WD 2005/ 066987 PCT/ US2004/ 042760 SELF- HEALI NG LI QUI D CONTACT SW TCH Fiel d
of the Invention 5 The present invention relates generally to the field of
switching devices. More specifically, the present invention pertains to the
design and fabrication of liquid contact sw tches having self-healing
capabilities. B§ck round of the Invention 10 Conventional solid-state

swi t chi ng devi ¥8L'"E8%as RF switches, PIN switches, MNEJCTUSSWALIEs, and
mechani cal relays are used in a wide array of applications to control the
conveyance and routing olsgglregkAl G 1309MBICONTACT™ViFEd of

m croel ectronmechani cal system (MEVS) devices, for exanple, such sw tching
devices are used to perform rapi dggpiol fBiVentmt ween RF and m crowave
signals in a phased array 15 antennae or other phase shifting device. Such
swi t chi ng sdevi ces rgg greaérﬁ%v%ﬁmq%meg%mq to 1 £418 ofl SR irHin r%ggevﬁ%ésm?e

bandw dt h m crowave and RF filters, guidance systens, ni cation

systems, avi Ol 68 A0dns BRGH: BYHBH Bertdit!b e SBPRId an%ﬁﬁ Sﬁﬁ%&&m HVAC

systens), process contr ystenms, “and/or o Tcations ere

si gnal smntchl d or desired. 20 The failure of nany
conventi onal £ﬁ%&5“%g%%3%@8§°m§35Fﬁ§ a significant obstacle in the field,
limting both the reliability and actuation speed of the device. In the

design of MEMS RF sw tches, forg egaﬂil]ef;tse r,g:geat ed actuation of, solid
metal contacting surfaces can 2 % fail or become unstable
after a relatively, short erlo Jtine (e.g. abo 100 . mllion cycles). In
certain cdses, fa E‘Fe@t‘?ﬂa 895 g“é q,ﬁg{ﬁg%ﬂmgfs% itehss SIN spwdtches,

el ectrical arcs or sparks between tlhe el ectrostatically actuated cont act
surfaces. SudAESHEY myitden 2pdmeehanical 1rays rregived b2 NIHF 4w ok epphigationsiod/ or
pit, causing stiction within the swtch that can reduce contact

reliability. CPW%QE}}%M"W%@CFnannemH%‘%gué’cfl Rigetniealr Figadls calt dhesofidduele

jitter, resul ting in variable switching times and an increase in the
microelectromechanical system (MEMS) devices, for example, such switching devices

are used to perform rapid switching between RF and microwave signals in a phased array

15  antennae or other phase shifting device. Such switching devices are also frequently used
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.

20 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 métal 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

25  the presence of electrical arcs or sparks between the electrostatically actnated 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

1



1 WD 2005/ 066987 PCT/ US2004/ 042760 pull. away force necessary to open the
swtch. In certain cases, the shape of the contact. surfaces can al so cause
contact bounce, further reducing the efficacy of the device during
operation. O her factors such as contact resistance (i.e. insertion |oss),
harmoni cs, parasitic oscillations, shock resistance, and tenperature

resi stance mayYQPYYP8Tit the 5 effectiveness of nany pPCHUSHP4043WPt chi ng
devices. Summary of the Invention The present invention pertains to the

desi gn and fq;laniaaa? if6tBe Adcedshrsiud GpdniAé awitch. SWick:@de Bashid HeNBaeedtfthdethdcng
capabilities. A self-healing liquid contact switch in 10 accordance with an

il lustrative seiRedtdRiMo cafiselchiftadd bOGRA! futiey edtutiOf thaRHfichd}CA R IR e
actuating surface and a | ower actuating surface each including a nunber of

wet abl e tracegerafifl @th& Utadbrs MuciPlal on@btaRSBahde I b.0inS@RE A Ess), qxgj’ng&ﬁcs} hat can
be brought together by electrostatic actuation. The swi tch ‘can be

el ectrostat i g)gllakei ¢ ¥sditioRe éﬁéd'kn&siét&aéépgﬁ‘% ratdr© Y8 staAG iﬁlﬁ%ia%g Gh§Ghd Ode

configured to reduce contact bounce an -away force. certain

enbodi nments, eﬁ‘é’{tirv %gg%yarﬁmggﬁ%;tﬁ{%ﬂ}gﬁtlg%‘qcéprface formed on the | ower

actuating electro r per actuating el ectrode to be
initially actuated with a relatively small voltage, and then rolled down

t he sl oped surface to provide the desir di spl acenment to actuate the
S}NlttCh.dA nurrbgr of Zp?cer el err;s t we and/ ort upper act]thatl ng 20
el ectrode can be ysed to, preven e r.an .act uating surfaces
from physical ly cgﬁ? REES G VR BRI Ligﬁﬁ‘? ﬂﬁlggcﬂ%\zgﬁ’%%.gonrﬁ hﬂ\%ﬂLﬁoﬂtaﬁtont act
regions can include a wetahle surface.adapfed to.wet.with a |iquid netal
such as gal | isﬁ’ﬁ?}{eﬁjlav@ﬁnsegg]eag’@dc‘i% ‘ﬁf”’ésct i csﬁ‘fﬁ’ﬁah&étli‘q}‘é{i EORRE SRt when

t he uppelr and | ower act uﬁti ng surbf aces %re br ought ¢l oser, tlo et her. The
vet abl e tPac@ecoxfagce Wilah Hustaiyesapbodimentofdhepipsepidnvention payne RdeAndwper cul ar

manner on the upper and/or J@ower 25 actuating, surfaces, formng a patterned
array ext endia?f@atﬁgé ah apf 3 Web@;qaﬂ%ﬂyfagq eapﬁglcludmganumber of wetable traces

and circular or other shaped liquid contact regions that can be brought together by
electrostatic actuation. The switch can be electrostatically actuated using an upper and
lower actuating electrode configured to reduce contact bounce and pull-away force. In
15  certain embodiments, for example, a custom sloped surface formed on the lower actuating
electrode can permit the upper actuating 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
20 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

25  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



actuating surface to an inner portion thereof. In certain enbodi nents, for
exanple, the 2 WD 2005/066987 PCT/ US2004/ 042760 wetable traces and liquid
contact regions can be arranged in a patterned array of linearly converging
lines with each liquid contact region gradually increasing in size towards
the inner portion of the actuating surface. In other enbodi ments, the

wet abl e tracesWaAWs0¢6PJUi d cont act regi ons can be arrangedTtius20a4/GPichal i ng
pattern with each liquid contact 5 region gradually increasing in size

towards the 'Wﬁ) ROl LA ‘idé ct%%%}%ﬁécan%’%ﬁ d?ﬂ }n‘élgm’é}‘ﬁfrlx}e d et al

can be confrgure to auto trc grate |n owar

ot on o GSiERE S LTRSS ARSI B0 B0l RS 1T
o A e 10 e bRy Fe ST Sl AP Rk ELiELETRY eta%fn By g oy

to induce 10" nophor esi S er cand Tower ad aces,
further causi,ng.the.ljquid _ rate rnwa dly duri ch actuation
cycl oc an i 1168 i RsER 6B BF “Poeet i ab Sar B IR P ol el

swi tch |n accordance th the present nt.ion may begin with the step of
o ovi di ng S GO Geer B Bseue T DR D G P GoBneoI B SPial eDuchtoc

formed therein, a nunher of further g pr.ocessi ng steps can be perforned to

form the uppeftugifd. siigpidpetalgan fg © tefl oy adomgpfipally perats guyardly dowasdser

actuating surfaces of the switch, In one illustrative enbodi nent, a nunber
of wetable trHhcEaeTpAItin of fhe agtyptingSrfaces Py surtace fension raad hyk RIBeSTB atoic
substrate, allowng the deposition of a liquid netal. To prevent oxidation,

the |iquid meeaptuesaillpwingetie fitch de self-hpal h']Pﬂnga caghi petyalipe cyele- t nessteian or

ot her suitable material that can be |later 20 renoved to |liberate the liquid
metal . | n ceremipdimeniBo@heront Boref entiopal algsice clamanissegn e agmplevsd toeindieeect ed
through the surface of a transparent substrate to ablate the encapsul ati ng
| ayer onckd) t Heermophordsistvathiththe ippesrane lawen pityatise siréages, furthet trasing thedujuident s,
heat generated fromone or nore heating el enents can be used to thermally
abl at e t he emug)samnzprdtpgpwardly during each actuation cycle.

