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SELF- HEALI NG LI QUI D CONTACT SWTCH Field of the
I nvention The present invention relates generally to
wo b@sfs@Btd of switching devices. Mre specificetT/ys200hes2760
present invention pertains to the design and
fabrication of |liquid contact switches havin
sel f - heal | ELERBALING ngUEQ&BNJMTéfWIFG%i nvention
Conventional solid-state switching devices such as RF
swi tches, PIN switch@ld MBBEIVentionches, and

mechani cal relays are used in a wide array of

ap Atk GRédefNmvERIGPHlAtEd géltealBotov ey At ofindlitchingidegices. More
el ectrical signals. In the field of

1 ChOe | t [ ol HTiaqui
oo B B T Y oo lquid contact
.rapi.d swtchi bet ween RF and mi crowave signals in a
swit %Hlnﬁrsie]g' eglﬁ'fge?ﬁl?\égl 1550t her phase shifting devi ce.
Such switching devices are also frequently used in the
desi gn of passive bandw dth m crowave and RF filters,
gui dance systens, Backemeundafithgmyoriicihs avi oni cs and
space systens, building control systens (e.g. HVAC
Sy ipREtionpl eslabstaaswitohings gistieasssuchrd/RF sptitebes, PIN switches,
applications where rapid signal switching is typically

MESEBH I h8E8h&Y ad8Shé@EnicdnRldya! drélfuedin BB GRRYEST dfplidhtions to
sw t ching devices remains a significant obstacle in

t jeld limti 2 th i abil | g .
contf o e Spohygb bl |98 OFkfnd 16 BLLAOL b o6 R BB o
il ogarEel S, RIS ceRES B0 ERRMRL bR SRl foviees

or becone unstable after a relatively short per.iod, of
are vierhdo perform epidiswitcongbetveem REyad aaipfowaye signalgiip a phased array
cases, failure of the device is caused by the presence
antedhacbesther iake shiftngodeviparush lswitekEieg detiges are also frequently used
el ectrostatically actuated contact

in the design of passive bandwidth microwave and RF filters, guidance systems,

communication systems, avionics and space systems, building control systems (e.g
HVAC systems), process control systems, and/or other applications where rapid signal
switching is typically required or desired.

The failure of many conventional switching devices remains a significant obstacle
in the field, limiting both the reliability and actuation speed of the device. In the design
of MEMS RF switches, for example, the repeated actuation of.solid rﬁetal contacting
surfaces can cause the device to fail or become unstable after a relatively short period of
time (e.g. about 100 million cycles). In certain cases, failure of the device is caused by
the presence of electrical arcs or sparks between the electrostatically actuated contact
surfaces. Such arcing can cause the metal on the surfaces to melt and/or pit, causing
stiction within the switch that can reduce contact reliability. Irregularities in the actuating

-

surfaces can also cause jitter, resulting in variable switching times and an increase in the
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surfaces. Such arcing can cause the netal on the
surfaces to nelt and/or pit, causing stiction within

wo b@s99d98Th t hat can reduce contact reliabilitBRCT/US2004/042760
Irregularities in the actuating surfaces can al so

cause_ jitter, resulting in varjable.switchjng ti
pull g Al PSS T rPPER R PY el FERIEE G LS Syiperd the contact
open the switch. In certain cases, the shape of the,. )
surfanss caw blss gatsgcentastbouace Futhergeducing hetetlicagy o the device during
further reducing the efficacy of the device during

operafiei.at Oter fattheyr siche horeontauic hesasgance n.ac inses®ins tas)s dharmonics,
(i.e. insertion loss), harnonics, parasitic

para@Rie! ddcAlations  shabIO Gsidi @S had Q@n?@fﬁ’sﬂlré eORRARE WheY also limit the
resistance nmay also |limt the effectiveness of many

effe«glllaviéa%s'saorftma?m%y?ptn%p-'ﬁft%vﬁlt%}ﬁn%%%yic%*mmr y of the Invention

present “irnvention pertains ta the design and
fabrication of liquid contact sw tches having

sel f-healing capabilities. 2 sglf-healing liquid

contact switch in h it illustrative

enbodi ment of the present invention may include an

uppie presendtinveptiourfesiemsatiodtha desigsr antk fabaichiien of digaige contact

each including a nunber of wetable traces and circul ar
switehesOhReihg Sibaipleéitlih%q&pdbﬂ:iﬂiacﬁ rselfihesingt Miatiidc aontaet switch in

brought together by electrostatic actuation. The

accortrdce i 1D8stelRe hPo iRkt 8F the ;ﬁ&‘eﬂﬁh@éﬁti&)‘ﬁirﬂ%’ it%glude an upper

upper and | ower actuating el ectrode configure

actuéﬁ]g% %}ﬁﬁg&‘ﬁ) ?atgg %g%\ggl‘ua%ﬁl%tia g ,gmg%el ea h{dgl{é§ nuﬂlﬁ?rcoqv&e%me traces

: exanp custom's d surface
forned on el.ectrode can pe

he | ower  actuatjn rmt th
and | gygafar Lt ?Fiifﬂi ﬁ%ap\éﬁ o &Qn'ia&‘g i ek cry Bgc ﬁ?&g]]étdtoge&’er by
wth a relatively small voltage, and then rolled down
electrhefaii¢ agiuation.r The ewiteh probe glecirpuatirally rastpatpdsysing ahupper and
to actuate the switch. A nunber of spacer elenents on
lowéthgcthaningreleondie configpeed ac redute ngntedtdstunod end gnlllawaydede. In
to prevent the upper and | ower actuating surfaces from

certBR i boairhohts P S@iiply) a@ASBmIGRA st @red batiedbwer tuating

1 quid contact regions can include a wetable surface
elecﬁggg Eﬁldpétﬁltvi'ﬁé uf%etr t&cﬁla‘[ing electrode to be initially actuated with a relatively
small voltage, and then rolled down the sloped surface to provide the desired
displacement to actuate the switch. A number of spacer elements on the lower and/or
upper actuating electrode can be used to prevent the upper and lower actuating surfaces
from physically contacting each other during actuation.

The liquid contact regions can include a wetable surface adapted to wet with a
liquid metal such as gallium that can be used to electrically activate the switch when the
upper and lower actuating surfaces are brought closer together. The wetable traces and
liquid contact regions can be arranged in a particular manner on the upper and/or lower

actuating surfaces, forming a patterned array extending from an outer periphery of the

actuating surface to an inner portion thereof. In certain embodiments, for example, the
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liquid netal such as galliumthat can be used to
electrically activate the switch when the upper and
wO 008106681 uat i ng surfaces are brought closer tPOEURN4/042760

The wetabl e traces and |iquid contact regions can be
arranged in a, particular manner on the u r_apd/or ...

wetghigyinces g diauithCanpd ZRns BB, b AEmged it § BRanelgtvdy of tinearly
extending froman outer periphery of the actuating

coneugihg dimes withreach hgridmentachreginegiadpally) icreasing jthsize towards the
enbodi nents, for exanple, thewetable traces and |iquid

inne Qokest of €lgd actsattansivéacar rlangbet embedipehtse theewetablearaces and
of linearly converging lines with each |iquid contact

liquid@ SRt HegBHSIchY veNarRasd M al isiliag fatiway tfhtdach ilR&l contact
portion of the actuating surface. In other
.enmbodi t. t |- Chtd :

resif SRENERY oy 158, i AP B, BAfr rhRbE oE M 3l During
each |iquid contact. region gradually.increasing in

actugiion, the laHEBERLSHA PR Bropicalyimiarae By towards
actuation, the liquid netal can be configured to .

the funep partionadf therfictrating sppvges dYySWEBRa teRsianhand By grprocess atomic
portion of the actuating surfaces by surface tension

recaptile, byll@vippothe sswiadhotd celf-bealpduning eath @viuagort legclewi fickeertain
to self-heal during each actuation cycle hi certain

embRERAGIEEBLS . orORRIOoptiBhe REHtér0RRImdh@Alcan B emldyedCan induce
be enpl oyed to i nduce thernophoresis within the upper

. . o
thorRg AT yiBth A2 it S AR ool BTGB R ¥ th tauid
cycle. An.illustrative.nefhod of .formng a
metaldp migpaly W‘i‘ﬁ‘r‘lﬂp’(ﬁiﬂ{jﬂg Emaﬁﬁ\agg\}mc}’céﬁ in accordance with
the present invention may begin w ilh the step of ) )
pr oV dillagiragiveu sredinds 06 pleraingh anselfrralinge lighids serfagis syitch in
substrate. Once fornmed therein, a number of further
accqiameswith ghes pegsentciaverifionpeay begiwavith the siep tdieproypdimg a custom
and | ower actuating el ectrodes and the upper and | ower

slopaCdtetatviithgh SHer fuaRes ooh sibgrassM Ombe fhuimednderelrd, ustunalierwod further
enbodi ment, a nunber of wetable traces and liquid

ro S 5 L83 s S,y 4, e s
the aﬁi)eqaatnidqgw& Qc uét}n%us!ugfaggstoafl thé %it@ﬁ In one illustrative embodiment, a
number of wetable traces and liquid contact regions can be formed above the substrate,
allowing the deposition of a liquid metal. To prevent oxidation, the liquid metal can be
encapsulated within a thin layer of tungsten or other suitable material that can be later
removed to liberate the liquid metal. In certain embodiments, for example, a laser beam
can be directed through the surface of a transparent substrate to ablate the encapsulating
layer once the switch has been hermetically sealed. In other embodiments, heat generated

from one or more heating elements can be used to thermally ablate the encapsulating

layer once the switch has been hermetically sealed.
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encapsulated within a thin | ayer of tungsten or other
suitable material that can be |ater renoved to

wo 2dwsnedog7 t he liquid netal. In certain enbodi NneCL/ES2000042760
exanpl e, a | aser beam can be directed through the
surface of a transparent substrate to ablate the
encapsul ati ng | ayer once, the h has been
hernetically sea f Deseriplt Foodent s, heat
generated fromone or nore heating el enments can
us&iture It herandidgyanabhtic eigvhefed csa?fs%mabng rlglull@)ﬁ@fltaé‘h gwitch in
the switch has been hernetically seal ed. Bri ef

accorBSRE mithl @N1lgétrdtive eBbaintegs ofihg presert ingerdiod] agr anmat i ¢
view of a self-healing Iiquid contact switch in

ac%‘i’%ﬁ@@c@ aV‘ﬂot) 'f)lﬁpvﬂe{vl S¥sthé ablehealtEDetiiaRBhtaef swifdh of Figure 1,

LE.E

pres I nvention; |gure2|satop pl an view of the
Sho‘glﬂlg\f,\}ihﬁb S]%lf(ﬁggilhl au o SI n g ?t%l‘é‘%liéc I%le%érg&% g)t@élg ttﬂe' lower actuating

el ectrode over the | ower actuating electrode Flgure 3
elecirad® cross-sectional view showi ng the self-heali ng

liquid contact switch along line 3-3 in Figure 2;

Fi Gigwre 4 iss erosy wotionad oidvopkaWinE dhe selbhpalimet lhauid contact switch

configuration of the liquid contact regions on the

alonkéﬂﬁﬁB-SiﬁﬂFﬂgﬁm; actuating surfaces of Figure 1,
i gures 5A-5E are schematic views illustrating the

pr %?.g‘é 49§ 2340 Lt RERRIW Srokdhg tReohfbhirai8RloF B liquid contact
li qu contact swtch of Figure 1; Figures 6A-6E are

I C VI s of surface
reBip LT BRYERG ﬁ%%%i%@*%@% ey BrERAREET contact
swi_tch of Fjgure res TA-7C che ews
il |F&§th%1§«‘*r§g¥g %fﬁéc@é%]ﬁ qusol,ylu'%ratmgjﬁ? BrofEtal t%’i‘ﬁcﬁacapme for
actuation of the upper and | ower actuating surfaces;
the filfheading liguidacontaghvvsitaberlifiewr div of a sel f-heal i ng
liquid contact switch in
Figures 6A-6E are schematic views illustrating the process of surface

rearrangement for the self-healing liquid contact switch of Figure 1;

Figures 7A-7C are schematic views illustrating the deformation of liquid metal
during actuation of the upper and lower actuating surfaces;

Figure 8 is a diagrammatic view of a self-healing liquid contact switch in
accordance with another illustrative embodiment of the present invention;

Figure 9 is a cross-seetional view showing the configuration of the liquid contact
regions on the upper and lower actuating surfaces of Figure 8; and

Figures 10A-100 are schematic views showing an illustrative method of forming

a self-healing liquid contact switch.

Detailed Description of the Invention
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accordance with another illustrative enbodi nent of the
present invention; Figure 9 is a cross-sectional view

W@ b@aoeyst he configuration of the |iquid contak€T/US2004/042760
regi ons on the upper and | ower actuating surfaces of

ch]ln,g%p E lﬁfllsb%lﬁfln?F (% v&ﬂ? ?eg’err%%%]é % tﬁcie g}l\aswings in which
seI f- heal in uid contact switch,  Detajle

like péssentspin & emnt FRVIRES atiet 1UgRbPrR mohlkeo%Sh@nd @@rqlrawrkgﬁ, which
should be read with reference to the drawings, in

are wdtinebeskarilg t@ beie ripict seletitdd enlottimdntawnd ge zot éntandeddo dighit the
in like fashion. The draw ngs, which are not

scopteSTeRSANbhtlont QSRR exalaples bf SotlsRGitRm, Qifikadions, Hnd nadiehials are
are not intended to limt the scope of the invention.

