhstsc@dtaot/chsp(sedohpﬁeszwrfaebeﬁsaid subatcdteat or. 8. The invention of
claim 7 wherei,n S%I d. second subs rate ‘ga}s vvegfl (%v sai d bonds to
facilitate dgpfioeietrigacyptondisposet AYersaditirgtsudagePtsaidgubstgte; The i nvention of
claim 1 furth@Eordtehtaed ddepRd |t@¥a€i‘d a&uat&eatnaldupas?etiu@ard;mﬂﬁy toPsafPERChneHet; f ace

of said second substrate. 13 . m cro el ectro nmechanical variable

capaci tad conpri si ng: a fi rst substrate a first cont act disposed on a
first surface f sai | ez ctrlc sed over said
first surfacaedl petigm c?teslagé%prog%’(gbetwe nescabnsdlb e 4 qsa ag%f f?oﬁggl I'd act uat or
and di S@Gﬁéﬁﬁbntﬂfﬁét@ﬂﬂsf@dn}/act felfidk ¢ daid sombdvnart. ; and a dielectric materi al
di sposed between said substrate and said actuator for limting novenent of
said first contact relative to said second contact. 14
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