An illustrative method of forming a self-healing liquid contact switch in
accordance with the present invention may begin with the step of providing a custom
slope etch within the surface of a substrate. Once formed therein, a number of further

15 processing steps can be performed to form the upper and lower actuating electrodes and
the upper and lower actuating surfaces of the switch. 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

20 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.



| ayer once the switch has been hernetically sealed. 3 WO 2005/ 066987

PCT/ US2004/ 042760 Brief Description of the Drawings Figure 1 is a

di agrammatic view of a self-healing |liquid contact switch in accordance
with an illustrative enbodi nent of the present invention; 5 Figure 2 is a
top plan view of the self-healing liquid contact swtch of Figure 1,

show ng the juwoapssgseson of the upper actuating el ectroda1aosbdres ower
actuating electrode; Figure 3 is a cross-sectional view show ng the
self-healing liquid contact swwtch along line 3-3 in Figure 2; 10 Figure 4

is a cross-sectional view show 0 . } i of the liquid contact
regi ons on the upper and Iom%ﬁg%%%n?ﬁnlgﬂéggg%ﬁ%f Figure 1; Figures 5A-5E

are schematic views illustrating the Cess om.c recapture. for the
sel f-healing Ii qu;ﬁogué%r%t 1as‘c§ dé%r c au(%faé?gograe S%'h%?né%rlg’éndgﬁ?‘gaéy&?"ém}éd%enati c
views illustrati t he, process. of rface..15 rearrangenent for the

sel f-heal i ng ?cfﬂg%‘&e gghf’%@ﬁ”@%ﬁ"f?ﬁ oéfm gagp%prﬁ,enﬁi%wlgg, 7A-7C are schematic

views illustrating.the deformation 01£_ I iqgkd .mehal. during. actuation of the
upper and 1 ower adt8¥Lt 7 Ayt RPaRCASY offhg srlkheplipg lignidicamiact siiteh of pwt/lof a
self-healing liquid contact, switch in accordance with another illustrative
enbodi ment  of SIPHBE pPe JWHIPOsIHYR 5f ithsnuPpsp 2ethajine crlestipde gvegr ihe dow@cactusting vi ew
showi ng the configuration of the liquid contact regions on the upper and

| ower act uatif‘r‘@tfgi%ﬁr;faces of Figure 8; and Figures 10A-100 are schematic
views showing an illustrative nethod of formng a self-healing liquid
contact switch. 25igmes 3id eropesetiongt igh showingibe sel{benling fiquid contact switch

along line 3-3 in Figure 2;
10 Figure 4 is a cross-sectional view showing the configuration of the liquid contact
regions on the upper and lower actuating surfaces of Figure 1;
Figures SA-5E are schematic views illustrating the process of atomic recapture for
the self-healing liquid contact switch of Figure 1;
Figures O6A-6E are schematic views illustrating the process of surface
15 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;
20 Figure 9 is a cross-sectional 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.

25 Detailed Description of the Invention




4 WD 2005/ 066987 PCT/ US2004/ 042760 The foll ow ng description should be read
with reference to the drawings, in which like elenments in different draw ngs
are nunbered in |ike fashion. The draw ngs, which are not necessarily to
scal e, depict selected enbodiments and are not intended to limt the scope
of the invention. Although exanples of construction, dinensions, and

mat eri al s are WO2PU5(96P¥7at ed for the various el enents, thdsa/uskiokbedoi n t he

art will recognize that many of the exanples provided have suitable
al ternatives that FRYoRG s dekdrpBbn sHoUMWE Beal vith rafefth@lth MY Bhiney L EWLOE 2
self-healing liquid contact switch 10 in accordance with an | 'l'ustrative

enbodi ment thﬁe%ﬂén?ssﬁ ey %fhtvdn% aretinfefta kR Tike TAsquﬁt TRE i4Rhings; fich

m croel ectromechani cal system ( RF switch, includes an upper

actuating el egl [0 A2 sful QURL sae&éaa&ﬁmm?én%%a ol fhudi et ok he

hernetically sea W t'hin an enclosure (not shown) containing

I h
EES”Foﬁeraégé’%a%fbsfmee ee%P%oﬁ%EW b Wn%%@é?ﬂﬂ hﬁd‘f . réﬂk?aetaﬂc F% ner 1 or
ke of I f b f
8 S AR O
fo)r/ exanpl e, e{}( glﬁf)Brfg?“ % "ﬁ%f‘%"%ﬁ‘e agTr%aé’tst tg% bﬁ&}h% ﬁcl ude a layer of ’

tungsten or ot her t abl.e coupl.ed er of si |con

i Ur de (S5« FORE F1 A RIoc B0 A Aeir DGR T coblec et b
actuating electrode 12 _has .3 substan | | t angul ar shape defini ng a
number of si cSeCr9ECo Vil an dfjgflrave e ‘Ké d?‘ﬂﬁ%c‘ﬁ"t 8 B eﬂtag?{é’%f‘olnl n&¥tch 8,5 des
20 and ends 22 on the upper, actuati n}g el ectrod e 12 are configured to align
and mate wi t HilgstmtivAbe? TgFogiermeshnatisysiERa BN SHEF| FahbiRcifE momper
actuating el ectrode 14. When fully assenbl ed, the various sides 20,24 and
ends 22, 28 ofachRing flesgpdekiandplereraciugting sleptrafe t4 thatraa be rermeticpllyispaledan

|nternal chanber 28 within the switch 10. In use, an electrostatic charge
can be i nduceythin an enclosure (not shown) containing, for example, argon gas. In the particular

view depicted in Figure 1, the upper and lower actuating electrodes 12,14 are shown
detached from each other for sake of clarity, with some features being partially removed
or hidden for clarity.

15 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

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

25  between the upper and lower actuating electrodes 12,14, causing the upper actuating



25 between the upper and | ower actuating el ectrodes 12,14, causing the upper
actuating 5 WD 2005/066987 PCT/ US2004/ 042760 el ectrode 12 to nove back and
forth in a particular manner within the internal chanber 28. An upper
actuating surface 30 coupled to the upper actuating el ectrode 12 can be
used to short a corresponding | ower actuating surface 32 on the | ower

actuating el eploRokeeds7 14. The upper actuating surface 3gr©eddodssside a
nmetal boss plate 34 disposed adjacent to a |layer 36 of SiN or other suitable

dielectric material., farm n £ di ragmof the .switch 10. In

certain enbocfﬁeﬁ%%c%s{z ﬁoon?gvgﬁdrri éi,%ﬁﬁén %ngpupl) g?aé'9§4‘£1?%m§émfe8’la fr | east

in part fromg non-wet abl e netal such as tungsten that resists wetting of
0

certain type f liquid netals such as liquid gallium 10 Di sposed on the
boss plate 34 are,a nunber of tahl e traces, 38 and cj.rcuyl ar .or_ ot her
shaped |iquid conf*AdPPFEG EHE sﬁ%acteﬁgtco'ép&%ﬁﬁzh%?@g "tcglam%ecé’i"g%ﬁ? F3he cont act
between the upper and | ower actuating surf cea 30 3%. The |iquid contact
regi ons 40 c&RCAJ8 Short 3 corpssRPding Loxyey agtiaiae Fufacs Agiof fhe oy acuntimg elsetredsr r om an
outer periphery 42 of the boss. plate 34 to an_jnner portion 44 thereof. In
certain efbodfnaht wpret #dalips stpfees 10rcgr dcludg a ekl hogs plate i dipated #diacenilgi ons 40
can be forned in a patterned array of linearly converging |ines each
gradual |y i nélesshel $i woavhswtabflam@cmﬁm%ﬁgfowtap&nm@apmmgm@ﬂtehe
material formng the boss plate 34, the wetable traces 38 and liquid

cont act regi ewicty. dpeertan prabpdimesita, forwaree. dhaheserlpt B4 carale fponed atddabt wit h
certain types of liquid netals. In one such enbodi nent, for exanple, the
wet abl e t r ac@sp88irem d/non-Wetalei roetd Gugtoast tumgsten dlgt tosists 2Gttingrofgertdimtypesdoff r om a
plati num material, which wets well with liquid gallium Glliumis

consi der ed a ligeidmietald such g6 ligowfgalliummat eri al based on its relatively | ow
nmelting point (i.e. < 300, and since it is able to undergo substanti al
heati ng W0t h r el Bispased yn thevbobeplate S4afe &vwaplar af wetable Gatdsi 3$rand ssirailaroor

desirabl e over other liquid nmetals
other shaped liquid contact regions 40 that can be used to make electrical contact between

the upper and lower actuating surfaces 30,32. The liquid contact regions 40 can be
arranged closely together and in increasing size from an outer periphery 42 of the boss
plate 34 to an inner portion 44 thereof. In certain embodiments, the wetable traces 38 and

15  liquid contact regions 40 can be formed in a patterned array of linearly 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

20  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



used in the art such as nmercury, which require additional safety precautions
during 6 WD 2005/066987 PCT/ US2004/ 042760 manufacturing and di sposal. It
shoul d be understood, however, that other liquid materials could be
utilized, if desired. The upper actuating surface 30 nmay further define a
nunber of openings 46 that allow the deposition of liquid nmetal (e.g.
gal | i um) wit himotdveosaaszer nal chanber 28. The 5 openi ngs péGsansbardocat ed
at or near sides 20 of the upper actuating el ectrode 12, allow ng deposition
of |iquid matgiduélct@ieand fispdsslVershadd bairdagtosd)hbaeer,28at dthet Bghid fraferhigat i on.
In certain enbodi nents, the openings 46 can be fornmed by laser drilling

hol es t hr ougheohifageuiiiesd, #atsuad.i ng surface 30, or by sone other desired

met hod. The | ower actuating el ectrode 14 can include a custom shaped sl ope

that allows 10 th%e%??&ract@&mgasiﬂfﬁt@ | 85t f0ARR ddfne Dnbifbet B bperldgy 48@tpat ed

with a relatively small voltage, and then rolled down the sloped surface to

provi de the dggitgd dicsbRELIRNAA nle] ACS YaliemS WRhin MY fnfdthal Chanktier LBIE The

illustrative enbodi ment of Figure 1, for exanple, a custom sloped surface

48 formed on t{plaﬁn OUWEIcaRBh Ysatel Gt R Giehr’ QA8 2bofCRB uBer CRALISP EREJaR O adual |y
slope froma l'ocation at or near the ends 26 of the, |ower actuating

el ectrode 14 atlﬁwgda%p%gt@gﬁg{)@g{ nfleribNB16 the 1605 cARhY QuitactN2P3Hif) OPe

regi ons 50. |n use, slope regions 50 re e anount” of

cont act bouncg_betwee . {i ect

i ncr easi ngut hfgb %3{1%% @o%é}%ﬁe%}@bogﬁﬁ%ﬁ%ékﬂégﬁp? llélﬁgslé)b?gaﬁbee é’?“s?%‘g‘ﬁ’étéﬂg‘{ %@éﬂg regi ons
50 al hel p t d t h t ' te th itch 10
by 1 educi ng " WA g perRite SlnRCh i SRHL LS AR BRSO, Tt ng

el ectrode 12 away..20 fromthe | o tuating el ectrode .14, of.t om
portion 52 of the &f gcb“éeél 2R S ecﬁg&ecgﬁcaﬁll%%u & PEeRSTyp daszf%pﬁﬁ%%@#l%‘ﬁst dept h