1lluﬁafeﬁ%9{?1 %ﬁg@ Qlfrts GHE #(Hfé'ﬂ' Bhe & Wﬁ??éc@?xﬁze ﬁﬁgmany of the
rlasarel strate or the various e
those skjll.ed i dhat many of

exapiples gIoy, é’ﬁ%?%tbtge 4 erﬁlfaf\p\émesls {121%}9 ff%er hat i ves t hat

may be utilized. Figure 1 is a diagra V|ewofah )
selBigwed! isng qlﬁgiﬁmﬁlaélérﬂl%\%tOfsﬁ/\F?lﬁhe%’l@gl qla Coptpghewitch 10 in
with an illustrative enbodi nent of the present

accordareet with. arbvillustative, embddimentadf k¢ ypresent invention. Switch 10,
m cr oel ectronechani cal system (MEMS) RF sw tch,

111u§u%ﬁlvé1?eas nAdtoblePesmadHatiabl @ttt EMBMSEP RE2switch, dntlodésr an upper
actuating el ectrode 14 that can be hernetically seal ed

actu%iﬁ%{éc%eeﬁméj ﬁﬁ%&gguaﬁﬂ%%}tr&&nf@tﬂﬂt Bsh bd Rérmetically sealed

argon gas articular view depicted i'n
and_ |.owe C el e e
wity 3, ey 5o SRS o A B R bl gofno%S g atiouta
clarity, mnth sone features bein artl ved or
view;depnsty iy FighiE L4 (e YR PR APV teiatgGe 8F g tces Jde 1% shown
can i nclude one or nore netal |ayers 16 coupled to a
detdohek fibmywch dehepffomsake of clrithiwithesameg featipobiing parsially grmoved
exanpl e, the upper actuating electrode 12 may i ncl ude
or haddeaY@rcl@ityt ungsten or other non-wetable netal coupled
to a base
The upper actuating electrode 12 can include one or more metal layers 16 coupled
to a base layer 18 of material. In certain embodiments, for example, the upper actuating
electrode 12 may include a layer of tungsten or other non-wetable metal coupled to a base
layer of silicon nitride (SiN). In the illustrative embodiment of Figure 1, the upper
actuating electrode 12 has a substantially rectangular shape defining a number of sides 20
and ends 22. As indicated by dashed lines, the sides 20 and ends 22 on the upper
actuating electrode 12 are configured to align and mate with a number of sides 24 and
ends 26 defined by the lower actuating electrode 14. When fully assembled, the various
sides 20,24 and ends 22,26 of the upper and lower actuating electrodes 12,14 define an

internal chamber 28 within the switch 10. In use, an electrostatic charge can be induced

between the upper and lower actuating electrodes 12,14, causing the upper actuating
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| ayer of silicon nitride (SiIN). In the illustrative
enbodi nent of Figure 1, the upper actuating el ectrode

wQa 200566987 subst anti al | y rectangul ar shape def i PCTYSZ04/042760
nunber of sides 20 and ends 22. As indicated by dashed

L h d
o7 1503 58 8 B PP AU G PR SR B

nunber of sides 24 and ends 26 defined by the Iomer
28-actuating el ectrode 14. Wen fully assenbl ed, the
various sides 20,24 and ends 22,26 of the upper and
| owkn upperestiating eidacer¥desipled, to 4hejupnen actaating eleetnede 12 can be
chanmber 28 within the switch 10. hi use, an
use@ ke §Hoi 08 t@tdspornding teves actuating ndiwe d2ketthe towdrlaetuafipg electrode
and | ower actuating el ectrodes 12,14, causing the

14. gﬁ&%lptpéf:ﬁdﬂ@atﬁnﬁgﬁtf@@ 3‘(539291 helubOa TRYA b@%cﬂﬂat@@q cﬁ%ds@d hdacent to

particul ar manner wthin the internal” chanber
a laggrﬁ?ta%é]u % e h bl?%?e&ec% %%Beglgg ftén?nﬁlg ngr diaphragm of the
rrespondi.ng | o r act uat i ng 2 on the | ower
SW“éEgtWatIPﬁ rigin SgthogpRents; owenu%é Rty g‘é cg pe Rrgnedpt least
can |nclude a nmetal boss plate 34 dlsposed adj acent to
in part| frgre 2 E-wétalgde nadpl wehes tungsteadhat redigs sisttinigeof certain types of
material, formng an upper di aphragm of the switch 10.
quuidtmeallst@ichaeli@uﬁdigaﬁimhs, for exanple, the boss plate 34
can be forned at least in part froma non-wetabl e

rret]gjs S3¢anade bUAISERMBS hdta ﬁtﬁﬁbéto? W‘&&Elé %cééf 3§ 8hd Birfular or
types of liquid netals such as liquid gallium

oth({r)' sﬁgﬁ) a8 %]cdaﬁ] spéiOathEt u‘gﬁ L orepgﬁi%éeé'lecq cé@%gl?tg%t?oemeen

ar or otner s con

i ons, 40 that can be.use ke..el ctrlc cont act
the PP EH t%eru%%@%nar?artas‘we?o 380 B R ol D oS3 'can be
The Iiquid contact regions 40 can be arranged close&y
arrapgesb eleealy dogethas and dn depasysssize fiopban auteppe@phery 42 of the boss
peri phery 42 of the boss plate 34 to an inner portion
platd 34ttt en @ofer pémion é4 ttlaireofe th oditare ktnbpdinfeatspdteaidtable tacess38 and
38 and liquid contact regions 40 can be fornmed in a

liquRBtéiRad1@ebiahy &Y ca bd Formra liY aGRAYGEE a8y bf lisarly converging lines

each gradually increasing in width towards the inner portion 44.

Unlike the material forming the boss plate 34, the wetable traces 38 and liquid
contact regions 40 are formed from a wetable material that wets well with certain types of
liquid metals. In one such embodiment, for example, the wetable traces 38 and/or liquid
contact regions 40 can be formed from a platinum material, which wets well with liquid
gallium. Gallium is considered a particularly useful material based on its relatively low
melting point (i.e. < 30°C), and since it is able to undergo substantial heating with
relatively low levels of evaporation. Gallium is also desirable over other liquid metals

used in the art such as mercury, which require additional safety precautions during
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each gradually increasing in wdth towards the inner
portion 44. Unlike the material form ng the boss plate

w@20050b@8Met abl e traces 38 and |iquid contact PEDUSIVE4/042760
40 are forned froma wetable material that wets well

manWdchirffy 4Rl dsgo¥ae t Pould BAderfdcl, BowbverOher Ghietliquid materials
enbodi ment, for exanple, the wetable traces 38 and/ or

iqui. g egi ons 40 can be fornmed froma
°°“f8|b%t‘%tﬁl&§na2§@e§rfa1, which wets well with |iquid

gallium Galliumis.copsidergd.a ticularl sef ul
e PO B o iage e RS Reipe ryihe oofispitiss 46 that
(i.e. <300C, and since it jis able to undergo

allowuibs tdgpesition pehiawidgneink (¢4 erBip)avifhinghe migmpkchamber 28. The
evaporation. Glliumis also desirable over other

opehingdli4d ¢uat bd docatddati or hbar sides 2Qaif ths upper actyatingheleptrode 12,
require additional safety precautions

allo@sid @G{MM@%NMM Baerifi spRS@le 1dwers hauhtthgbeurface 28 during
under st ood, however, that other liquid materials could

Uiz o ' . r i Ut § T
fabrgith o Rfpiny Sy SRRTRG, E GpAtRRRTAPERL B Bty B8 arlling
al ] ow the deposition of. liguid nmetal (e.g..galli,u
holditpianh HeaibBRy Sy EsRescAL: 950 Sorce i orgS Mt be
| ocated at or near sides 20 of the upper actuating
el eldherlower actuating elastrrsiedebers inclide @ cusiogy shened istapedhat allows
onto the | ower actuating surface 28 during
the fipfoeri actitating eldetrode i 2 ad ibeenttially metwated witle agpletivelysmadl voltage,
can be forned by laser drilling holes through the

and YIRREH118€ Hbkah G5 Spéifsaeee3@, prévid & yhesiesRe DUiBSlacah@sit kesttuate the
nmet hod. The | ower actuating el ectrode 14 can include a

switgﬁsltd?mlﬁlﬁ?aogﬂltstgét eerhﬂ@&irrﬁﬂ BrE e 19@&?%}3@?1&‘,35 bfbom sloped

leCtFOdlel ° e:nltla yacthuatedlvw
surtage, 38 5 5ugk SRR 19 O Gung ReobR0 & ot Bt o, gaauanty

actuate the switch 10. In the _illustrative enbodi nment
slopgfirem gy leation &t o n@%a‘%ﬁleéas 40 ofi Sheolowsr aﬁ&eﬂ%gg%@% towards
formed on the | ower actuating electrode 14 can be
the ooerfiorgheredf, tforngnga dwalS-shapedplope regives $& ekt pesn thet Swhaped slope
. near the ends 26 of the |lower actuating el ectrode 14
regib®V80 d8duce the amount of contact bounce between the two actuating electrodes

12,14, thereby increasing the actuation speed of the switch 10. The S-shaped slope
regions 50 also help to reduce the amount of power required to operate the switch 10 by
reducing the pull away force required to displace the upper actuating electrode 12 away
from the lower actuating electrode 14.

A bottom portion 52 of the sloped surface 48 can also be recessed a sufficient
depth D to prevent the occurrence of stiction between the upper and lower actuating
electrodes 12,14. In certain embodiments, for example, the bottom portion 52 of the
sloped surface 48 can be recessed a depth D of about 4 to 8 microns, providing a

sufficient distance for the upper actuating electrode 12 to displace. To further prevent
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the interior thereof, formng two S-shaped sl ope
regions 50. In use, the S-shaped sl ope regions 50
w0 e@aoes98he anmount of contact bounce between tPET/USIN04/042760
actuating el ectrodes 12,14, thereby increasing the
und@sit it drdart BReRstnCthe b fersatidt 16ted Qetudtiv SrsdiePsd 3] SPi€ch 10 can
regions 50 also help to reduce the anount of power

alsd fidid eddmfn?oéi’ RE's ?ﬁcﬁr ERE AW 44%“;’?% BY tﬁeelg;ﬁfeﬁ- 8d/bP fowRd! labtuating

avvay orce requi to displace the upp actuating

r fro he | ower act ng_el ectrode
clep e 19 o perEPO gty K5 R, Fabefag s o4 o
al so be recessed a s ff| cient depth D to prevent the
inclyde grmuarhes obpratrysete s Fumgd dp adétenppe th eaﬂapqdowéface 48 of the
actuating el ectrodes 12,14. hi certain enbodi nents,
lowkn actestang ekectrodee 14botThenspaocert ¢lome®2 @ canhmchido paerhaterial such as
surface 48 can be recessed a depth D of about 4 to 8
silidOnChiide ($IN)Vthed pigvents uhd u%pdirﬁnddIOWeﬁ%ﬁlaﬁﬁ) stiffeced U832 from
actuati ng electrode 12 to displace. To furt

phyRica P BiHAY faﬁgoﬁlg%ﬁ&{blgﬁ%mﬂﬁg thdpe upper and | ower

act ating s aces 30, 32 10 can also include a

el R L AP R e s

errbodl ments, for exarrpl e, the spacer elenents 54 can
OXYRER WAIE 8T Athehe¥id 8#“&0%36?% eraftaBecwitany the swach gngjosure. In certain
pattern on the sloped surface 48 of the |ower
embzchimentsnfpr edxeuple depditern Tegepang dotsl weshews)camhe formed at
include a material such as silicon nitride (SiN) that

varioue krationst inghe ppitch a0 dypioateyr ataclodatiomgw sufrbacas uﬁfj)er?a&d lower
from physically contacting each other when brought

actia@88t fffacesSWOIRN @en?é‘tté‘rhﬁ bt 866 ¢RChbUdRnEEd ) dbfostting small,

titanium configured fo capture residual oxygen,

encé\%ﬁl?ﬁ%d ge[tteﬁhg %ots 'o%% %E rg fb %ﬁ%ﬁ’so& R ntr‘ﬁg IE] |18 aﬁggletgen laser

I'n ce

e BoBSA R 8 TR g0 B SO e,

| ocati on away fromthe upper and | ower actuating
hermgliqally ssaled tazzleashihie diesh setisig dots can be fornmed by
depositing small
The lower actuating surface 32 can include a number of wetable traces 56 and

circular or other shaped liquid contact regions 58 corresponding in size and shape with
the wetable traces 38 and liquid contact regions 40 disposed on the upper actuating
surface 30. The wetable traces 56 may extend in a linearly convergeﬁt manner from an
outer periphery 60 of the lower actuating surface 32 to an inner portion 62 thereof. As
with the wetable traces 38 on the upper actuating surface 30, the wetable traces 56 can be
tapered to scavenge liquid metal from the outer periphery 60. A number of input
terminals 64 coupled to the wetable traces 38 can be configured to receive an RF signal,
which, when switch 10 is closed, can be delivered to a number of output terminals 66

located on the opposite side of the lower actuating surface 32.