D 0 Y U SRS SI-Rle T s BRI A8 R g3k oo
portion 52 Ofanﬁ I{heen rolled down the sloped surface to provide the desired displacement to actuate the
switch 10. In the illustrative embodiment of Figure 1, for example, a custom sloped
surface 48 formed on the lower actuating electrode 14 can be configured to gradually
slope from a location at or near the ends 26 of the lower actuating electrode 14 towards
15  the interior thereof, forming two S-shaped slope regions 50. In use, the S-shaped slope
regions 50 reduce 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

20  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

25  sufficient distance for the upper actuating electrode 12 to displace. To further prevent



sl oped surface 48 can be recessed a depth D of about 4 to 8 mcrons,
providing a 25 sufficient distance for the upper actuating electrode 12 to
di splace. To further prevent 7 ................. . WD 2005/ 066987

PCT/ US2004/ 042760 undesired contact between the upper and | ower actuating
surfaces 30,32, switch 10 can also include a nunber of spacer elenents 54
formed on t he wippws/oengt/ or | ower actuating electrodes 12CTAIS20041042m0t ai N
enbodi ments, for exanple, the spacer elenments 54 can include a nunber of
protrusi ve dotusleficadneatacinbeawqea tthecupperomdtibwersictoptny sufat@cd,328swifcht lecan | ower
actuating electrode 14. The spacer elenments 54 can include a material such
as silicon nakd indmd¢ Sindnbérhvdispaperelenrents 54 Hermep pe theaupged ovdr lovet aettating
surfaces 30,32 from physically contacting each ot her when brought together.
Switch 10 mayelkdiroldben 2,14Mc|In dertage tetnbodifnentsy. fot iekampleinthe cpatkt glements t5a @apt ur e
resi dual oxygen, water, or other oxidizing gases contained within the

swi t ch encl osikRde hRhumBért diphotrudiVe @oth Gdine® it S patfears orethalped sdfapals ef the Of
gettering dots (not shown) can be fornmed at various locations in the switch
10, typicabl yjodker acth@matdi@fo@nay ThOspatdi @leapRBr 5406 heWR a n€iidRkich %
surfaces 30,32. The gettering dots can be forned by depositing small

encapsul ated gatdnekitdid @N)Sthal proRfits We FEYE ahd fber ABatiMpt fifacds O, 3 Wbz 10,
and then laser nelting and/or heating the encapsulateg getter dots once the

switch 10 has;heeny dntbgi Bl Rlhestoh@didzfmiel ease the fresh getter. The
| ower actuatiﬂgégug%acg Sfmgan iéclude égﬁéﬁber of wetable traces 56 and

circular or other & q@n&a'g%ﬂrﬁma pf@.g!%m%%&ﬂfgﬁﬁap@&gmg&imize and

shape with the wetable traces 38 and |1 quid contact reglions 40 di sposed on

the upper act zé%w gvate?,%foafegoﬁ&&zm%Qgemramee Wit fRCRE sé{écé.{)@ag@ﬁ gﬂ%}tﬂn a

linearly conv ent manner from aR~20 outer periphery | ower

act al i N9, 5Ur {a60aRand QuPBahBRCt A |2 0eRZink R1o0b: sl Wt Be tEHSE 20! @

traces 38 on the upper actuatihg sur e wet abl'e'traces can be

various locations in the switch 10, typically at a location away from the upper and lower

actuating surfaces 30,32. The gettering dots can be formed by depositing small,

encapsulated gettering dots at one ér more locations within the switch 10, and then laser

melting and/or heating the encapsulated getter dots once the switch 10 has been
15 hemmetically sealed to release the fresh getter.

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 corl-vergenf manner from an

20  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

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



tapered to scavenge liquid netal fromthe outer periphery 60. A nunber of
input termnals 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 nunber of output termnals 66 25 |ocated on the opposite side of the

| ower actuating surface 32. S WD 2005/ 066987 PCT/ U52004/ 042760 Figure 2 is
a top plan vi eywpeafosidses7sel f-healing liquid contact sw tclrctQssbaybhgure 1
showi ng the juxtaposition of the upper actuating electrode 12 over the | ower
actuating el ectr ogigurd4.is #A®p pRA vitey cfakyseifthedlingUigeid 2ontsiskiéh 1ofFRrd Ur t her

i nclude one or nore optional heater elenents 68 (e.g. heating re5|stors)
configured tosheaig thequigRsiioR bl theaippér dotuaiiguéltdtivde $21bv@aBS Iokr 3duitRgi Nduce
t her nophoresis. The heater el enents 68 can be operatively connected to t he
upper and/or LbleMRide a4t uat daf beabarirmgas 2] swilch nm?mrﬂﬂem‘a@lﬁde e Stambleed
arrangenents to forma particular tenperature gradient wthin the smntch 10.

In the illust Bﬁidnéﬂ%e@t@mghm d(@%ﬁle‘éﬁl%@eélﬂorgj &Hﬁ%ﬂé’d tohRkt tRSEPRY &id 16w
ou

heater el ements 68 are |ocated adjacent to the corners 70, 72, 74 76 of

the boss pkat sctéaﬁn%gmtf&%s 40dertsi ifgacd AndnobHdfeskiP P Ehe ﬁ%&ééa%éxﬂ 1S Y8 fc g&%ﬁ?*o The

nunber and arrangeRent of the heater el enents 68 a tere owever,

desy rod. Fi quitry By LR LIE T D BE) e MhitR ek AR 12, Pl o Wi quia
contact swit CQf de%ﬁ)e Lﬁggerjléfg osféx%bh [B?xjgll;lgrgtrdt@m er tﬁi% @%ﬂé’l\?drﬂmﬁ'}ng h 10,0N€ Of

nore hol | owed reg |on ower: act |ng

el eetrode 14 Alu@igidl dubBhaw e ans 99%} e, kN LOYBRRL KR O

surface 32. |s a mor e §

thermlgr ac ent ctedgcg, I 6 et S dé"zt’nl"}%gfhh b%gyggeagﬁg'ﬁg@ gt uati ng

sur;aces 30, ﬁ? genera he argoms f ]
o ement's OB, G Vet ﬁakﬁé@ﬁ%@rmwéem%gé@%i b bieBent BE pper

and |ower act clsjo%w begalfseyecif ﬁ&v&?e%er?’ ?d gr%duc-le-% er %esued thermal gradients within the switch

10, as desired.
Figure 3 is a cross-sectional view showing the self-healing liquid contact switch
10 along line 3-3 in Figure 2. As shown in Figure 3, one or more hollowed regioris 78
15 can be formed within the lower actuating electrode 14 at a position below the inner
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
20  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

25  thermophoresis. In certain embodiments, the heat emitted can also be used to maintain



emtted fromthe heater elenents 68 is further focused al ong the | ower
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 | ower actuating surfaces 30,32 forces the
liquid netal to m'grate i nwardly during each actuation cycle through 25
t her nophor esi sYO PS8¥PY7ai n enbodi ments, the heat emittedPERNSHPLH2I® used to
mai ntain 9 WO 2005/ 066987 PCTI US2004/ 042760 the liquid nmetal inits liquid
state during thetijwdned! indpligeid stagr duging periofs of PR-use. PO When thspwriighd@ i n col d
environments. Figure 4 is a cross-sectional view showi ng the configuration
of the |i qui dopewredaecold ppgfiopmentsi0 or 58 on the upper and | ower actuating
surfaces 30 and 32 of Figure 1. As can 5 be seen _in Figure 4, the upper and
| oner actuating sligecés Bgowmnectipralvigy daymeithrctopfigurations dhd ligned c@tiachavi ng a
| eadi ng surface 86 and a trailing surface 88. In certain enbodinments, the
base | ayer 84&egiams 49eorf58 onte uppayrmdivvappheihgisirietes 30 and 32 ofFigie ¢k Aslcayer of
silicon nitride (SIiN) film A relatively thin (e.g. 50 nn) outer |ayer 90
formed alsovebetshan indFighrev tisupbercand 3@ven hcttdting bafeed Hyand 38 mayredhlidelsdeca
non-wet abl e material such as 10 tungsten that resists wetting of certain
types of |iquast MBenl’s lewing @ deddingusuaifagaBE iand a tmiling dlifhde0B8.t OIf Orflirng a
non- wet abl e surface that repels the presence of liquid netal on each of the
upper and | ovgbodigicns} the GaseUlafer Bascan be Farmetl HRnO U eppréximetely9D nadre® tlae S as a
barrier to help screen any electrostatic charge trapped within the base
| ayer 84 caugggr dpiilieg nigide (SiND St iACreRavdIathiD (k.. A0 SinYiobRf 1896 BY fotayer 92
formed on the trailing surface 88 can also 15 be provided in certain
enmbodi ment's, JdhbvedBs icadfls suPBcESFoliRe badé @84 S@MMles Mndri-Gethisle hateBalduch hui d
contact region 40,58 also includes a wetable surface 94 adapted to wet with
a sem - Spher i wsdel 150 aRRE vwbtaip dtce@din bypedloigimt Mktals 36cht Rai@ANealfAe wet abl e
surface 94 should typically include a naterial that wets well wth the
[’ﬁr ticular |iQukioh fBebahin®Sndt-ihthi18 Shrfab&theGEe el the HERAM STRRLRL mdtATon®XA P! €,

e

of the upper and lower actuating surfaces 30,32, the outer layer 90 also acts as a barrier to
help screen any electrostatic charge trapped within the base layer 84 caused during
electrostatic actuation. A similar outer layer 92 formed on the trailing surface 88 can also
15 beprovided in certain embodiments, if desired.
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
20 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