8
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encapsul ated gettering dots at one or nore |ocations

wthin the switch 10, and then | aser nelting and/ or
wheasionyst he encapsul ated getter dots once thePGIMUIBIN4/042760

10 has been hernetically sealed to rel ease the fresh

get Fighre JTHer top\Wiin view withenglfSealing Bqdd confaci $Witdad® of Figure 1,

nunber of wetable traces 56 and circular or other

sho%}hg_cp% }uk%béh&? R akd uﬁlg@a@aﬁmég efRIrbES RO rlfjv'ef] de fowk 28tuating

shape with the meta |l e traces 38 and

elecccp %Fac A ég%lag%e segrtl r 2 Cg@@g%%ﬁ&’f Ef%rg],ﬁ% lilli?callugegone or more
optw',ngf%&%a Fron oL s %‘éa?@%rfe%%té”sésm@fﬁgtgﬁ&r Féot Dippcind lower

62 thereof. As with the wetable traces 38 on the upper
actuptingasurfagess 3P Bacte Buluce leermephdsesis.t r Bee dedbr clamdnts 68 can be
tapered to scavenge liquid nmetal fromthe outer

opepetiviephemyledfd to’the wibearandfor ilowpettactuating BRESodes 100uphedy number
to the wetable traces 38 can be configured to receive

of @é@lraf aftt ontsMY folfm PPSRcHR Eeﬁ{beil@uﬂesgrﬁéheﬁleg thi‘ﬁatﬂe E@/ltch 10.

delivered to a nunber of output ‘termnals 66 oca e

In tgg 11}3.@8&?\%0%355(ﬁm%{‘lfjc?ep%t%&n &\e/]:;‘lgl\%}ég%, f%he I é)'rl? gfﬂlér ﬁeé élements 68
I h 10 h h
ar oS gUERE R 17 %&aéowge% Torbd6 Phicdia Pl 95 thsgpderside

the | ower actuating el ectrode 14. As can be seen in

of the ypipes agtuating wfacqgonaiae humbereand; awengeraensod ter haater elements 68
optional heater elenents 68 (e.g. heating resistors)

coubtdbé aljeredchdwevkead produce et desided theanalagrhdiaiits vgithin the switch
surfaces 30,32 to induce thernophoresis. The heater

10,9k geogRlSs 68 can be operatively connected to the upper
and/ or | ower actuating electrodes 12,14 in any nunber

of %éﬁ.‘lﬂé ad;s aard'résggs%gﬁcgﬁa? VL&QV IR tlféaé'eLf{ }%8 ﬁ‘# liquid contact switch

tenperatdre gradi ent wt WItC

il lustrat]ve_enbodi nent depi ure 2 .

10 gonp v 34 HEFEECT e FoctieREnD: l%lgeér ehe S afcu il prions 78
to the four corners 70,72,74,76 of the boss plate 34

canghe formednvihia) the lo7er Retuetiige pleglEadsal 4 4 aspesitianebgow the inner
The nunber and arrangenent of the heater el enments 68

portion of the lower actuating surface 32. When heat is applied by the one or more heater

elements 68, a thermal gradient or profile is created within the upper and lower actuating
surfaces 30,32, as indicated generally by the arrows 80. The thermal gradient spikes at
the locations 82 in the immediate vicinity of the heater elements 68, and then tapers
gradually towards the interior of the upper and lower actuating surfaces 30,32. The heat
emitted from the heater elements 68 is further focused along the lower actuating surface
32 via the hollowed regions 78, which form areas of thermal isolation. During operation,
the presence of a heat gradient within the region of the upper and lower actuating surfaces
30,32 forces the liquid metal to migrate inwardly during each actuation cycle through

thermophoresis. In certain embodiments, the heat emitted can also be used to maintain
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could be altered, however, to produce other desired

thermal gradients within the switch 10, as desired.
WO2@a1066987 i S a cross-sectional view show ng thBCT/US2004/042760

self-healing liquid contact switch 10 along Iine 3-3

the 1iBuil LEPirRits AYuRNQHE dufinEl @@Hb8s 3f nORVsQlorWhé the switch 10 is
hol I owed regions 78 can be fornmed wthin the | ower

actuat i i rode 14 at a position bel ow the inner
Opms%pfpgﬂ o—ﬁrﬁg&“@gbr actuating surface 32. Wien heat

'S lied by the one or re.heater el epents 68,..a.

thé“ﬁ%&? 40 AdTRISSCEOnR SHW F1oMENE g8 g{'}ﬁr"‘tmﬁﬂP ot ?li’ﬁehqu‘d contact
upper and | ower actuating surfaces 30,32, as indicated

regigesd} enf $8 o thetuppenandonweBactuatiig suHassrel0 apdath frffigure 1. As can
spi kes at the locations 82 in the imediate vicinity

be seén inhEiglneat, die wipemend kHvweB actanting hefaceapemusd 32 avhyalatlyinclude a
towards the interior of the upper and | ower actuating

basS YA JRCES h3Pind2a IEAEnH 26N g6t @fld fa aiilipe siid@eeB8. In certain
el ements 68 I's further focused along the | owner

emb\%ﬁl}r}é%&%, Nde $HES Pagsroﬁi tcﬁﬁ B! HEmEP FJOHY‘%Q ab%?ﬂ%&:@l micron thick

orm ar ea ermal 1solation.

operation, th esence of a heat gradient.wthin t
layeF GG OB U (SERThnd: TAEF DA g ) Pub g0 formed
forces the liquid netal to m'grate inwardly duri n% .
aboeeythe leadinggurfaae 89 Off the base laysr Bhaichisish 8 menjveetahly material such as
certain enbodi ments, the heat emtted can al so be used
tungstennthintesiststwettihg qficertaiettyesiof liquil iietpld siichtastlmuddigaltigm. In
peri ods of non-use, or when the switch 10 i s operated

additidnGe FetnB Ry h henRRMdble srf@y titat depets the preddifceSd ¢igufin@ktal on each
vi ew showi ng the configuration of the |iquid contact

o BB SF PBe R R Utotl os arir

helpZiq léétg aﬁ%¢ﬁ€c§r@%ﬁﬁ§ (r:clh%gg% %ggvs\%é ev%ﬁlgua J iegl%asg g\%{'e%;@g cg&)sed during

11)
ye
| eadi.ng surface 86 _and a_trajlin urface 88.
elecgroptiplie gc@?ﬁ%'d iArsigikar opies layge f%ﬁﬂ@ﬁ 0941?%‘%5?1‘%88 S‘r‘rg?‘i’fég& can also
froman approximately 1 mcron thick |ayer of silicon
be providediim qegpi)eniiddiments riéfigsitedel y thin (e.g. 50 nm
outer layer 90 forned
As can be further seen in Figure 4, each liquid contact region 40,58 also includes a

wetable surface 94 adapted to wet with a semi-spherically shaped droplet of liquid metal
96 thereon. The wetable surface 94 should typically include a material that wets well
with the particular liquid metal 96 utilized. In certain embodiments, for example, the
wetable surface 94 can include a layer of platinum material, which is well suited for
capturing certain types of liquid metals 100 such as liquid gallium or an alloy thereof.

The diameter D of the wetable surface 94 will typically vary depending on the
location of the liquid contact region 40,58 within the pattern. In certain embodiments, for
example, the diameter D of the wetable surface 94 can vary from 2 microns at or near the

outer periphery 42,60 of the upper and lower actuating surfaces 30,32 to a size of 3
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above the | eading surface 86 of the base | ayer 84
i ncl udes a non-wetable materi al such as tungsten that

WO e@se6@set ti ng of certain types of Iiquid nePel/ESE0€MM2760
as liquid gallium In addition to formng a

midAeHY 3Rt ABArahé iR portioNa 4,62 Aikdréofl e ugE b€ igeast il Hattettr D of
nmetal on each of the upper and | ower actuating

the %afb%ﬁﬁ{a%g%§% cadsBEHRWES1e s@f FlquiOmetap 96 ﬂ?ﬁﬁev@ﬁe therease in size

barrier screen any electrostatic charge
it hin. the er 84 caused during
Sm‘?lrﬂ&% %etarrgalﬁc?tv %?%ﬁ) W%y& mlar outer |ayer 92
formed on the trailing surface 88 can al so be prOV|ded
in Bening W%ﬁ%gbguﬁ%sn@g -5, pnglustiagye apdiatiem cyde ol theaipper and
seen in Figure 4, each liquid contact region 40,58
lowat sciuating wdsesa3 053 wil eow hef deseritgd. ddaptinidiat mmn Mustrated in
a sem -spherically shaped droplet of liquid netal 96

FighRes 80he Tppernaidwerstdthane S4raboB0@2t ¥ ¢y in an open or
include a material that wets well wth the particul ar

sep&ﬂa&:girp;?asﬂﬁ) a\kfltl?@hé‘“;ﬁlhzﬁﬂ acl Regist &) Bn G0 e?%@fu%tm% Qﬁrfface 30

) e wet abl'e SUF ace 94 can I ncl aye

i S ited fo
sepRafiafitn ti)mégm&rcom%'ﬂ rerist e B0 osdleulsE potlind ‘?r?%ce % 1o this
%&nﬁl umor an al] %/\Wt’hereof The di aneter of th
posifianiaicezap herred tha W pYULtng Saferss fatd/se %F}thla’éﬁ? to prevent
the location of the liquid contact region 40,58 within
the dhwplgavf Bawid neialQér frercoptabivel eashtogherf mvmmgﬁh@trammssion of
di anmeter D of the wetable surface 94 can vary from 2

a siphdl tlaoaglathe@twitoRa0. t he outer periphery 42,60 of the
upper and | ower actuating surfaces 30,32 to a size of

3mM GiHRAS Witad isBRlied REtHeNPEr AQY Io'v&%?%ctﬂﬁtn@gzel'é&%cﬁgfu 14 (see

In use, the Tncrease in dianeter D of the wetab

Flg‘lr% Lﬁﬁﬁg’ Bﬁ C AP ?osivérhfctlge[tf?l lsqltrﬁacgsf Sb k4 udr?ace %Jt c?c?sei‘ ceoge‘cher

crea SI'ze Since nore sur rea 1s

avail able to ow to Figures 5A-5E, .
cauping g rap} eﬁfé’%’@ﬂ?d??@ﬂb{gﬂ Ui lighid sopfest ragigns g come into
actuating surfaces 30,32 will now be described. In an

eleqtrigal icantagioxith therfrpplpisof digniddmptal 86 guithe lgwer figreid gppleets regions
and | ower actuating surfaces 30,32 are shown in an

58, apelmovar, for example, in Figure 5B. When this occurs, the boss plate 36 (see Figure

1) of the upper actuaﬁng surface 30 becomes shorted to both the input and output

terminals 64,66 on the lower actuating surface 32, allowing an RF signal to be transmitted

through the switch 10 (see Figure 1).

Figure 5C is a third view showing the initial separation of the upper and lower
actuating surfaces 30,32 upon opening the switch 10. As can be seen in Figure 5C, the
slope of the upper actuating surface 30 caused by the actuation of the upper actuating
electrode 12 against the contoured surface 48 of the lower actuating electrode 14 causes

the liquid contact regions 40,58 to pull apart beginning at the outer periphery 42,60, and

then moving inwardly towards the inner portion 44,62 thereof (see Figure 1). The ability

114



10

15

20

25

separated position with the |liquid contact regions 40
on the upper actuating surface 30 separated fromthe

woO @aioehosdnt act regi ons 58 on the | ower act uatPEmUS2004/042760
surface 32. In this position, the gap between the two

of tREIWRH 1WtoSsfchaf &8is Ihndeér tedusdifthé Cdrenhéogsdady gepilbaway the two
prevent the droplets of liquid netal 96 from

. h . : L

sonfif 3P 2635 HRAAGE PHEHAN REpRaRs EARARS RN Ban rany
appl i ed to.the, upper and | ower actuating el ectrodes

cony ’1%51(%@@111,3%]5}1&@31) t he upper and | ower actuating
surfaces 30,32 are_ brought closer together, faus'n
t heAgthsppwiteh &P 1pfgtiher ﬁﬁqnaﬁ 8% Sl hier sEpEple g diigyre 5D, an
contact regions 40 to conme into electrical contact

elecwid hrct 98enmly gpingt fsornfthe cepirad ligpidatond®t gegiom 0J58vmy one actuating
liquid contacts regions 58, as shown, for exanple, in

surfited30,82 &Bthe \8bAiRal tijusd @ERtatSregiohet0Essen theaipposite detiring surface
Figure 1) of the upper actuating surface 30 becones

30,3%':] 0 'Thﬁd?lgarig kD o8 B h B Ulot 3Bt RithRMhe! &OFRNBESdGnBRt regions
on the ce I RF

ower actuating surf 32, allow ng an

40’%]’ %g‘?slé.né)g‘?rggiogﬁﬁn%gj ts|t E(SjoatOF #?elrj ‘!l]l\l}fti 2’%@}’1\%\” (foﬂ §%$99é§tg%nd sputter

initial separation of the upper and | ower actuat] ng

towards ithe eytes perphey . Sheh MeguRPSE 2Bgilowe AHUating ERCEHe30,32, as
seen in Figure 5C, the slope of the upper actuating

indisated by ¢heaBrayen Sddstioy atllod thecliqrad mstal efomshidObpieare sputtered away
actuating el ectrode 12 agai nst the contoured surface

frond 8h® terdthRe ligoiesondat wedibmu4®b cienoctlided withuhe srgonegas contained
liquid contact regions 40,58 to pull apart begi nning

betiden' 1€ uﬁ?%%dﬁ%épﬁﬁﬁiné%@eesmi RARIHEOMEMG0 HOWBESS S argon

t owar ds e inner portion 44,62 fhéreof (see Figure

ator%% aﬂgg@e‘ﬁ ﬁvgtlhir} e fswtitjgﬁ eﬁcwio.&u(fg P%t?lptfx}?}( %%%@dp{ﬂﬁé@ P%H@ UPe outer

orce necessary
radfsaee Tioh ESE T e B RS s S 100 o
swi tching devices. As the switch 10 is further opened,
atormisally osgaptufash thedant|gas presFurg withisthe egglosure and/or the geometry of
the two actuating surfaces 30,32 should be made sufficient to prevent most or all of the
liquid metal atoms 100 from being ejecting beyond the outer periphery 42,60 of the two
actuating surfaces 30,32.