25  outer periphery 42,60 of the upper and lower actuating surfaces 30,32 to a size of 3

10



20 wet abl e surface 94 can include a layer of platinummaterial, which is
well suited for capturing certain types of liquid netals 100 such as liquid
galliumor an alloy thereof. The dianeter D of the wetable surface 94 will
typically vary depending on the location of the liquid contact region 40,58

within the patter n./ol n87certai n enbodi ments, for exanple, the dianeter D of
the wetabl e st¥Pa¥&Y1can vary from 2 nicrons at or neaf THEYWEM3(Her

peri phery 42,60 of the upper. and |.ower t uat.i syrfaces 30,.32 to_a size of
55710 W0 2005PBR SHestT DEIBCRPUS T 2 et bl ase ths BB R el Brof
portions 44,62 thereof._lnJuse, the.increase.in di ter Dof the wetable
surfaces 94 ¢ ?@?@%Sé“fa?eég#é?ds?eso © Fﬁoﬁ‘cﬁ{scﬁ’?ﬁ%{l‘gpe@%&?@ CRERIEEFDEr#Sse in
size since nore surfa(r;e area is1 vail able to wet. Turning now to Figures
5A-5E, an i || SRR SEIacE AalS R R Yd? ¥ or the upper and 5 |ower actuating

surfaces 30,32 will now be described. In an initial ,posi]‘tfi on illustrated in
Figure 5A, the uppB¥mES&oVINSIEUES odat 18 ikt satipnseycly far hgwaeriasdan open
or separated position with the Iiquid contact regions 40 on the u

| ) NS on 1 pper
act uating Sur fosiepaciuating swfaces P2 vidaotHhe descibed 1B oninital peeilpHlsistedon t he
| ower actuating surface 32. In this position, the gap between the two
actuati ng sur Figeees5A0thgupper angr lower apating| srfacss 139,38 r 8¢ SheWnLON taheopdr ol et s of
liquid netal 96 from contacting each other, preventing the transm ssion of
a signal thr osshratefeositipn with fige. liqnide pontact tsiony 40 pr theprpeeertuabing inefagpper and
| ower actuating electrodes 12,14 (see Figure 1), the upper and | ower
actuati ng sur §epereed 3onBthediquidinontagiitegionsd$em the tpieh estuatingsurfresgd2t Hle this opl et s
of liquid netal 96 on the upper liquid contact regions 40 to cone into 15
el ectrical copdsion, the gip bdtweed thativetastuating] siudasesi3 33 ialsuffiGiently taige tb preeent| i qui d
contacts regions 58, as shown, for exanple, in Figure 5B. When this occurs,
t he boss pb at the dfop{eses lighigumatal 96 froof contactingEpadr otlar; prestentigg the trh@sodssidA offecones
shorted to both the input and output termnals 64,66 on the | ower actuating
surface 32, ahbipgwl tigough thefswitclgph®dl to be transmitted
When a voltage is applied to the upper and lower actuating electrodes 12,14 (see
Figure 1), the upper and lower actuating surfaces 30,32 are brought closer together,
causing the droplets of liquid metal 96 on the upper liquid contact regions 40 to come into
15 electrical contact with the droplets of liquid metal 96 on the lower liquid contacts regions
58, as shown, 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).
20 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

25  then moving inwardly towards the inner portion 44,62 thereof (see Figure 1). The ability
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through the switch 10 (see Figure 1). 20 Figure 5Cis a third view show ng
the initial separation of the upper and | ower 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

el ectrode 12 a‘gﬁi ns}%{’h; contoured surface 48 of the | ower actuati n%

el ectrode 14 cAHSES"PHe 1iquid contact regions 40,58 to BSHYS24ae7e

begi nning at the outer. periphery 42,60, and 25 then nmoving i.nwardly towards
the inner por%f tB?ls‘ﬁﬁ%]éﬂP P?B%)ne’l}ft%f DB regHiees 1he) forey figces Ay flogvh affy%two
2005/ 066987 PCT/ US2004/ 042760 .. of. the swi,t 10 to open in this manner
reduces the f¥FRENGEY §Sde§/3§t Bla¥ting the gxiich ﬁgtot(\%rated{?{‘)’ﬁg?sis AT g @y 30, 32,
allowing the switch (gt}v'ho.oafrate using less current than many conventi onal

swi t chi ng dev§oBg&itio G- 10 is further opened, as shown, for exanple
in Figure 5D, an 5 electric arc 98 may junp fromthe central |iquid contact

y :

region 40,5 8 on dhethgctiighilfgs futher gp@edoasashoys. fonexemaple im | FigwedPd v ont r act
regi on 40,58 on the orﬁpposi te actuating surface 30,32. This electric arc 98
forns a hot syestricpmeHBmashiameromt gie centepl liguid santadt tregiey bk on ane Hruatisgusi ng
some of the atons 100 of the Iiquid nmetal 96 to evaporate and sputter
t owar ds t he owtfese 3s32 toriky sentaad ligeid gentrapteregipp 49,5 & prithe ompasite actupting sgfaserr f aces
30,32, as 10 indicated by the arrows. Mst or all of the liquid metal atons
100 that are 39A% t €hiectlegugyarc P¥ dorms ehat spetrithin itheu¢edira digquisk contagyiegivss 40, 58
then collide with the argon gas contained between the upper and | ower
act uati ng sur4GiSesaBhg3@mecduld atgms hedrof theDouidcmetel 96 tar gyoporatataodsputent ai ned
within the switch enclosure until they are recaptured by one of the outer
| i qui d cont actbwardg itieneutéOpefigheryl 42,6@ b the nppereardHawert dvating)srirfhcexeited2, as ons 100
are 15 atomcally recaptured, the inert gas pressure within the enclosure
and/ or t hey geiadieited/byothe atrdves. tMast acdludtherlgurimdtd aems300 Bidt aheputdret @awipde
sufficient to prevent nost or all of the Iliquid netal atons 100 from bei ng
ej ecti ng beyofdin theecentrbldiquitiedonfabieeyiod?4GER thén téildd with the argon gas contained

between the upper and lower actuating surfaces 30,32, causing them to bounce off argon

atoms contained within the switch enclosure until they are recaptured by one of the outer

liquid contact regions 40,58. To help ensure that the liquid metal atoms 100 are

15  atomically recaptured, the inert gas pressure within the enclosure 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
20 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 SE, 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

25  inwardly to an equilibrium position similar to that depicted in Figure 5A, replenishing the
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actuating surfaces 30,32. Once the liquid nmetal atons 100 have been
sputtered away fromthe central liquid 20 contact regions 40,58, the
various characteristics of the non-wetable and wetable surfaces act to
automatically retrieve the liquid netal 96 towards the center of the upper
and | ower actuating surfaces 30,32. As can be seen by the arrows 102 in

Fi gure 5E, fomwe2aspiéssy the surface tension created by popUSb@pe7ef t he
upper actuating surface 30 encourages the liquid netal atons 100 sputtered
t owar ds t he osipgly dfiliquiddnetad 96 acthe pantroAsso40d 38 furbemdespribebed®w withaesgbgt t 0 an
equilibriumposition simlar to that depicted in Figure 5A replenishing the
12 WO 2005106638gureCiA-a8x00m B4dipaire of thebiyid oéntidt cpgiods toetasd th@Eenten of the
center. Also, and as further described below with respect to Figures 6A-6E,
t he i ncreasi ngrnstize nafy Helye ehdogragel tieohduad tnetag go amigrateotaveuds tthe cangert & thef t he
structure may hel p encourage the liquid netal to mgrate towards the center
of the strucémkere.5 Because el ectrical contact between the two actuating
surfaces 30,32 is nmade by the presence of liquid netal 96, and not the use
of solid nptal surdaees eastrisiCinmtt ehadn tHywordatheniteRtds 30,33k hiabé BY
devices, any pitting that occurs within the liquid nmetal 96 wll

i mredi ately r@pajdserick 9 lifuid wctal 96,0a8 Mottt Uk df QBliCHEtaPsur ik 9 ¥&@bmpliglel i NG
that can occur in the solid nmetal contact surfaces of some sw tching

devices is al Wm%ggédn%ﬁb@@lwﬁ&hfgi d¥Res, Ay HiBE tat 6lirs i Be liguill e Wi t hi n

the liquid netal and not the upper an | ower actuating surfaces 30, 32.
This results | 415 35 Rir | iRelf QNEACIacK SethaAABh b1y, WidkddvEr, blRingSMittGh 10, in
sonme cases a|?g%fﬁ3 %he?zﬁﬁgéhelo f%pbg acpuatg% nore than 106gbiff%€n
cycles. In adgiti Annt QolldReRl QGBSSsufthced bPMirke §firchRARdViCes i% LS ainefi Gihed
generally in Figures 5A- 15 5E, swtch 10 can also"be contigured to

| f-heal ;¢h . : I .
sel f-heal 190" 8hene e?&hﬁ?%% S8 fLRRGCHRIh R RARP hetall 99 ufid 8L HEGIRIhy 11

Fi gures 6 Irs open) positio ustrate gure
lower actuating surfaces 30,32. This results in an increase in contact reliability within the

switch 10, in some cases allowing the switch 10 to be actuated more than 100 billion
cycles.