Once the liquid metal atoms 100 have been sputtered away from the central liquid
contact regions 40,58, the various characteristics of the non-wetable and wetable surfaces
act to automatically retrieve the liquid metal 96 towards the center of the upper and lower
actuating surfaces 30,32. As can be seen by the arrows 102 in Figure 5E, for example,
the surface tension created by the slope of the upper actuating surface 30 encourages the

liquid metal atoms 100 sputtered towards the outer liquid contact regions 40,58 to migrate

inwardly to an equilibrium position similar to that depicted in Figure 5A, replenishing the
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electric arc 98 may junp fromthe central liquid

contact region 40,58 on one actuating surface 30,32 to
wo b@soerssT al | iquid contract regi on 40,58 on tPET/US2004/042760

opposite actuating surface 30,32. This electric arc 98

suppDy oblicuid efetal |96tin hd dunfer! Aéso; end b furthef|désdribedbelow with respect
regi ons 40,58, causing sone of the atons 100 of the

to Fibfids GAMEE dhe Rerdalin ‘é%%‘fﬁ{eehcﬂl'i@ c&ﬁhﬂt&@?oﬁs"%f"aﬂﬁth% lienter of the

ot er perlphery 42, t he upper and Tower actuating
aces I OWS
struclH.rre Jpay wg %gwugf%m@ ﬁcﬂ.{l& qn&%]()&&?% g{ate t%w%r%{gﬁier elater of the
away fromthe central liquid contact regions 40,58

SUYCHER col lide with the argon gas contai ned between the
upper and | ower actuating surfaces 30,32, causing them
to Boeause elsttrical geracithsicendhe dvnaetuatingisnriades 32 istmade by
encl osure until they are recaptured by one of the

the@itésencd ofilideld Gaetalady, ané @odths w40 05 Solid el Isprfedes Wk @ccomplished
that the liquid netal atons 100 are atom cally

by fn%ﬁ? RbMW&fion tsﬂf?cchlﬁg IdbvigEsS aRy BRENS SaVbédtrdwitAB: the liquid metal 96

encl osure and/or tRe geomettry of the two actuating
WﬂlSliJé ne8%§e a)? ?ep:?a%r ﬁ%ﬁuﬁ&n calh %tulﬁﬂ&{n oﬁ'slg (M%?eogr e\{ﬁerftalbg that can

BLCAH e%i‘te‘?cg%ﬂt gcesé‘@eﬁ}er@%rqiam‘sgevﬁéqsép Ssp stiorated

100 have been sputtered away fromthe central |iquid
singsotieaadectriea)i asp 9349, fogned withipaibe digid meatalAte pids npicthegfpper and
t he non-wet abl e and wetabl e surfaces act to

lovenhatatingcairfages 31,32, eVl rdveltd inopn idhcrerdein cBfitatonstintsitityt Wighin the
center of the upper and | ower actuating surfaces

swigh B®- inARnfcAPasbe aBeRMgte tRHaCRM00WShel BdudtBd FAEH ﬁ:l@an5ﬁ90 billion
for exarrpl e, the surface tensi on created by the sl ope

cychds t he upper actuating surface 30 encourages the
quid metal atoms 100 sputtered towards the outer
qu I d, .cont ac |on 40 58 to marate inpwardly .tq.an
cqu 1 SO P bs PRER l are et gy ety in Fidies 5A-
gure 5A rep Ienlshln thesupply of liquid netal 96
5B, SWWChé Ocengkse. be/saogﬁgura%ép selChqa lienehie SHFicB sRATAE UL process
with respect to Figures 6A-6E, the increasing size of
deptidted gempually vohigass GAegEors a Hustick. topen)ceositeon idlustrdted in Figure

6A, a single droplet 104 of liquid metal 96 (e.g. gallium) is shown deposited onto one of
the outer liquid contact regions 58 of the lower actuating surface 32. The single droplet
104 may be formed, for example, by the initial deposition of material through one of the
openings 46 depicted in Figure 1.

Figure 6B illustrates the step of closing the switch 10 to bring the upper and lower
actuating surfaces 30,32 together. As can be seen in Figure 6B, as the two actuating
surfaces 30,32 are brought together, the single droplet 104 of liquid metal 96 compresses
and spreads outwardly towards one or more of the adjacent liquid contact regions 40,58,

causing the liquid metal 96 to contact and adhere to those surfaces as well. When the
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structure may help encourage the liquid netal to

mgrate towards the center of the structure. Because
Web®sed98al contact between the two actuati ng BCF/USE$042760

30,32 is made by the presence of liquid netal 96, and
uppeotnd hevarsetuating ehifses80,3D as¢idfantespatisiain @aspbiheH @d shdwn in a

many convention swi tching devices, any pitting that

subQ&dilehiSvidht il Mgl i As bebsERalf tBE 1apbdr ad}ja@gﬁtdfi i&lc¥ntact regions
repair itself during each actuation cycle. Mbdreover,

It CLUl +d . Iy contagct. . .
40,55 opie8 TRl AUt ol iR R oy P i of the
since the electrical c. 98 is forned within the
UpRef EﬂHf]d’“f?éF%\tlua% S&‘ﬁgc?ﬁo’%%e upper and | ower actuating
surfaces 30,32. This results in an increase in contact
r el Aatsan ibeyiughehsaentindrigwies 6P-416, thierstensnaf dasing and opening the
allowing the switch 10 to be actuated nore than 100
swilidhl ¢anothen el repeatdd) caaking tlendropletshef Hqwidagstabd6 ab @gai split and
re-capture illustrated generally in Figures 5A- 5E,
mighie ihardf ©ar@!BOnER a8aBEH: HetRtohRcBR onhRAds. tWQ Repetition
y In

a surface rearrangenent” process depicted genera

o 5585 4R Dy A0 o o BBSE) Al i cone

ure
liqujd,metal 96 (e.g. gallium. i s shown deposited onto
regignaAbes R Bstier e bHiELe eBrbns 55 of ¢ he
| ower actuating surface 32. The single droplet 104 nma
be FigniesdA-7Geresehampntic vigys ilustrating thgldefemetion phHile diquid metal
mat eri al through one of the openings 46 depicted in
96 &8 Guis eothprdssegiuarel §Bseduenty Kedvas apdre withepthef gapl teswegh the upper
the switch 10 to bring the upper and | ower actuating

andSleWbASRSatiHg, B2t BT IDET As Afovirdih BEINKREN dpen PoSiUbE iPBigure 7A,
as the two actuating surfaces 30,32 aré brought

e S o) SR 0P A e
con?Jct trlé]gelofrilsf:j j4%,°5%'f‘t "llhiqueilr‘i.jougos ta%g tchrarea%jte%g 1cs4?e’.§.8 radius of curvature,
thickness, diameter, etc.) of the liquid metal 96 will typically depend on the surface
tension and quantity of liquid metal 96, which, in turn, is dependent in part on the
dimensions of the liquid contact regions 40,58.

As can be seen in Figures 7B-7C, as the upper and lower actuating surfaces 30,32
are actuated from a closed position (Figure 7B) to a partially open position (Figure 7C),
the elastic restoring force of the upper and lower actuating surfaces 30,32 tends to pull the
liquid metal 96 apart, producing a negative pressure inside the liquid that causes the
liquid metal 96 to constrict into the shape of a hyperbolic parabaloid of revolution about
the symmetry axis defined generally by the dashed line 106. This internal pressure is

governed generally by the formula P = y(1/r; + 1/r), wherein vy is a constant relating to

the specific type of liquid metal 96 employed. Since the internal pressure P can be well
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causing the liquid netal 96 to contact and adhere to
those surfaces as well. Wen theupper and | ower

w@ewaasdosy surfaces 30,32 are drawn apart fronP@RUTR2004/042760
ot her, as shown in a subsequent view in Figure 6C, the

conk%ﬁ@@ B§ ehedfelddien | ANQRId ?«érieﬁemvlﬂhnﬂmedlqemwrxﬁfau 96E fhie tfount 'of
40, 58 causes the drople 04 to split and m grate

j1ttérr3: rbglsi%ltr icdr g%&lﬁgg l\xgg-ﬁaﬁ g%rswq{cht 1'?? Jse%gr-la&Wﬂches that

uat ces can be urt er ‘seen In

the s s of closing and opening the
‘“ﬂgﬁgPﬁﬁnﬁgﬁ%?ﬁ% Hﬁemf ated causi ng the droplets of
uid netal 96 to ain spllt and migrate inwardly
% § Aw arfb&graea}agse\ﬁ@qu f pupedt- b@ﬂ%macqu%gp@tﬁCMW@@ 108 in
Further repetition of this process causes the |iquid
accomibate 9fhtamotier dilsyhetise dmbodiosst i ¢ho ptesent| ingeritibn. Switch 108,
contact regions 40,58 until surface tension
illutgtivelyord UidrSelé @@ anibilg gy asm 7 AMIBI8Y ERECR@ARA] Cincludes a
views illustrating the defornatlon of the liquid netal

hen%(é?ﬁzﬁla/J Jeﬁfeﬁ eﬁgl 8%%6% q%@r angsh: %av\cgtpq\@@ a"ﬁﬁaclrlpwer switch

€ gap tmeen t act uat |

cav?tx lrﬁgrf? 18§n%Aa:)’n2{Iﬁe§Snillsgﬁ% ’f’rE @po%gfnﬂgg:!&:gé%ogen ROS upper actuatmg

sem -spherical shape on the wetable surfaces of the
surfapey i1 § suspprdedtwithin itepnen swch w@yey\IdPifemas ghupper diaphragm that
characteristics (e.g. radius of curvature, thickness,
candbanatdrostatitally) engagedewlthqai ldweetagtuatifg wiulrfact yiPi0c fld. ya lower
depend on the surface tension and quantity of |iquid

diapfeh@h) S&spetdddCRithinntht UsWer $witdheQangeniy, ciuddad theOippeh @ctuating
di mensi ons of the liquid contact regions 40,58. As can

surfe G988 nlifdr ToQL Stuadfe "SurfaBS 196'%0 WRREMbRR danhcﬁﬁﬁfl in g particular

actuati ng surf aces 30,32 are actuated froma cl osed
S|t Lo partlally open position
m@ﬁ?&ﬁ fnt Edgp%m{ restorlng force of the upper

and Iomer actuatlng surf ces, 30, 32 t nds to pull t

| i qURIUPRST APugEnEBAFAce 5? Gabe ﬁ‘t}PRQ“ﬁ 933 W@eg%gwpe legs 122

inside the liquid that causes the liquid nmetal 96 to _
thatcimakde ietectrpdasdnoihshosing pe clettrigalby fal@arm) pdagiuatetd epngr e¢tuating

revol uti on about
surface 118. In similar fashion, the lower actuating surface 120 can be supported by a
second series of support legs 124 that include electrodes (not shown) to electrically
charge and actuate the lower actuating surface 120. A spacer 126 (shown broken for
clarity) disposed between the upper and lower switch cavities 112,114 can be used to
provide a small gap between the upper and lower actuating surfaces 118,120 during the
normally open state of the switch 108.