In addition to the process of atomic re-capture illustrated generally in Figures 5A-

15  5E, switch 10 can also be configured to self-heal through a surface rearrangement process
depicted generally in Figures 6A-6E. In a first (i.e. open) position illustrated 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

20  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,

25  causing the liquid metal 96 to contact and adhere to those surfaces as well. When the
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6A, a single droplet 104 of liquid netal 96 (e.g. galliunm) is shown
deposited onto one of the outer liquid contact regions 58 of the |ower
actuating surface 32. The single droplet 104 may be forned, for exanple, by
the initial deposition of material through one of the 20 openings 46
depicted in Figure 1. Figure 6B illustrates the step of closing the switch
10 to bring t woops®essshd | ower actuating surfaces 30, 3PGTHFEINME42760As can
be seen in Figure 6B, as the two actuating surfaces 30,32 are brought

t oget her, t he uspangne loW e srittingeuriases 30,37 Are dish gparbigoms saghratlereas shawel sor eads
outwardly towards one or nore of the adjacent |iquid contact regions 40, 58,
25 causi ng t heuliseanenti visltinFime G teeoptessree of ey laretdiaces ligwisseontagt fegions as
wel | . When the 13 WO 2005/066987 PCT/ U52004/ 042760 upper and | ower
actuating sur #868sa@®s 3t dropledtvin saplaand migets BiEerdlotavwards the inbrioarefithe a
subsequent view in Figure 6C, the presence of the |arger adjacent |iquid
cont act regi ompper 4 E8ver acieating stnfacadi303Pet 104 to split and migrate inwardly
towards the interior of the wupper and | ower actuating surfaces 30,32. 5 As
can be further seeAsiaan Bedunttes s@D-i6 FigutdsdDséls phe gfpscdfodosimg amidopepmpitig t he
switch can then be repeated, causing the droplets of liquid netal 96 to
again split agglitchéar tibe be mepastel, yadsmgetheldroplets afdighidad¢talc®nto dgampusplit et act
region 40,58. Further repetition of this process causes the liquid netal 96
to be di sper seggaeinwadlytewatdthe ndxt aljacentdiquidaciitact reiino10584 FufiBer wépetifions ur f ace
tension equilibriumis reached. 10 Figures 7A-7C are schematic views

illustrating LHbgidebedssaidsenthofiqlidmetal g6lichedipatsed &Bos3shd dthirSliuargnassed and
subsequently drawn apart within the gap between the upper and | ower
actuating Surfr%%§439832t-i1sﬁ&ao‘é|?&%nEc[hilﬁiﬁuinﬂéiehﬁich.y open position in Figure
7A, the liquid netal 96 assunes a sem -spherical shape on the wetable
surfaces qf the |igigufds 7800 € §chéficAitvs 4lisbRing Hd e¥tb@diSo fYRARMId metal

characteristics (e.g. radius of curvature, 15 thickness, dianeter, etc.) of
the |iquid mebglys 46is \Woibrebstd afi@bibYeqd@RI9 MavaNapaR Gvithiti flRGRAP between the upper
and lower actuating surfaces 30,32. As shown in an initially open position in Figure 7A,
the liquid metal 96 assumes a semi-spherical shape on the wetable surfaces of the liquid
contact regions 40,58. The various shape characteristics (e.g. radius of curvature,
15 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),
20 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; + 1/12), wherein v is a constant relating to

25  the specific type of liquid metal 96 employed. Since the internal pressure P can be well
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tension and quantity of liquid nmetal 96, which, in turn, is dependent in
part on the dinensions of the liquid contact regions 40,58. As can be seen
in Figures 7B-7C, as the upper and | ower actuating surfaces 30,32 are
actuated froma closed position (Figure 7B) to a partially open position

(Figure 70, gzsoh}%ﬁggzsti c restoring force of the uppe&gq.qudog}x\g

actuating surfa tends to pull the liquid rret al art Jzﬁgoduci ng
Conchr e SERHUEL B B B PN 0y " %#%g%%ﬁt e
symetry axis. defln 6. This in I
pressure is 2)8 %&E‘g?’nﬁy d“rféd WE@n% dléllgoverjﬂ(()of? priozzarh §yik erein r

is a constant reI at t he specific type of liquid netal 96 errpl oyed.
Since the int @P%lmwg%@ﬁ‘r%g‘ﬁ“&?ﬁf &wel | 14 WD 2005/ 066987

PCT/ US2004/ 042760 control d b he sel ecti of liqujd operties within
the l'iquid netal 9BEWeHp!s tic j”ﬂ”tf’g mrepesh “gaﬁhﬂvvhr HBured
within the switch 10 over thosﬁ PI’I or-art switches that utilize soli d nmet al
cont act i ngSsupfcariance ity arahes 1hestrativg; erprdimat picthg PERPR fIvenden. SwiehlPHh

liquid contact switch 108 in _ 5 accordance with another il]ustrative

enbodi ment of iHusatiyelys @nnigraelesiiomsehanicyli sygtem 08EMS) | REt pitghy eingludes a

m croel ectronmechani cal system (MEMS) RF switch, includes a hernetically
seal ed encl oshermetigadlyrealedrgclapmre b a"ma!lélﬁpféé\?itﬂycaﬂz 1ihendaa lowwreswitshi t ch
cavity 114 defining an internal chanber 116 containing argon gas. An upper
actuating surciviyed 14 1gfining pe idenl whathien 1 iheonipinieg argol Bah Smuppey adtingor ns  an
upper diaphragmthat 10 can be electrostatically engaged with a | ower
actuati ng sur batwee 1DR0sufpended withinthe uppad iseitdircayity 1 1QUfoymesrrdawpeni didphraginitiaat| ower
switch cavity 114, causing the upper actuating surface 118 and/or | ower

act uat i ng 18ur tac be l2@trosativalle ehgagkd avith & dowér actuating amutfreeull2(t (Larenidmyerwi t hi n
the internal chanmber 116. The upper actuating surface 118 can be supported
by a series ofliaphrpgoy suspendesl witliin the lower switch cavity 114, causing the upper actuating

surface 118 and/or lower actuating surface 120 to move back and forth in a particular
manner within the internal chamber 116.
The upper actuating surface 118 can be supported by a series of support legs 122
15  that include electrodes (not shown) to electrically charge and actuate the upper actuating
surface 118. In similar fashion, the lower actuating sur.face 120 can be supported by a
second series of support legs 124 that include electrodes (not shown) to electrically
charge and a<‘:tuate 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
20 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

25 118,120. The liquid contact regions 130 can be arranged closely together and in



15 that include electrodes (not shown) to electrically charge and actuate
t he upper actuating surface 118. In simlar fashion, the | ower actuating
surface 120 can be supported by a second series of support legs 124 that
i ncl ude el ectrodes (not shown) to electrically charge and actuate the | ower

actuating surfacqﬁ}ﬁ%§7A spacer 126 (shown broken for Glcgfisbigdosdics posed
bet ween the J%Bé? 2 | ower switch cavities 112,114 can be used to 20
provide a small gap between the upper and | ower actuating surfaces 118, 120

during the goIABhE %086/ af bbepeBbhdri €350 chéilbchiffng shifeceNBAR0 &h ihauper
actuating surfaces 118,120 nay each 1 nclude a spiraled pattern of wetable

traces 128 ﬁgﬁm@ﬁ N 641 tRfeo T 4G enthbAREG s, Fol kaehpld) Heafghid' BeHa¥18eidmA3b hat  can

be used to e electrical contact between the upper and | ower actuating

surfaces 25 Orrord Bemictobliaf off Bt Akd oht8IpRiRery 302 GRMIDBpRE ANUKEL, C! 0sel y
t oget her 2 g Sibvaky Jrorl DOt ol O£ BEME 36 ofiEOpaRfer] 303 AT o | ng size from

an outer per Ltk sAd2e0l189261d ARRURE hlGoll b dd Bnd ol 138 plRBe"

portion 134 n certaln enbodi nents, for exanple, the [iquid contact

regions 130 can g‘gﬁéﬁafl(?é)ma_ i{{}ﬂ?e"r(%ﬁau@et O%L §p%%e togg%&p_thggtelp?%@%grl% 132 of

t he upper™and | ower ctuating surtaces size o m crons at or
near (e, | el P9 3 LS heghed B0 498 TRl WA kel ore o
152 oL R Sl SRS LRGeSt B e o
132 0f | the oG Lrecseringe BiFat BV hatatils bR AT PR BE R hor o
W thin Che uBBaPvaS RERR AR [0: | Bhes SHFAGELE rogr Tot THar FiPRdst cause
e 2 ekl AR SR P PO L WP LSBeR! o
the heat em {£ed ca ALSp, 08 2o0 00 Tt b B B Bl S 11901 ¢
spiraling pattern of wetable traces 128 and liquid contact regions 130. In certain
embodiments, the heat emitted can also be used to maintain the liquid metal in its liquid
state during periods of non-use, or when the switch 108 is operated in cold environments.
15 A number of gettering dots 138 on an interior surface 140 of the lower switch
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
20 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