The upper and lower actuating surfaces 118,120 may each include a spiraled

pattern of wetable traces 128 and circular or other shaped liquid contact regions 130 that

can be used to make electrical contact between the upper and lower actuating surfaces

118,120. The liquid contact regions 130 can be arranged closely together and in
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the symmetry axis defined generally by the dashed |ine
106. This internal pressure is governed generally by

wo b@shersul a P = g(l/r i + 1/r 2), wherein g iBCHUS2004/042760
constant relating to the specific type of liquid netal

. 96 enployed. Since the internal pressure P can be

ncrgedihg sime Kol svowyr pdniphssl B2t éfaack bethatiiy rREOPEE12®R an inner
within the liquid nmetal 96, the anmount of jitter can

ortien $34thefdoEant éattair@BEHMhEsDF ' i

P those prior-art swtches thai(ﬂf%??g%wg%ﬁ?@%ﬁgggﬁﬁIe@ons130

| ] e ' dia iC View
can OO T POREAPRESEPr abmEtieCorfad PR LRSI G o pber” o tower
rdance., w another.jllustrative enbodi nent of the
acrBSERIPREE L 130 RS Gt michts 7l or i e gortion 134 thereof
m go,el ectronechani cal system (MEMS) RF switch,
i neTWitRbs 188 Hemndbithes| Inglusle apred or oduss optiondl Oehtay i ebgnans 136
upper switch cavity 112 and a | ower switch cavity 114
configireeitm heairihé nuter pediptehpib2of HSummntadd O TOva LAMLAR Surfaces
An upper actuating surface 118 suspended within the

118,1ppeAssibie n Eigutely/ cddiPof 186 BEe 8 mBRARAtS ARMLAIB6 N include
r

can be electrostatically engaged wth a [ owe

a hefel Hat kg eﬁﬂéﬁ%@ﬁ&n]tﬁg }c(\ifer%wiﬁhlcg}\f]\ﬁ}g 5@4} f‘c&ﬁ% %%?gr cpg{jgﬁlqéj 132 of

suspended wthin the lower swtc
/or | ower actuating

. act wat i face. 118 and
the @"Brﬁe A0S Syt Whea Sy arsh i oe o Pare heagreglements 136
nner within the internal chanber 116. The upper
can g@?ﬁ&i{ forfgedde pithermal grmdient ob profilp othime thebyppar sed iweeeraktuation
upport |egs 122 that include el ectrodes (not shown)

sup
surfaces d18de0i thall fytheharge tedliquit uaétel td)enigPRE invAGtARINEd the
surface 118. In simlar fashion, the | ower actuating

spiradingf patierdl 20 wetablbetrsodp Pt 86l hyual $6MAAdrSRIdseB3Pf _
support legs 124 that include ﬁgl ectrodes not ?h(gvmlfx certain

embb@irRhBO /18 e 2698181 (ugﬁ% Uk BindIf AW 385k ali)i)i!%qiquid

s_urface 120. A spacer 1 _ rT
s oA 18 RSH, A L R b e

UpRelgun%g olfogvgtettreril?é: Elgt%tli3%gor? léllrrl fir?t%reigr gulr?éc%%%Odoufrghg glmfvgreswitch
cavity 114 can be used to capture residual oxygen, water, or other oxidizing gases
contained within internal c;hamber 116 of the switch enclosure 110. The gettering dots
138 can be formed by depositing small, encapsulated getter dots in a pattern onto the
interior surface 140, and then laser melting and/or heating the encapsulated getter dots
once the upper and lower switch cavities 112,114 have been hermetically sealed to release
the fresh getter.

Insertion of the liquid metal used to make electrical contact between the upper and

lower actuating surfaces 118,120 can be accomplished at location 142, where the lower

wetable trace 128 begins to spiral towards the interior 134 of the lower actuating surface

120. As is discussed in greater detail below with respect to Figures 10A-100, an
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normal |y open state of the switch 108. The upper and
| ower actuating surfaces 118,120 nay each include a
wa@pinsabee’ pattern of wetable traces 128 and ci PCTUS2000042760
ot her shaped |iquid contact regions 130 that can be
enc ﬁfjatéd)drtggi%? oPligEHTh&A caf Waliafially %Tﬁ@s‘?ﬂlédtah Ehis RREiorATYD. during
e

ower actuating surfaces 118, 120. i quid contact

. eqd : vyt
B 8000 SRS Rl P o o o
e B B RiGab sl Beel BRI s the e

| iquid contact regions 130 can vary from2 microns at
poreon har t he outer periphery 132 of the upper and | ower

actuating surfaces 118,120 to a size of 3 mcrons at

or Figare ¢ fsen ¢roswegectiondl ivisw HUBivinp eheecdnfighvdtionlof thBliquyl contact

further include one or nore optional heater el enents

regiba® 150 6h 184I158kr hAd NRdr dchRitifb k@ifad2811BRAEN 2032 Fadur BE As can
upper and/or 1 ower actuating surfaces 118, 120. As

be s%F:r? Wri ﬂrei% gﬁ'e!r’rlgg})%lr %f%@g?%cthgtg}ggéﬁﬁfa%s dhl%tn%r?/ desach include

el ements I ne at exte

fromth wer swjtch cavit 4 to the oute .
o b Pyior 4 B8 ering SuErcd A oy bR e 048 i perain
activated, the one or nore heater elenents 136 can be )
emhpsliments, the daselayer b4 aen beifermedrromranpanproyimaigly fimicron thick
t he upper and | ower actuation surfaces 118,120 that
laydrwftsileon adtmide (8N filogquAdelttelly thio (giggbaten)i omarlejyey 150 formed
around the spiraling pattern of wetable traces 128 and

abolé €Hd 19adif bdGice 1281 0TMliSe HagB layled 144 irichides @Hdadl¢RY1E Snaterial such
the heat emtted can al so be used to maintain the

I . . 3 . N .
o LIl U, LS 4 BOAIPSIABlfs gt A
._envi ronment nupbe f .getterin ots 138 on an ,. .
s SIS PR e Lo BEEEOIAF R b5 B Bt o corain
can be used to capture residual oxygen, water, or
embpdipentsdf desiieg gases contai ned within internal
chanber 116 of the switch enclosure 110. The gettering
dotAs 38 bealurtber $esnnpdFipyred®pashtliquyd soetadt, region 130 includes a
encapsul ated getter dots in a pattern onto the
wetable surface 154 adapted to wet with a semi-spherically shaped droplet of liquid metal

156 thereon, similar to that described above with respect to Figure 4. The wetable surface

154 should typically include a material that wets well with the liquid metal 156. In
certain embodiments, for example, the wetable surface 154 can include a layer of
platinum or other suitable material that wets well with liquid gallium.

The switch 108 can be configured to operate in a manner similar to that described
above with respect to the illustrative switch 10 of Figure 1. An electric charge applied to
the electrodes on the support legs 122,124 causes the upper and lower actuating surfaces
118,120 to displace towards each other bringing the liquid metal 156 located on the

various liquid contact regions 130 into contact. When this occurs, an RF signal received
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interior surface 140, and then | aser nelting and/or

heating the encapsul ated getter dots once the upper
w@nasloeeseT switch cavities 112,114 have been PCT/US2004/042760

hermetically sealed to rel ease the fresh getter.

at AEHLE kiRl 19%oh itBduPpétedviitchusAatyt P1aTBKE bel BfivEied ahrough a
confact between the upper and | ower actuating surfaces

, 9% . .

it et B EERTE ALt (PBRERT POY ft e IR SAOR cavity
interior 134 of the.lower tuat i surface 120, [

114y A2 fisGlnsed Ao et e oty i e g seleg defr cach
Fi gures 10A-100, anencapsul ated droplet of |iquid

actypion |cyelgribreagh @ nrpeqss pf glopys ireeptuse (Figpees|Sdeak) apd 8 ppocess of
during fabrication, and then |iberated by | aser

surfab¢ a¢drmngemerit (Fngpresa0df ). oThe rdditipn atflheapim catsn tembodiments
|iberate the droplet, of liquid nmetal allowing it to

mayhighat 8idiif wabwng the¥wakielStolsBE-Hefndter BAJH dcihitibB 4yclE] i Bésred.
9 is a cross-sectional view showi ng the configuration
logv\léigﬁreg 1 GUL s aRt ﬁpémﬁtﬁgéregsaeﬁggna@ @i(fer{i??!v@ ﬁ%i@g glléllustrative

actuating surfaces 11 120 of Figure

an be_.seen in FEi.qure 9,. t.he u r and | r_actuatin
e e 4350 el T8 e ldc R o, ol R reiifeentcd
having a | eading surface 146 and a trailing surface
generpdly yhrefeenes AUBheoiGrdseiss Wik theasiep (ofyweviding & gibshate 168
formed froman approximately 1 micron thick |ayer of
havinigd a sawnificial conteol (187eN) 70 iahdna photostask i1V2 hyvinlgiome (o ngpre HPenings
nm outer |ayer 150 fornmed above the | eading surface
174 46mel thbeihase deaxiar em¥stimegtk,utdespltaasiknernlhe include a first
mat eri al such as tungsten that resists wetting of
hi! vty 96 AT silid AUhHHARIGING SHCH BSorld FHOEAAL 1M 178 of
phi&s%% Pgr out er SI'lzilyer 152 go?\?red on thoe t?ai 1 ng ® ©
poififics fert: 67 Aofledref RSHER Tl aiF b ey tha permits the
Figure 9, each |igquid contact region 130 includes a
phajerfiagk) 1g 249 Sf%%‘@L f‘gﬂn%.a%?wnt ?fcm%s S¥P¥h a
sem - spherically shaped droplet of liquid netal
Once the control layer 170 and photomask 172 are formed over the substrate 168,

a custom sloped etch can then be formed within the surface of the substrate 168. As can
be seen in a subsequent step in Figure 10B, for example, a custom sloped surface 180
having a gradually sloping S-shaped contour can be etched within the substrate 168,
similar to the custom sloped surface 48 depicted in Figure 1. Formation of the custom
sloped surface 180 can be accomplished in a manner, but preferably similar to that

described in co-pending U.S. Patent Application Serial No. , entitled

“Equipment And Process For Creating A Custom Sloped Etch In A Substrate”, which is
incorporated herein by reference. The depth D at which the custom sloped surface 180 is
recessed within the substrate 168 can be made relatively large (e.g. about 4 to 8 microns)

to permit the actuating switch surfaces sufficient room to displace.
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156 thereon, simlar to that descri bed above wth
respect to Figure 4. The wetable surface 154 shoul d

WO yso6d98Y i nclude a material that wets wel |l wWeTUS104/042760
liquid netal 156. In certain enbodi nents, for exanple,

t hepjpleafl(® i$ UrdchsBatid ¢ieGashowihg Wiske fanlaliyeofOGhveral metal layers
pl atrnumor other suitable material that wets well

, s ki 1 ' : q
shofl e SIHHAE, 148 ot o 00 Gechi BpdY KPR 206ARE (BifiEies te
with respect ta,t illustrative,switch 10 of ~FLgure ..
towpt aolyERES et Sar el Beica Dt b oS bF et S M EEd B Sleripmaining
suF ort legs 122,124 causes the upper%‘?nd | ower -

confyet laxes hp ansh phntemask Byenty2 gndiessmeored.id\Ruias thedermation of a
other bringing the liquid nmetal 156 |ocated on the

basw dayieo (182 loff giliicdn mitnitla {SilN)eyite e dGMEd suriace 480 ac tthe Mibstrate 168.
this occurs, an RF signal receivedat an input term nal

An 598 @iei 1 IPRBEStENDE StherCini-ytaBlkInfidrial Ran @edni Becfosfled over the

through a nunber of electrical lines 160,162 to an
A - iscBeoR &
suo Q¥ 153 G B A0y Ayt Ml RBfe FALBCIERN dipckdd bt

canfi qured,t el f: heal el .each .act ion cycle .
outfitRis A G0 B 88004 e T30 SF wRARPHPES 1R B eckthit\Smpgdiments,
and a_process, of surface rearrangenent gFi ur es
for grawple, aTHEst dgtarmpdiateof Shdayeriqf gty %r#*‘g'awdnéh@\se a second
may further aid in allowing the switch to self-hea

intearedintedaydn 188tafahirame that fas)lithtes Hewding th theitpee aye 03¢. A small
10Care schematic cross-sectional side views show ng an

gapl 190usdnr 8 formedBiiktan eath bOthei lagera 184)186,18&ltd BREclrlcglly dsolate the
contact switch. The nethod, represented generally by

inptinIRRRE pOHIRE bt HE foweBtRAN Yl NEn BB

provi ding a substrate 168 having a sacrificial control
| aygr 17 n 72. f ) r o
RS AT, ORI 0SB e v
t he photomask 172 can inglude a first . phot sk | aye
coniap reHOnS AP Eo e, U (A SRV 18 G 1ot OHke laver 192
| ayer 178 of polysilicon that can be applied over the
of plafmunp pr ptge puiteble matesiaheannke formad apeyaqn Hitermediate layer 194 of
phot omask 172 to bi norph during subsequent etching
chremhe pisat facilitates bonding to the outer layer 184. A sacrificial outer layer 196 of
titanium may also be provided above the wetable layer 194 to prevent the wetable layer
192 from oxidizing during fabrication. This process can then be repeated a number of
times to form multiple liquid contact regions onto the outer surface 184, gradually
increasing the size of each liquid contact region towards the interior of the substrate 168.
Figure 10E is a schematic view showing the formation of a number of spacer
elements 198 above the substrate 168. The spacer elements 198 can be formed by
sputtering a number of protrusive dots of silicon nitride (SiN) or other suitable material

above the outer periphery of the outer layer 184 at a location away from the layers