25 120. As is discussed in greater detail below with respect to Figures 10A-100, an
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state during periods of non-use, or when the switch 108 is operated in cold
environnents. 15 A nunber of gettering dots 138 on an interior surface 140
of the lower switch <cavity 114 can be used to capture residual oxygen,

wat er, or other oxidizing gases contained within internal chanber 116 of

the switch enclasyredld. The gettering dots 138 can be chrnﬁ’giﬂm}ﬁhm
depositing small,” encapsul ated getter dots in a pattern onto the i1nterior

f 140, dt I | ti d . L ng, td > I d.gett
surtace 10, ahc G158 LR ol B8R0 2 AP LR o RRRH B
h ticall al ed t I he f . ter. | i.Qn. the I'iquid
or et oo 1Y, el S SRSt e SOACH e AREMTBBI B LY,

metal used to etween t ran

surfaces 118, 120 can he c | i shed l.ocation 142 re the | ower
wetabl e tr aceJﬁ%?Stebtgﬁ it‘)jﬁcg’?eg’ogﬂsngufdzwe@o%% ?ﬁ% n?lgfftgrlp‘g?%%f ¢ Stﬂlﬁeemln%er
actuating surface 2? 120. As is discussed in greater detail below w th
respect to Fi gofieal DA-100, an 16 WD 2005/ 066987 PCT/ US2004/ 042760
encapsul ated droplet of Jiquid netal can be initially depqgsited at this

| ocation 142 duri nBigWeabiSiaCHsH 7o Hov B Pe rca&éa%%vn o5 et captagin,
heating, and/or other suitable process to I|iberate the droplet, of liquid
metal al | owi ngegienstld0 op dheatngen addever petneing spifacen 18 394 d 20 opBigpiech Asean 5
Figure 9 is a cross-sectional view show ng the configuration of the |iquid
contact regi daseen3oFigaretShthe yppss pndipyen asiiatingswriaces | Hoand I 29 mer sachiscluded 120
of Figure 8. As can be seen in Figure 9, the upper and |ower actuating
surfaces 118 artdsel yemidf kayels 4 leeding surfage 146 @nd gyteling4urfpegyi48g T ¢estaii ng
surface 146 and a trailing surface 148. In certain enbodi nents, the base
| ayer 144 can embodimentadhé pesmlanar dfioean bierfermeidyfrom pi eproeximpfelykl mirrémihink of
silicon nitride (SIN) film Arelatively thin (e.g. 50 mu) outer |ayer 150
formed abdve ldykeofl stlipdh mifrida (SN m] 46 reddtivellighih 4s2 50ay outed ryemidi0 fomeeda
non-wet abl e material such as tungsten that resists wetting of certain types
of liquid netabovesheclhading durfgesi 16 @atheibaselayar 144 includes a non-wetable material such

as tungsten that resists wetting of certain types of liquid metals such as liquid gallium. A
similar outer layer 152 formed on the trailing surface 148 can also be provided in certain
embodiments, if desired.
15 As can be further seen in Figure 9, each liquid contact region 130 includes a
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
20  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

25  various liquid contact regions 130 into contact. When this occurs, an RF signal received
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simlar outer |layer 152 forned on the trailing surface 148 can al so be
provided in certain enbodinents, if desired. 15 As can be further seen in
Figure 9, each liquid contact region 130 includes a wetable surface 154
adapted to wet with a sem -spherically shaped droplet of liquid netal 156
thereon, sinilgpabRobddat described above with respect to deiGithRsfazrebne
wet abl e surface 154 should typically include a material that wets well wth
the liquid ne t tdrfkinaf §54 %ﬁ@h@ﬁﬁ%@ﬂ&xﬁﬁ:ﬂté ity 912 XABPlaCrvd-LemRLAh e
surface 154 cgﬁ&!‘ glrgj?lu_de _elanal ayer of 0 plati n‘L’IlIT}lf or ot her sd‘i'tabl e terial
that wets wel | w10 ddduics 8l hédie «JheomwittiGhikP 364 8 oG erdigH et O
operate in a nmanner simlar to that described above wth respect to"the
i Iustrative gy tgh gk0h0dq feta e fquid Betfll B6 05 G ERREGR APBIRe1 4r ofdie
el ectrodes onﬁmeggg%pgrtdlﬁegsf 2%{“1124e causes t%e upper a%éfﬁ%werrg%{ﬂuati ng
surfaces 118, 120. ' e r L 0GQIANGt | quid et al
adkEich Gyt TROAGE: HBUR! eaidiftt Hocbi R FRLLR AN G ol il T8

156 | ocated on various T1rquid contact” redgi ontact. Wen

an ot ¢ 51 ok ep R EOTE oA, CRCHIRINHA b aniditaliag™

t hrough a nunber. of el.ectrical. lines, 16Q,162.t0 _an .put termnal 164 on
t he :nger svm'uF’@HfLBg.’\?f gy 1 %%Iﬁ’.mg,&ge sla‘fltsc bossglg"ge%gg%rieﬁ% cﬁ‘lghﬁjaﬁsedlf%sfrﬁ?' 156 can
be configured to self-h ter eac actuatiaon.gcycle through. rocess of
atomc r gcapt ure (éﬁ‘érﬁ? i@l‘%&t) Bfeyschemg l‘écrﬁsast‘f%%oga ﬂ&élﬂﬁ#‘g\?@gg&ﬁ‘}sgﬁ@@mnt

(Figures 6A-6E). The. addjtion eat. i.n certain. enbqodi ments. may further
aidin allow Hﬁthf’ﬁe"fs%ﬂ"c?ﬁ %Selg’g‘faspﬁé’ﬁwga‘f"f’@f’t é‘é{’é‘ﬁ" agtd}’ﬁa‘?lF’tE}ﬂd’cWIe?}‘teFlf
desired. Figures 1Q0A- 1%? are schenmatic. crqQss-sectiqgnal . side views show ng
an il lustratis@crdyyeirenes Ppbry 190.skeeins jad the, gtep iogm%ﬂ £ Supstralg;i 168h.  The
met hod, represented general Igﬁ gy ref erenlc]e nunb%r 166, begins with the step
of providilfg BavérgatacHiicalrenirol {aye LI, aad 2 phatgmpsks §7¢ haying gpg PrgpormE gpeings 70 and
a photomask 172 having one qQr nore openings 174 formed therein. In certain
enbodi nent s, 1 Hefgsmed By sertaiy ei“ﬁ?ﬂ“ﬂ » 4hg photpmask 172 can include a first

photomask layer 176 of silicon nitride (SiN) and a second photomask layer 178 of

!

polysilicon that can be applied over the control layer 170 in a manner that permits the
photomask 172 to bimorph during subsequent etching steps.

15 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

20 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)

25  to permit the actuating switch surfaces sufficient room to displace.
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phot omask | ayer 176 of silicon nitride (SiN) and a second photomask | ayer
178 of polysilicon that can be applied over the control layer 170 in a
manner that permts the photomask 172 to bi norph during subsequent etching
steps. 15 Once the control layer 170 and photomask 172 are forned over the
substrate 168, woaosswsdeem sl oped etch can then be fornmed wdtissoosbareur f ace
of the substrate 168. As can be seen in a subsequent step in Figure 10B,
for exanple, a cuskRmesioepRt sHbharevidBGhowlay tlRJofngioA dfabieyal Sheddiln@rs
S-shaped contour can be etched within the substrate 168, simlar to the
cust om sl oped ,54fft86 SudBatel 268 fae6hni B WSk Brrhing EaswatdcRitid sirhge eustiem 20

sl oped surface 180 can be acconplished in a manner, but preferably simlar

to that deschihedchidpOuBeRBNer tgde 12aheRhn BPRdch GRFigRR BRY, it rel@inin
entitled "Equipneﬁf And Process For Creating A Custom Sl oped Etch Iﬁ A

Substrate”, Wheh haer 170Ca0 %ﬁ&t_@ﬁlﬁ& 1Ak @7 NcARbe reth Vel Bwink e BeRhibnRral Whi ch

the custom sl oped surface 180 is recessed wthin the substrate 168 can be

made rel at iSV_elbx#lg);eg 83 6f Qhicopliite fSiNP ofto @ﬂecsrl@;iag)sm-fa%é 18Q 0Pk Milstrhi39 68,

actuating Switch surfaces sufficient roomto pl ace. 18 WO 2005/ 066987

PCT/ 1052004/ 045160 ket MifstbiPorbetf REBLA e HaRHta iR MR Be il Bl ON OF

several netal ayer s "above t ubstrate 1 at can be use ormng a

| ower actuati ”Qqsﬁg%glgg glo&%&%h 0%1 gr mlof%vﬁ{em?e%a%gfg%&g1@3{8&%&0?@&%&%41 %%r el).