192,194,196 used in forming the liquid contacts. The spacer elements 198 should be of
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Once the control layer 170 and photomask 172 are
formed over the substrate 168, a custom sl oped etch

w@ 200506687 be formed within the surface of the BCbhES2084/€42760
168. As can be seen in a subsequent step in Figure

sufféBat kRE W?f@hﬁ, tige Qlﬁﬁélo ahé| loped aeuraﬁﬁ%esulﬁeedwmq)@smauy
gradual |y sloping S-shaped contour can be etched

con‘Mctn grkakﬁ%uglﬂgsélé taillé GendhiBh! aA Siai Qﬁloﬁﬂtsg)f‘) B§! AR$ iso be

I ct In Figure 1. Formation o

sur f. e 180. can b
HelPe A A SR, ol ing i o ig ARG sad 257 el 00 o
co- end| ng U.S. Patent Application Serial No.
$W€WﬂﬂﬂﬂéﬁﬁfEﬁﬁPBﬁ§W@ And Process For Creating A Custom
Sl oped Etch In A Substrate”, which is incorporated
her Eignresyl 0Fef ¢ @nc echefitndic d\eipWh showingvihe dhrdtmncof sereral liquid
sl oped surface 180 is recessed within the substrate

contfRBrépichsd thedgpdr abmblivesutficar UeFigrel 0FR B Qudriffeidlandterial 202 is
mcrons) to permt the actuating switch surfaces

showi Iiép%hﬁ&f o{l&olﬁlei s%agérséueﬁgﬁs Rloguif 4Odts Pyﬁg Iﬂ@ﬁmﬁli&ving the

V| ew'snow ng t ornmat1 on of severa net a
bst b
forig it oLl uab gL elivy ]s@gmcée‘ o e’ fgbhE shifed ?ff% 2wfen. The

surface 32 of Figure can be seen.in Fi q‘qn
sacrifigial @aigral AP eemhecfprm%%y any guRREr phoitahias ZﬂP@F: mcludmg,

172 can be renoved, allow ng the formation of a base _
for |exgmple] 8 Xetyhethonysidare (WEQS)ddenositin tectmiquehfdolloivegdry a chemical
surface 180 of the substrate 168. An outer |ayer 184

me&faniddngslisaimgqCMR)esp. non- wet abl e material can then be
formed over the substrate 168 along with one or nore

| nt e Qieaéa@nhﬁ)iﬁﬁﬁte}ﬁﬁ 20683 dib3ap %g;g)sgé‘d Ve BBmb&COOHIBI layers

| ayer 184 and the sloped surface 1 he substrate

204G FRAY SRR LM aHARLA 905 S e tiquid

&t e d ayer can be forne
second |nterned|ate | ay er 1 8 of chrone. t hat

confagt TegipRtt & MSoHRASH GC1aURH SURASe 2F YAV 118D SRlfain Figgge 10G.
190 can be formed within each of the |ayers
Simiba tq 8, lapgs 184.8P@é 8% feraledyinitbostap of Fieire hJdi a setpble layer 204
out put portions of the |ower actuating surface, once
of platinoel or other suitable material can be sandwiched between a layer of chrome 206
and a sacrificial layer 208 of titanium. The process can then be repeated a number of
times to form multiple liquid regions, each increasing in size as discussed herein.

Figures 10H-10J are schematic views showing the formation of the upper
actuating electrode above the substrate 168. Similar to the layers 184,186,188 formed in
the illustrative step of Figure 10C, an outer (i.e. wetable) layer 210 of tungsten or other
suitable material can be formed, along with a first intermediate layer 212 of gold and a
second intermediate layer 214 of chrome. In a subsequent step illustrated in Figure 101, a

layer 216 of tungsten or other non-wetable material is then deposited above the substrate

168, forming, for example, the metal layer 16 of the upper actuating electrode 12
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Figure 10D is a schematic view show ng the initial
formation of several |iquid contact regions above the

woisneddsyer 184. As shown in Figure 10D, a wePE@DIUS2004/042760
| ayer 192 of platinumor other suitable material can

illuditdOh B Er8 RO Ve aRcri Mt IR #1202 call @ienRAre@bved) aada base layer
that facilitates bonding to the outer |ayer 184. A

22020?(25{%121%%3{@{%183(?%0# @t)ﬂ{@r; %ﬁ%ﬂe%aﬂsﬁﬁlaﬁhﬂéﬁ B ethe Quie layer 216.

e we ayer 194 to prevent the

wet abl e | ayer fragm oxi di,zin i ng. fabrication, .
Onerff gy gpeLLes 235 crl %&Wl&ﬁé@%‘%&g b, S ey P fespergpit the
formnultiple |iquid contact regions onto the outer
depgsm‘ma@%llq}gg,me@ql-adum ly increasing the size of each
l'iquid contact region towards the interior of the
sulFEpuret OK1B& sdiegatie vieBEshaviag dehdgpmsition wif digushmeiahg22 onto
the formation of a nunber of spacer elements 198 above
sevarBBofSHE T R IRuikBéntabh fegSdRC s shoeMEN Figutd 80K A silow mask 224
formed by sputtering a nunmber of protrusive dots of
ma g P O{EE AN C/opBhDES 278, Ay T BEIRIAUE tiquia
| o ion away fromthe. .l ayers. 192, 194 196 used, in . .. .
metpb 75} RERoLTHE i P AT COP L T, TR PLERL bRiggtion at this
shoul d be ofsufficient size to prevent the _upper and
stageother liqiid matal 73 2swnrbecansapsuaied bt a laxpr 28h 104 dupgspn or other
each during electrostatic actuation. A small anount of
suitgh1dl envapsalaSug betdriat. nEhe Hquidoonetal 202 @odetoaintagiedtat jarsutficiently
bondi ng an optional wire |lead 242 (Figure 100 to the
lowS¥inp&Btuiréitd 1adep thd blietiglbihiacnlis bams, ifhegussay. 10F- 10G are
schematic views showi ng the formati on of several

Fgreg QR 2EM' £E1 RRSMAT RS sURRSKatRG! Bt hB6kss Wi Réfretically

gure 10F, a sacrificiral material 202 i's shown

n
epgsi ted over the spacer el tsel .

seafiig) 8% kel gttt s RAE B SPREIRE, oy PEp@Alph & QFE @ meta
actuating el ectrode and upper tuati ng surface of the

soldepsedl 723y esro e b pothiends phiheampenisiaboE Rlefate iy shown,
any nunber of suitable techniques, including, for

for examplkain Figst ket Adopdinganid 209RaspIgdsobImEbAbove the substrate
techni que foll owed by a chem cal

168 to permit the switch to be wired to other components, if desired.

As shown in a sibsequent step in Figure 10M, a transparent substrate 232 (e.g.
quartz, glass, etc.) having an internal recess 234 formed therein can be bonded to the
substrate 168 using a number of metal solder seals 236 corresponding with the metal
solder seals 228 formed in the prior step of Figure 10L. The process of bonding the
transparent substrate 232 to the substrate 168 can be accomplished within a low-pressure
(e.g. 20 to 30 torr) atmosphere of argon gas. If desired, a small hole 238 can also be
formed within the transparent substrate 232 to accommodate an optional wire lead 242

(Figure 100).
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nmechani cal polishing (CW) step. Once the sacrificial
materi al 202 has been deposited, a nunber of netal

WO 20610669804, 206, 208 can t hen be forned over thBCT/US2004/042760
sacrificial material 202 to formthe |iquid contact

r e gDARSthE NigulEmeRPer2 Asd biethi gmsticaliytRaledsths Mawld, méRI 222 can
exanple, in Figure 10G Simlar to the | ayers

ther- B¢ hégﬁte%lgﬁoﬁqq’g 3@9 tl?uneﬂ ?su‘ﬁtﬁ% 18feri U l'aﬂov%@@ thél 11qu1d metal 222

wet a ayer I num-or” ot hef suitab

to f%%oa@?tﬁ‘xg%%ﬁg%e]ﬁug{f g\émnt%q r%gl%ﬁ%g%&-v%s ttngglfrfac%ftﬁs%nogfe the liquid
process can then be repeated er of tipes to

metmﬁ%a 86 showry fprexasle An Fgisg ﬂa&Nn ¢ Agthediagid me 257 can be
di scussed herein. Figures 10H 1QJ are schematic views

accerhpliihied biyhbirectingrand onmofe lases bepipe 240 thraugh g teeparerd dubstrate
above the substrate 168. Sinmlar to the | ayers

232134hdBkal8bl4te rtH@dnéa@sﬁllﬁihg' ldyeis 2@t iNeneieplypbndofuice heater
10C, an outer (i.e. metable) | ayer 210 of tungsten or

e1e1§é1{i§ (G 'h%%%léeréé?s%&p a spél Vbﬁhlfnomaegm@ﬂ eRg b &sed %0 heat the

rst- Pnterned ate aye 212 of go d and a second

u uen
encti G i%%eae%fﬁaﬁﬁeyaﬁﬁf & s8Rl bR oDl i RAG SR 257 fow
ot her non-wetable nmaterial is then deposited a%{)ve t he
inwaysihy fqvards %@th%wm%mt%Fegéepérrpﬁ%canth?eseﬁ%m TEeg processing
16 of the upper actuating electrode 12illustrated in
stepFingigarel 1 0bhise Samméd stoictire wan dhanabe ied giamgtaneeptipmal wire lead
renoved, and a base layer 220 of silicon nitride (SiN)
242ahat@iah &k tisehdedih®ughtierdpaghink @368l theltmnepdrbre sobsteite 232.
| ayer 216. One or nore openings 218 can be forned

t hrgughs the d%b’ct,rﬁfedltﬁé’?ével?aj- Embed BRI &f the %réél,@lﬁ’CQﬁ{féﬂtféﬁ those of
of I|qU|d metal. Figure 10Kis a schematiCc view show hg

Skll? hr?tlgee Svll].tllI %le?é %érgahl% &L gl!h ggﬁﬁgﬁﬁtn%n’?se | gg)lree E%E{(’Qﬁd used

ower I ONns. own 1 n

k224 e utilize er all but the
whigh T ROl i ot sﬁ%gcqwﬁ?é ol B QYoo aRtpnages of the
net al 222 onto one or npre of the l'iquid contact

invergigneyeret dypthis dasnmen| dpyeihegn get forthgn the foregoing description. It

will be understood that this disclosure is, in many respects, only illustrative. Changes
may be made in details, particularly in matters of shape, size and arrangement of parts

without exceeding the scope of the invention.
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stage, the liquid netal 222 can be encapsul ated within
a layer 226 of tungsten or other suitable

wen@apeadBat i ng material. The liquid nmetal 222 PERUBm®04/042760
mai ntai ned at a sufficiently |ow tenperature to keep
t hewmt gydigdinedis:a solid phase, if necessary. Figures
10L-10OM are schematic views illustrating the process

of Per el GRLAKAERLERLohIE AAIIBChrabidgEUT e Wi Lhi 0 an

enclosure. In pre ation for seall nmet al sol der

seal 228 be provide t beth en of...the upper .

ot kg Aepalts BB S8 e pflq pFRRy Rriada cRRF osions

10L. A bondi ng pad_ 230 cian al so be forned above the )

sub3dpweeactpingsusiesinclidae syiecend pRudiy \girlimid gontact regions

ot her conponents, if desired. As shown in a subsequent
spas¢dgparnfréingenddirsigiratityt ofdpipheatact seghartsy ande 232 {e. g.

quartz, glass, etc.) having an internal recess 234

f or seduid ekl dispasedowithiantedpioe BeheesUihstuppbeaddower actuating
usi ng a nunber of netal sol der seals 236 correspondi ng

») . r‘ . I .
surtlee st TR Pl SRR S el BRTRRG st IRLROARY pluality of
. t.hransparent substrate 23 { he..substrate 168 can be
i 2BRBR EenTt Sl SR e 6™ S0 ro 30
torr) atnosphere of argon gas. |If desired, a snal
hol e 238 can al so be forned within the transparent
substrate 232 to acconmpdate an optional wire |ead 242
(Fi gur e Thoyelf-bealingiiguid domtdct spiteh ofedlzim P2ghdneis ebeleof said first
hernetically sealed, the liquid netal 222 can then be
and bddendtphdafityosf Wit contaoe repias st lapdahfdl ImnitRFeadid@, size from an
allowing the liquid netal 222 to flow onto the various
outbd ﬁéﬂpﬂeﬁ%ﬁsﬁf&tupﬁoéﬂéﬂ%w& mmg%uﬁﬁk%s 38504 BERy b&Hish Ybreof.
of  the I'lquid nmetal 222, as shown, for exanple, In
Figure ION. Release of the liquid nmetal 222 can be
acconpl i shed by directing one or nore | aser beans 240
t hr gugh e transparent. .substrate 232 to thermally .
bl St ot BBS sHERRARRLERM i SPaber Sub” Lol anihpeny Sogisst and
or nore_heater
second plurality of liquid contact regions increase in size from 2 microns at said outer

periphery to 3 microns at said inner portion.

4. The self-healing liquid contact switch of claim 1, wherein each of said first

and second plurality of liquid contact regions includes a wetable layer of platinum.

5. The self-healing liquid contact switch of claim 1, wherein said liquid metal

includes liquid gallium.