As can be seef i‘gure remal ni ng tro ot omask

Y 172, G0 R KSR B LMD TR,  REF LTI ©

silicon nitri oped surtace ne sd stra An
over the - subdtiy PEPod TRDICTEEACOHE Bre '] PP ctisy dr ot 1os
Subst  at e 1068 MregE Rk 8 ST moe ARak Borlmgie bedhs PEF 187 ael ot e

LB e O 90 oA T R T S Bh s TRy et 1o o

input and output portions of the lower actuating surface, once formed.

Figure 10D is a schematic view showing the initial formation of several liquid
contact regions above the outer layer 184. As shown in Figure 10D, a wetable layer 192
15  of platinum or other suitable material can be formed above an intermediate layer 194 of
chrome that 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

20 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

25 192,194,196 used in forming the liquid contacts. The spacer elements 198 should be of
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gap 190 can be formed within each of the |layers 184,186,188 to electrically
isolate the input and output portions of the | ower actuating surface, once
formed. Figure 10D is a schematic view showing the initial formation of
several liquid contact regions above the outer |layer 184. As shown in

Fi gure 10D, awgtzﬁ,tg}og@gﬁyer 192 15 of platinum or other pgyikabl g fpt eri al
can be fornmed above an internediate |ayer 194 of chrone that facilitates

bondi ng to the AULAT shaYSprdlfh 1 SHEF ishd Wbidr RlaBhg Is@ffles 1%y Physildifyani um

may al so be provided above the wetable |ayer 194 to prevent the wetable

layer 192 frg@t%h | 2N Gurfig! G AR AhRlHPN-A HhliP 2R608 STSSiRRaY RE HRe

repeated a nunber o times to formnultiple liquid contact reglions onto the

outer surface g}l[%ﬁd agl%@a(ﬁgﬁbd)d’to%gsi% i}{:ﬁsﬁggl?@ﬂ of)ttftﬁlals\i/i@eﬁf 2493(@%}5 ﬂﬁ) q, g@nt act

regi on toward e Interior of t rate 168. Figure Is’a schematic

vi ew showi ng the.f.or eTa o\ unber of spacer elenents 198 above the
substrate 168°% hégé%%g%’?l ae{%ersrgﬂ{?s 198 can be fornmed by sputtering a nunber

of protrusive dot Spgheesh it SR8 ol Lhfific((hd Bl B8 roritlli bR BE SeviBl Gl

above the vuter pe lﬁlf)rﬁery of the outer layer ocat’1 Oh “a )9“ romthe
| ayers 25 192,194,196 used in form.ng the |Jiquid ntact.s.. .The s I

el enents 198 SRSt EPEIES 8} eE@%%ﬁg?‘ﬁg‘%gﬂ?%ﬁ%ﬁ@%268&?§%§%ﬁen3@g‘?%eﬁsci ent
size to prevent the u r and | ower actuyat] rfaces fr physi.cally
contacti ng eagf?w&'u ?Pﬂﬁg&%(%‘t & SPAFS @eﬁé{ﬁéﬁ]gﬂfﬂlﬁ Oé’%élﬁ?yeéﬁrg]ﬂrn{]%gfngﬁhﬂl may
also be fornmed at |location 200.t0. assjst . in bonding ap optional wre |ead
205 (Figure 15UPaten Qe avsecRing FI P 2o JEREF Cia DRoLTHn b he Vi uriie

10F- 10G are schenmtjc vi showi ng the formation of .several liquid contact
regi ons on th?cﬂﬁﬁ@rmﬁﬁiﬁﬁgwgﬁf%ﬁ‘&’y Py TGt of syigble techmiques.ringlpding,
material 202 is shown deposited over the spacer elenments 198 and the outer
| ayer 18410 al fo5agPleH tetipgihorysiiags (HFOrdsp te‘ﬁ’@’c‘iﬂ%tfﬁr’u?g"eéllé’c% Fhraicalng
upper actuating surface of the switch. The sacrificial material 202 may be
formed by anymaehenis! pokshing (EXBD &ep-echni ques, i ncl udi ng,

Once the sacrificial material 202 has been deposited, a number of metal layers

204,206,208 can then be formed over the sacrificial material 202 to form the liquid

contact regions on the upper actuating surface, as shown, for example, in Figure 10G.

15  Similar to the layers 184,186,188 formed in the step of Figure 10D, a wetable layer 204

of platinum or other suitable material can be sandwiched between a layér 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

20 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

25 168, forming, for example, the metal layer 16 of the upper actuating electrode 12
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10 for exanple, a tetraethoxysilane (TEQS) deposition technique followed by
a chem cal nechanical polishing (CW) step. Once the sacrificial materi al
202 has been deposited, a nunber of netal |ayers 204,206,208 can then be
formed over the sacrificial material 202 to formthe liquid contact regions

on the upper agid'Rbddihssur face, as shown, for exanple, in 15
Simlar to the layers 184,186,188 forned in the step of é%?%&%g%gﬁ

wet abl e | ayer élgusfgl?tega ﬂ%%g JUpes %%%ea Hateiid] éo@QLﬂf @RE@&&%B%&%{;E Dfast A ched

bet ween a | ay sacrifici aye tltanlun1 The

process can thep opsllé&%&fd@ @Bymﬂar ufifble ;ﬂatgﬁﬂ ﬂ)&eﬁ% ermé ghtallg# 'fgg' d

regl ons, each’ i ncreasi ng e as SCUSSG ereln. gur es

schematic vie show n I t tyat trode
above the subs nr@aotr ngg)pE@%ﬁ @g?&% O%Wda@goruglp %40%%6)1 geggd ? tb%ﬁ% t he
iIIustrative 49 F#%ﬁénlmpC: an outer (i.e. wetable) layer 210 of
tungsten or o ﬁ% mgﬁ &°faterial can be formed, along with a first

|nterned|ate | ayer 212 ) cond .i nt er nedi ate la

chrome. In%a subsef§Ht l%i(t gﬁ Sdl}efr}.?g? P’ﬁ?”ego‘ivwg e TP, O%ngdl lﬁ%rﬁ% f@g
tungsten or ot her tahle. material is, then depos ye the substrate
25 168, forni Agerd & th&i@@??ﬁ?%m Foplachfegions. |%§/%PWE§1 g‘ﬁ‘“ﬁﬂgﬂl?p%é?m’é&aﬂ%&%‘*ng

el ectrode 12 20 WO 2005/ 066987 PCT/U82004/042760 illustrated in Figure 1.
The sacrlflC|éﬂyﬁ§U€9V§1“?%?ﬂb%hbTHbﬁoﬂﬁmﬂéﬁﬁ%éﬁowgﬁd'% ﬁ&@@OPaﬁéﬁmu@bo of
silicon nitride % or other suitable material formed above_ the outer

| ayer 216. R22r6pte B R FRESoihe ligud coptact srgippe (TRMEIIGR PHdatign ekl ayer
216 to permt the deposition of liquid netal. 5 Figure | OKis a schematic
vi ew showi ng tswse d@plwlq Mkl 242 eanchsi eacwﬂlﬁpd yyblnc*\wkaber 226 € fumested of pien ower
l'iquid contact ions. As shown in Figure 10K, a shadow mask 224 may be
utilized tl® c@v@b ezinFapsltingyeatesisb n ughgetal-d20 sop brymainisingd pbafuffigentbf a

liquid metal 222 onto one or nore of the Iiquid contact regions. To prevent
oxi dati on at {tléw temperature to keep the material in a solid phase, if necessary.

Figures 10L-10M are schematic views illustrating the process of hermetically
sealing the formed structure within an enclosure. In preparation for sealing, a metal
solder seal 228 may be provided at both ends of the upper actuating electrode, as shown,

15  for example, in Figure 10L. A bonding pad 230 can also be formed above the substrate
168 to permit the switch to be wired to other components, if desired.

As shown in a stibsequent 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

20  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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stage, the liquid nmetal 222 can be encapsulated within a | ayer 226 of
tungsten or other 10 suitable encapsulating nmaterial. The liquid netal 222
can be maintained at a sufficiently |low tenperature to keep the material in
a solid phase, if necessary. Figures 10L-10M are schematic views

illustrating tpg.05e688s of hermetically sealing the forgggdsshokbicidr €
within an enclosure. In preparation for sealing, a netal solder seal 228

may be provided atoRQtihe GRHS nfefal b1%enal BRAmeARSHRNY Sa1c8! BEiRE SretaBS2 8 AW, 15
for exanple, in Figure 10L. A bonding pad 230 can al so be fornmed above the

substrate 16§ Qe PoEel foRPwiith %Qnéa@s@eﬁin‘g:l&%g 286 206WARE tHeQIRRNGRLS2 2 |

desired. As shown I n a subsequent step in gure ioM a t ranspar ent

subst rat e 232i(@ndonto thldrons BP sontal fabnd!AVRG: B0 sirftkeiedbn bPARSRASS

formed therein can substrate 168 using a nu

| d I j 1.0t I - f d i
he prior st chuat 22 BERRARP ghle i IBRTROE! REP L BFRaSEFIchy e "
bstrat 32_to th { 6 |4 .t hi I
(e 0. 20 1o strormpiied yaisRhf oty nPan? saiom Biiutkhithlnd iR, °535' ©
I it hi e .
opt i onal wi e PoRaranany Py e LR Mes SR S BBl ook LSOO IRG2 760

Once the liquid metal 222 has been hernetjcall Led the liquid getal 222
can then be | §/5BF5 Lot FERRGFERIOR (Heotsh o4 s PRI speie 938 O difolieng t he

liqguid nmetal 222 to flow gnto the varj.ous .|iquid conf.act regions yis-a-vis
Lha bt foca  EXGBltes LMo Ty israplne Boist, ishe iBOA] gietlpnty fow: &

Figure ION. Release of the liquid nmetal 222 can be 5 acconpl.ished by

directing onemZ'YFrdI??bIo@’a’IdéIéI@rmBeggﬂ%‘d SomiRct Iﬁglﬂ}@hgf F hesaTsiB At ther BIPEEPInEL e 232
to thernmally abl ate the encapsul ating |ayer 226. Alternatively, one or nore
heater el@neviesindEeye 10Qathe formed sireigs s3n ter 56 JaEA WFipsk AR opBakire éd can be

used to heat the encapsul ating |layer 226 beyond its nelti nc}:; oi nt, causing
the liquid met43| tha san beghrepdsd through the opening 238 in the transparent substrate 232.