6. The self-healing liquid contact switch of claim 1, wherein said first and

second plurality of liquid contact regions each include a pattern of liquid contact regions.
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el ements (e.g. heating resistors) disposed within the

swtch can be used to heat the encapsul ating |ayer 226
wheysnad98ts melting point, causing the |iquid PE/EB2082@42760

to flow inwardly towards the other |iquid contact

regions. As can be seen in a further processing step

in Figure 100 the forned structure can then be wred

usifng any Eélflﬁéiling‘ 15@1& et 4%ith k SRR @e\gﬂegéiﬁ%qﬁﬁpattem of

t hrough the openin 8 in the transparent substrate

o Gonpdeitnd AVIRERR Pt M Gy EORGER TG, )

readi |y appreciate that other enbodi nents nay be nade

and used which fall within the scope of the clains

attached hereto. Numerous advantages of the invention

cover ed Bye sdii-beadivgUinpnd comiga saleh of slaitoy, twhdreintsaigl pattern of

foregoi ng description. It will be understood that this
liquld 864t8& WEEohsSconhptise®n ¥pikfapeatiesn oDliduid cohtbiregibhs/e.

Changes may be made in details, particularly in

matters of shape, size and arrangenent of parts

wi t hout exceedi ng the scope of the invention.Wat is

glo ﬁ% ned i %Q S%%héj%%glfqggcf @c'élit&q slwiit%hli‘og A ?Cﬁg}?#ééc:yhpﬁsing one

risi gating surface 1nclu
first plurality of liquid contact regions; a_.lower .
or et RETARly 3ReP ARIETORRIAE ﬁ@ldaﬁ% Besha &ﬂnﬁ Ayt o liquid contact
l'iquid contact regions spaced apart fromsaid first
regingral ity of liquid contact regions; and a liquid
nmet al di sposed within the space between the upper and
| ower actuating surfaces, said liquid netal being
configured to wet with said first and second plurality
of {g.qui ﬁh&mg@aﬂmg #ighRINDntalt ShikEtdTictAml 9 wietdiRbfd bh& or more
swtch. 2. The self-healing Iiquid contact switch of

wet%‘nl%itg}céﬁtar%refédn each of said first and second _
plrurality o I'quid contact regions are arranged in
i ncreasing size froman outer periphery of said upper
and | ower actuating surfaces to an inner portion

t her eof .
11.  The self-healing liquid contact switch of claim 1, further comprising an

upper and lower actuating electrode each including one or more metal layers coupled to a

base layer.

12.  The self-healing liquid contact switch of claim 11, further comprising a

pattern of getter dots disposed on at least one of said first and second actuating electrodes.
13.  The self-healing liquid contact switch of claim 11, further comprising a

number of spacer elements disposed on at least one of said first and second actuating

electrodes.
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3. The self-healing Iiquid contact switch of claim 2,
wherein said first and second plurality of liquid
W@ Us@a6t98T egi ons i ncrease in size from 2 m cr oPGT/EB2004/042760
" said outer periphery to 3 mcrons at said inner

porfy on.Tifk selftiRafift fighidadontigt bwiteH 6f @Rt AT twHMkinCd 16t one of
claim1l1l, wherein each of said first and second

tabl e
R R R S e L E R R e
switch of claim1, wherein said |iquid rretal i ncl udes
l[iquid gallium 6. The self-healing |iquid contact
switch of claiml, wherein said first and_ second
pl Wdal i t’l;heoqelﬁ-hq?ypg ligyigt ﬁ%l‘tta‘i'te%‘flﬁ‘}hs"fé"é%lﬁl il frc Whiesimg said custom
pattern of liquid contact regions.7. The self-healing
slopleil quifabedocitidastansSasiaplad sfoped airfacé, wherein sai d pattern
of liquid contact regions conprises a patterned array
of linearly converging lines. 8. The self-healing
I | qw d contact switch of claim6, wherein said pattern
Of 1ld. QUIFhoCO Aeling qgllh&ﬂémﬁgml&ﬁso %3] 18] ReRAH LAE Bustom
I qui d contact ons. 9. The sel ealing I'iquid
t switch er _co 0
slonffﬁ Pt RS orad Rt Fhnet anflt ies SERRS REOIR 4R deptn of
second plurality of liquid contact regions. 10. The
abouleh - H@IPRy | i quid contact switch of claim9, wherein
said one or nore wetable traces are tapered. 11. The
self-healing liquid contact swtch of claim1, further
conprising an upper and | ower actuating el ectrode each
i ncl7udi MeheO BB f-Bealipr Bquiet c@ntdcasasish cafugihiag 1t ofuathbaseluding a
| ayer. 12. The self-healing liquid contact switch of
herrﬁ!et‘?daﬂ&%éale(f éHc‘lc%ﬁfe SRRAing aPndaRat tern of getter dots
di sposed on at |east one of said first and second
actuating el ectrodes.

18.  The self-healing liquid contact switch of claim 1, further comprising

heating means for heating said upper and lower actuating surfaces.

19.  The self-healing liquid contact switch of claim 18, wherein said heating
means includes one or more heater elements arranged about the upper and/or lower

actuating surfaces.

20.  The self-healing liquid contact switch of claim 1, wherein each of said

upper and lower actuating surfaces includes a leading surface and a trailing surface.

21.  The self-healing liquid contact switch of claim 20, wherein said leading

surface includes a non-wetable layer of tungsten.
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13. The self-healing liquid contact switch of claim
11, further conprising a nunber of spacer el enents
waole@poe®d’ on at | east one of said first and seRPCIUS2004/042760
actuating el ectrodes. 14. The self-healing liquid
contact switch of claim1l, wherein at |east one of
sai d upper and |ower actuating electrodes includes a
cusiopm s .ng |iquid
con%ég\ct Jé\%mgﬁ%hélﬂgl dc Tt-gxt/\iﬁg?goan@f;sl custom sl oped
surface inclu a S sha ed,slo urface.
ol 1 HGReF RN ST B R B DR fS e Actuatng electrode,
wherein said custom sl oped surface is recessed with .
said wppen ppiuatingrrariaee nshdingrefishpiumiite pERaHE gertaglregioatpt h
of about 4 to 8 mcrons. 17. The self-healing liquid
cond hoter awiuntiig afrfack aiparatiyelfyuootpled to mdbwei aguaing electrode, said
hernetically seal ed encl osure contai ning argon gas.

low%tgactﬁ_ﬁﬁlg%ﬁkffacé"'ﬁaiudﬁ@ d dc@odlpeRitR 6T 1i§ill tcbhtaef regilons Bpated apart
further conprising heating nmeans for heating said

frorfg Fﬁrfﬁégﬁuﬂaﬂi@%f lgﬁﬁcﬁj ot e 0}90| ;ihfn 18,

ol o hﬁ‘f@{ﬂg&%@@eﬁ%ﬁﬂ?aqﬁ%s i éﬁgiﬁﬁﬂﬁ? %B%e%n & 132 Boruatin

actuating surfaces. 20._ The sel f-heal i ngf liquid )
surfaees seifl Ligwick mptabbeing sprfigureduioevel with seif Tt a4 sgensiplprality of

and | ower actuating surfaces includes a |eading
liquidicdretedt regionsaoteteairidally astuatedbeswikdh. The sel f - heal i ng
liquid contact switch of claim 20, wherein said
| eadi ng surface includes a non-wetable |ayer of
tungst en. 22 A self-healing |iquid contact switch,

I SI I f
CO% ed t o an uppag hq?t uaﬁt?}%g‘wﬁggt(?gﬁalﬁpggl h%rgip%era(:h of said

ﬁrsfl ?raﬂ%fﬁ&g g%{t}él ggléca%ﬁ gon O egiogé artr%tanpa;lngecf‘ %nl i‘flé(regsing size from an

outer periphery of said upper and lower actuating surfaces to an inner portion thereof.
24.  The self-healing liquid contact switch of claim 23, wherein said first and
second plurality of liquid contact regions increase in size from 2 microns at said outer

periphery to 3 microns at said inner portion.

25.  The self-healing liquid contact switch of claim 22, wherein each of said

first and second plurality of liquid contact regions includes a wetable layer of platinum.

26.  The self-healing liquid contact switch of claim 22, wherein said liquid

metal includes liquid gallium.
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a lower actuating surface operatively coupled to a
| ower actuating electrode, said | ower actuating
wa@ osae®st ncl udi ng a second plurality of |iqui BCT/UR1084042760
regi ons spaced apart fromsaid first plurality of
liquid nt act, reqj . bl '
w S n (18 epaaie Rl st suha of on 32, MEREEEd st and
surfaces, said liquid nmetal .bei conf.i gured t t .
scoqpRiPISACP AUt CoRRF Sl e Bt ypatr g el sgions.
regions to electrically actuate the switch. 23. The
self-healing liquid contact switch of claim 22,
wherein each of said first and second plurality of
l'i pgid ciiet@etitheabag hgsidavataar svaitdedf dlaini 2T rveeesein gaisli pagtern of
froman outer periphery of said upper and | ower

i ik R S ed ried@fayRF 1A §d0E lird4:

llquT (Ee ser%h]ﬁlcﬁﬁ%?iﬁi qﬁ?%ﬁcont ac%’ SWi tchﬂy of clf%ggm 23,
wherein said first and second plurality of liquid
contact regions increase in size from2 mcrons at
sai d outer periphery tqQ 3 mcron said. inner. .
pord on.Tlﬁeﬁ{ﬂ}?@ 3% 1w é’QPfaﬁbSWlit%U‘?ﬁJd%‘Hh?%th%%WtSE’ﬁ R3ftern of
claim 22, wherein each of said first and second

liqujsl epmgdct regierfs compuises aenitaledtpatted Gfrikvicheantarésegionget abl e
| ayer of platinum 26. The self-healing |liquid contact
switch of claim22, wherein said liquid nmetal includes
liquid gallium27. The self-healing |liquid contact
swigoch  ofheCdeftiiBade LiAr@hiacB b bf ShinADY HARG Wmprising one
plurality of liquid contact regions each include a

5 I AL A e Bty of i comac

Wwherein said pattern of liquid contact regions
IeBI0B%hpri ses a patterned array of |inearly converging

lines. 29. The self-heali ngt liquid contact switch of,
cl alm 27Thenprdi-lgaling disyidh sentastrsvaich) elgelpian S8ntvAgkein said one or

regi ons conprises a spiraled pattern of |iquid contact
morneeyitadnis tra@8.arcTtapersél f - heal i ng |i qui d contact switch of
claim 22, further conprising one

32.  The self-healing liquid contact switch of claim 22, further comprising a

pattern of getter dots disposed on at least one of said first and second actuating electrodes.

33.  The self-healing liquid contact switch of claim 22, further comprising a
number of spacer elements disposed on at least one of said first and second actuating

electrodes.

34.  The self-healing liquid contact switch of claim 22, wherein at least one of

said upper and lower actuating electrodes includes a custom sloped surface.
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or nore wetable traces interconnecting said first and

second plurality of liquid contact regions. 31. The
w@edos/obeal i ng |iquid contact switch of clai m 3BPCT/US2004/042760

wherein said one or nore wetable traces are tapered.

32.,_The gel f-heal.ing. |igui ont act i.tch, of . claim.
2235 ur (NG LORBPE TP e g BB ot b el Sid custom
di sposed on at | east one of said first and second
slopgd swaderipcladesanyoeaped siopedriitage) f - heal i ng 1 qui d
contact switch of claim 22, further conprising a
nunber of spacer el enents disposed on at |east one of
said first and second actuating el ectrodes. 34. The

seldg: heapyengitheauhg @it asitac Wwiteh offcleib@Ba) WBerein said custom
wherein at | east one of said upper and | ower actuating

ST B o (51 B OGS s o

b @Er ej n.said custom sl oped surface includes an

abod 4fo "WWoped surface. 36. The self-healing Iiquid
contact switch of claim34, wherein said custom sl oped
surface is recessed with the upper and/or | ower
actuating electrodes at a depth of about 4 to 8
m &7ons.TH7selffhenling| liquid aontagt bwigeh of cbaimad?, Sudhec nobiding a
claim22, further including a hernetically seal ed

herfiB§dafl§ e Bed Qitldufd dihtaniggArg@asas.38. The sel f-heal ing
liquid contact switch of claim?22, further conprising

heati ng nmeans for heating said upper and | ower
actuating surfaces. 39. The self-healing liquid

f. clai ' g4 heati isi
o olinesTHinteiEpSlin Ry Bpiatl SERT STl 32 il FRibrising

t he upper and/or | ower actuating surfaces.
heating means for heating said upper and lower actuating surfaces.

39.  The self-healing liquid contact switch of claim 38, wherein said heating
means includes one or more heater elements arranged about the upper and/or lower

actuating surfaces.

40.  The self-healing liquid contact switch of claim 22, wherein each of said

upper and lower actuating surfaces includes a leading surface and a trailing surface.

41.  The self-healing liquid contact switch of claim 40, wherein said leading

surface includes a non-wetable layer of tungsten.

42. A self-healing liquid contact switch, comprising:
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40. The self-healing |liquid contact switch of claim

22, wherein each of said upper and | ower actuating
wa@oobme®87 i ncl udes a | eadi ng surface and a tr aPCT/m§2004/042760

surface. 41. The self-healing liquid contact switch of

cl ai m 40, wher.ein %gid | e diﬁg su&ﬂgfe include% . 1
o ERRES (AL Sugcs PREATE “apIed, i ap {bRE,pipging clectrode,
liquid contact switch, conprising:an upper actuating
saiduppenesuspersatfaceingludsign Bt Plaraé)rgﬁy aplied sentaciregigns;
el ectrode, said upper actuating surface including a
fi rstowek ucmbiingy swfacei oparativelywoapled te gilows:, acudtmgealectrode, said
actuating surface operatively coupled to a | ower
lowRF &(%%ﬁ‘%dﬁ%@huﬁh@&ﬁi&ﬁﬁﬁl% $&cond PORIItA6T @it REnGY kaieAs spaced apart

including a second plurality of liquid contact regions

. ] j - plurality of liquid
ﬁo@%%ﬁ?@@@lg{éﬁmﬁﬁ:gﬁ%E%%%I{agf di sposed within the
space het ween .t he ypper. d | ower, actuating surfaces, .
5 tEATIGUAndtRrSeR OT i 6 a6 PElveeD e epien FdiRgr sotuating
first and second plurality of liquid contact regions .
surfapese Faié dignidanpipl heing spefigured tonetcwith sid fEpfeandrsependeplurality of
heater el ements configured to heat the liquid netal.
liqud® cortas e¢dionatalelautyidally actatedint switchswid ch, conpri si ng:
an upper actuating surface operatively coupled to an

upp&fe R@hdtaheaer cbmeits eoefigusd ©@ HepPRE ligGidiaétang
surface including a first plurality of liquid contact

regi ons increasing size froman outer periphery of
sai d upper surface to an inner portion thereof; a

lo act uat.i,ng.suif ace ratively coupled to a | ower
acttrat | né S%&'é’g?l?rt%léc!mg 8?"3%%8%@’5 %Wéﬂr‘n%g surface
including a second plurality of liquid contact regions
s p e HPREH Actuatipg Frefageonsratstelyy poppad 3, 2 PP RGtepting electrode,
contact regions, each of said second plurality of .
said weper detuatinigasirface gichring o &irst abiralifyiof lighidecontaghregions increasing
outer periphery of said |lower actuating surface to an
sizd Ro@ranAtdr iperphidig beafid upped surface to an inner portion thereof;

a lower actuating surface operatively coupled to a lower actuating electrode, said
lower actuating surface including a second plurality of liquid contact regions spaced apart
from said first plurality of liquid contact regions, each of said second plurality of liquid
contact regions increasing in size from an outer periphery of said lower actuating surface
to an inner portion thereof; and

a liquid metal disposed within the space between the upper and lower actuating

surfaces, said liquid metal being configured to wet with said first and second plurality of

liquid contact regions to electrically actuate the switch.

44. A self-healing liquid contact MEMS RF switch, comprising:

an upper diaphragm including a first plurality of liquid contact regions;
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a liquid nmetal disposed within the space between the
upper and | ower actuating surfaces, said liquid netal
wheingeeenfi gured to wet with said first and sSPCDO82004/042760
plurality of liquid contact regions to electrically
act it u
e '\%ﬁgge S(%/‘Mﬁatlﬁcérl]gnﬁ glgb%%cﬁﬂ Iaﬁgeé(%ad; pl&g% gr, 3¢ hg{aﬂr (':adiilt&@ MEAGRs spaced
i_ncl udi contact regions;
apagr][fodﬂé?'lﬁgiir% urr é%dgﬁ a‘foﬁlya°9Ie§éoéloha&1 plurality of
liquid conta regi ons, sgaced part from said &4rst
pl u%hﬂlilfiym dispgsrdgvithinithe tpace F‘b‘i’?§n theprsr prdyigvgr diaphragms,
metal disposed within the space between the per and
said tweid wetabbeing wenfigued to mrmthreqlalﬂrﬁeanrdgsecmr? phuwalgy of liquid
to wet with said first and second plurality of liquid

confRNfoaidns e gleOfisallacth € td wdlchy actuate the switch.
45. The self-healing liquid contact MEMS RF switch of
cl ai m 44, wherein each of said first and second
plurality of quuid contact regions are arranged in

I ncyeasi out [ i r
oli owe d| ap ?ah rﬁ%m %ﬁtefreﬁfMStl on" lérogo‘gamggg wherein
| f-healing I|qu nt act NENB RF switch of

each |0§§413 Jist agf rame Péla‘@iatwqf Higuid pontact EeFenSTE AEPRRESH igfincreasing

l'i quid contact regions increase in size from?2 mcrons
sizeafrogm il cwter ereripbenypoicsaid tuppsr aid dower diepkyagm tonareinner portion

portion. 47. The self-healing liquid contact MEMS RF
thergwf.t ch of claim 44, wherein each of said first and

second plurality of liquid contact regions includes a

wet abl e | ayer of platinum 48. The self-healing |iquid
contact MEMS RF switch of claim44, wherein said

s eﬁ‘?ﬁ he;‘fleﬁ%el galhﬂgqf'q(l)lc% gb'l{ltgﬁ\/%ﬂg%@wd&?véwﬂocﬁ clfum 45, wherein

said ér’st anc? second plurality of liquid contact regions increase in size from 2 microns at

said outer periphery to 3 microns at said inner portion.

47.  The self-healing liquid contact MEMS RF switch of claim 44, wherein
each of said first and second plurality of liquid contact regions includes a wetable layer of

platinum.

48.  The self-healing liquid contact MEMS RF switch of claim 44, wherein

said liquid metal includes liquid gallium.

49.  The self-healing liquid contact MEMS RF switch of claim 44, wherein
said first and second plurality of liquid contact regions each include a pattern of liquid

contact regions.
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said first and second plurality of l|iquid contact
regi ons each include a pattern of |iquid contact
wo e@soe®850. The self-healing liquid contact MMVBURIB04/042760
switch of claim49, wherein said pattern of liquid
contact regions conprises a patterned array of
linearly converging lines. 51. The self-healing liquid
con ct
pat (jgr n gﬁeazl\ﬁﬁg 1% é‘g { oﬁéa@ﬂ @r%}\%(s: O%S(V?ﬂcﬂ ost%lgm 4? \ghereln
attern of %UId cont act re i ons.
Sa1£mt¥erllh éﬁﬂlﬂw& 9 Pﬁ*ﬁ? LNt ety ppi;ﬁergesi f‘%ﬁy 8f hE?aélYn‘fon"efgmg
44, further conprising one or nore wetable traces
lhmﬁnterconnecting said first and second plurality of
liquid contact regions. 53. The self-healing liquid
contact MEMS. RF switch of claimb52, wherein said one
or nore wetable traces are tapered. 54. The

sel §1’ heafhgef-h&Hing 15RAd %SﬁtaMEmwg RiMslyetdh f Gaigd B9, wherein

44, further conprisi ng an upper and | ower actuating

said ga@%rrggodttegq%lﬁg%olsngac} lf 1019s %gl%p%%esng rﬁ%};ﬂ%ﬁi}})a}t r?gﬁ/ l%f Shquéd contact

contact MEMS RF smntch of claim54, further conprising
regigipattern of getter dots di sposed on at |east one of

said first and second actuating el ectrodes. 56. The

self-healing liquid contact MEMS RF switch of claim

54, further conprising a nunber of spacer el enents

di sfsedTign self-héadmgt lipré @htasMEMSr REF awitchs of ofaiin 44, further

actuating el ectrodes. 57. The self-healing liquid

O i elr%?&nel\@l\@ol%':w&%lﬁz Ghrce infdrédrReting Y@ Figdt Bndtseé BRAPlurality of

ai d upper and | ower actuatlng el ectrodes

hqlfl@gg,lgglcﬁegqo&gst om sl oped surf ace.

53.  The self-healing liquid contact MEMS. RF switch of claim 52, wherein

said one or more wetable traces are tapered.

54.  The self-healing liquid contact MEMS RF switch of claim 44, further
comprising an upper and lower actuating electrode each including one or more metal

layers coupled to a base layer.

55.  The self-healing liquid contact MEMS RF switch of claim 54, further
comprising a pattern of getter dots disposed on at least one of said first and second

actuating electrodes.
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58. The self-healing liquid contact MEMS RF swi tch of
claim57, wherein said custom sl oped surface includes
w@rosoedrsped sl oped surface. 59. The sel f - heal PEUS2004/042760
liquid contact MEMS RF switch of claimb57, wherein
Sa'de;%. CUSfmahﬁpaq&gSWi@%nta@t NEERSSRE Wiitdh bh@IaMAPS, further

and/or | ower actuafling el ectrodes at a depth of about
4 to 8 mcrons.. 60 el.f - ' elVY t
comE e RuE T B e i o b APtcni G B SR RS and second
hermetically seal ed encl osure containing argon gas.
actiging ¢49etradsst - heal i ng 1i qui d contact MEMS RF switch of
claim44, further conprising heating means for heating .
sai . uppBre sahfthdabing diquidagemtast MEEMS2RE Fiveick of elafaath fdperein at
liquid contact MEMS RF switch of claim61l, wherein
least ahélofeid i@r eRdRsver acthaliieselestedes inthrdes headten sloped surface.
el enents arranged about the upper and/or | ower
di aphragnms. 63. The self-healing |iquid contact MEMS
RF switch of claim44, wherein each of said upper and
|l o di-aphr i | I ; . .
traiti ngﬁgeuF?e}%{é%hgg.cﬁ (g%g@ﬁ%t?ﬁgﬁéﬁ |§ n%ﬁlls%gtgﬁéﬁgz ?)ar% agZ’ wherein
.MEMS RF swjtch of claim@g3 erein sald | eadi ng
soic o Gopeibuities meldBn ST HBhe TSRBUGRS ungst on. 65
A self-healing liquid contact MEMS RF swi tch,
conprising: a hernetically seal ed encl osure contai ni ng
argon gas; an upper di aphragm di sposed within the
encisurtheapdf-heudingdiquid @ofitactsMENISrRiF istwtchfofl dlajoi 67, wherein
contact regions; a | ower diaphragm di sposed within the

sai RIS HbBe@ R fAch & 168s86H With ¥EORShep abid/at iokér @étubtinpléieetrodes at
contact regions spaced apart fromsaid first plurality

ade%fth bt Sh38ufa 698 L AGLng €91 ons;  and

60.  The self-healing liquid contact MEMS RF switch of claim 44, further

including a hermetically sealed enclosure containing argon gas.

61.  The self-healing liquid contact MEMS RF switch of claim 44, further

comprising heating means for heating said upper and lower diaphragms.

62.  The self-healing liquid contact MEMS RF switch of claim 61, wherein
said heating means includes one or more heater elements arranged about the upper and/or

lower diaphragms.

63. The self-healing liquid contact MEMS RF switch of claim 44, wherein

each of said upper and lower diaphragms includes a leading surface and a trailing surface.
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a liquid nmetal disposed within the space between the
upper and | ower actuating surfaces, said liquid netal
wheingeeenfi gured to wet with said first and sSPCDO82004/042760
plurality of liquid contact regions to electrically
actuate the switch. 66. A nethod of formng a
self-healing liquid contact switch, conprising the

ste of 5 h.dl : t 5 -ayi i ng. .

custhm T NOSALHENRG, Rpli@ WSt RS RE SRK' O P g3, wherein

.proyiding one or nore |a abo t he surface of the
saidfcpding strtacegnelpden Rt BB pls TR 8t P act uat i ng

surface each having a nunber of |iquid contact regions

t hereon; depositing an encapsul ated droplet of liquid

nmetal onto one or nore of said |iquid contact

suréacesA safheelingbduig comattiMEMSRE switsh, reatmprisirtgh a

transparent upper substrate; andablating the

encaps et At bargleatlob@re coht@idsfy drién bisgui d metal onto
the liquid contact regions of said | ower actuating

s R AR b PGS 3 Aoty o

ﬁléﬁbstrétg.sutface i ncludes the step of form ng an
M CPUBL R our within the |ower substrate surface.
68. The nethod of claim 66, wherein said ablating step

i s alovwEdiapirem Bispossd ayithim fheranglpsuieeand feelpdine atseepnd plurality
droplet. 69. The method of claim66, wherein said
of lahlichcomtgetsiegions spaved appwit ifohve shidh yfirktealuiatity ohBquid contact regions;
encapsul ated droplet with one or nore heater el enents.
and
a liquid metal disposed within the space between the upper and lower actuating
surfaces, said liquid metal being configured to wet with said first and second plurality of

liquid contact regions to electrically actuate the switch.

66. A method of forming a self-healing liquid contact switch, comprising the
steps of:

providing a lower substrate;

providing a custom slope etch within the surface of the substrate;

providing one or more layers above the surface of the substrate to create an upper
and lower actuating surface each having a number of liquid contact regions thereon;

depositing an encapsulated droplet of liquid metal onto one or more of said liquid
contact surfaces;

hermetically sealing the substrate with a transparent upper substrate; and
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ablating the encapsulated droplet to release the liquid metal onto the liquid contact

regions of said lower actuating surface.

67.  The method of claim 66, wherein said step of forming a custom slope etch
within the lower substrate surface includes the step of forming an S-shaped contour

within the lower substrate surface.

68.  The method of claim 66, wherein said ablating step is accomplished by

laser ablating the encapsulated droplet.

69.  The method of claim 66, wherein said ablating step is accomplished by

heating the encapsulated droplet with one or more heater elements.
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