1

Having thus described the several embodiments of the present invention, those of
skill in the art will readily appreciate that other embodiments may be made and used
which fall within the scope of the claims attached hereto. Numerous advantages of the

15 invention covered by this document have been set forth in 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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inwardly towards the other |liquid contact regions. As can be seen in a
further processing 10 step in Figure 100, the fornmed structure can then be
wired using an optional wire lead 242 that can be threaded through the
opening 238 in the transparent substrate 232. Having thus described the
several enbodi nents of the present invention, those of skill in the art
w1l readily appviestiatleiniddas: ot her enbodi ments nmay be made and used which
fall within the scope of the clainms attached hereto. Numerous advant ages of
the 15 invention covered by this docunent have been set forth in the
foregoi ng description. It wll be understood that this disclosure is, in
many respects, gnly iyl us | . . .Jrade in details,
particularly i nq'mattérégﬁﬁegﬁé%ﬁldwgﬁﬁchg%%ﬁ%é int of parts without
exceedi ng the scope of the invention. 22 Wiat is claimed is: 1.. A

col Toheali ng | QUREPEaLATIE SRR BRA TS Pl Tyt DR cobBituaioRy surt ace
including a first plurality of liquid contact regions; a |ower actuating
surface i ncl udi Ago¥es aethaigpPuifass inqjuding pisgerd pIrlise of digyidosrntact gegiens apar t
fromsaid first plurality of |iquid contact regions; one or nore wetable
traces i nt spacedapast frory ssidifustiplurelity pf tiquid contactgegionsi i ty of liquid contact
regions; and a liquid netal disposed within the space between the upper and
| ower act uat i ngonsur macewgtablaitdcts igterannetiag shidifitgg andrsécaypdrpdatality ofdiquidi t h
said first and second plurality of Iliquid contact regions to electrically
act uat e t heostattiréglons?andrhe sel f-healing Iiquid contact switch of claiml1,
wherein each of said first and second plurality of liquid contact regions

are arranged i n,i R Lot Yispod HItRM RE s E%etw&ﬁ%@%%% d RV alARRg and

| ower actuating surfaces to an inner portion thereof. The sel f-heal’ ng

l'iquid COntSQ&%CQVQa}ng?lﬁ(ﬁ n?eltaqibmné’comgﬁrg& th ! Q/iti; I551§tﬁr‘:§ltnegld S%?gn?;ﬁaﬁ(ﬁjlt}{(g, Ity

of liquid contact regfons 1Tncrease IR Size fromZ2 mcrons a

liquid contact regions to electrically actuate the switch.

2. The self-healing liquid contact switch of claim 1, wherein each of said first
and second plurality of liquid contact regions are arranged in increasing size from an outer

periphery of said upper and lower actuating surfaces to an inner portion thereof.

3. The self-healing liquid contact switch of claim 2, 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.

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.
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periphery to 3 mcrons at said inner portion. 4. The self-healing liquid
contact switch of claim1, wherein each of said first and second plurality
of liquid contact regions includes a wetable |ayer of platinum 5. The
self-healing liquid contact switch of claim1, wherein said |iquid netal
includes liquid gallium 23 6. The self-healing liquid contact switch of
claim1, whereit saiThef seifSiealingl ligalcamthcplswitel of ylairh 1,i wWhereincsaaid ficst anégi ons
each include a pattern of liquid contact regions. 7. The self-healing liquid
contact swideend slfiratityedfiliqaid ok EleBiofbdthRadliderapatibr Jfiliguidonidt Rgions.egi ons
conprises a patterned array of linearly converging lines. 8. The
self-healing liquid contact switch of claim6, wherein said pattern of

| i quid contact regions conprises a spiraled pattern of |iquid contact

regions. 9. The;sel frieaitnglihd Ghiid GAREAGLItEVE QlinPh, GhelelR daid PRerLlR sai d
one or nore wetable traces are tapered. 10. The self-healing Iiquid contact

e or more | . Ca g
ol ectrode At ke FHiOrR hnBARR'S Rl AR e MAGE P ork ULy L% 006 1 ayer.

11. The self-healing liquid contact switch of claim 10, further conprising a
pattern of getter dots disposed on at |east one of said first and second

actuating el ectgode 1 The self-healing |liquid contact.sw.tch of claim
10, further con%ri sisﬂtf %f?%llfﬁﬁlég %S?Ids%)&%gr S‘gifc@@?lgmhlgs ﬁgr&il %allué 8?“‘7“&:{5’& one
of said fifst and second actuyating, el ectrodfes. .13. The self-healing liquid
contact swiqHfcotact regions cOMPHpRSAPHalsE Patkess pAntact K5egP§pper and | ower

actuating el ectrodes includes a custom sl oped surface. 24 14. The
self-healing liquid contact switch of claim 13, wherein said custom

9. The self-healing liquid contact switch of claim 1, wherein said one or more

wetable traces are tapered.

10.  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.

11.  The self-healing liquid contact switch of claim 10, further comprising a

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

12.  The self-healing liquid contact switch of claim 10, further comprising a
number of spacer elements disposed on at least one of said first and second actuating

electrodes.

13.  The self-healing liquid contact switch of claim 10, wherein at least one of

said upper and lower actuating electrodes includes a custom sloped surface.
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sl oped surface includes an S-shaped sl oped surface. 15. The self-healing

| iquid contact switch of claim 13, wherein said custom sloped surface is
recessed with the upper and/or |ower actuating el ectrodes at a depth of
about 4 to 8 mcrons. 16. The self-healing liquid contact switch of claiml1,
further including a hernetically seal ed encl osure contai ning argon gas. 17.
The sel f-heal i nt#.l i qlhedsaibidadiog lsmid cimtat sefitah f klaifut 3, hehereinngaid sustgn

heati ng neans for heating said upper and | ower actuating surfaces. 18. The
sel f - heal i sigpdd sytfact iBolNdaCn SWapedsiopedsughde 17, wherein said heating neans
i ncl udes one or nore heater elenents arranged about the upper and/or | ower
actuating surfaces. 19. The self-healing liquid contact switch of claim1,
wherein each of said upper and |ower actuating surfaces includes a | eading

surface and a tyailing sH-hatifg 170id Jdiact @WichRlddig 13, 0Whdeia Ot Ehsts t ch
of claim 19, wherein said |leading surface includes a non-wetable |ayer of

tungsten. élé??d%u?ﬁl:é Ishr%@ésis wkt-h %'é ﬁ%p%? h@6L lo%\ygr ta&lftlati Hgét.fo%ieglﬁt' a %th Ryper

actuating ace operatively coup to an upper actuating electrode, said
25 upper act% u\%i ng surface including a first plurality of liquid contact
regions; a®1ower® 28VU8Y ng surface operatively coupled to a | ower actuating
el ectrode, said |ower actuating surface including a second plurality of
| iquid contact regions spaced apart fromsaid first plurality of liquid

contact regions; and_a |iquid. nefal disposed within the space betfween the
upper and | owerl&ctu e‘lﬁﬂaﬂgﬂ?’ﬁaﬁ%‘g‘? “é’ﬁﬁﬂt ISYV&{’,H d’r}nﬁgi‘% 1bef??ﬁﬁerc5ﬁw§%§r &d to
wet with said first and second plurality of |iquid contact regions to

el ect ri cal hgrmgtiealiytsealedhenclegureciontajitieg angpn gas. | east one of said upper and
| ower actuating el ectrodes includes an S

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

means for heating said upper and lower actuating surfaces.

18.  The self-healing liquid contact switch of claim 17, wherein said heating
means includes one or more heater elements arranged about the upper and/or lower

actuating surfaces.

19.  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.

20.  The self-healing liquid contact switch of claim 19, wherein said leading

surface includes a non-wetable layer of tungsten.

21. A self-healing liquid contact switch, comprising:

an upper actuating surface operatively coupled to an upper actuating electrode, said
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shaped sl oped surface. 22. A self-healing liquid contact switch, conprising:
an upper actuating surface operatively coupled to an upper actuating

el ectrode, said wupper actuating surface including a first plurality of

| i quid contact regions increasing size froman outer periphery of said
upper surface to an inner portion thereof; a |lower actuating surface

oper at i vel yppeoaghathgtsorfacel iovledinga tfinstipiungjite b€liquid dentac a¢glonst ower act uat i ng
surface including a second plurality of liquid contact regions spaced apart
fromsaid firsta pwaralkcivaiin®burkdce Wperati Gy @6lipléE @ 9 NGvereRblAtifg ekairédes es@nd
plurality of liquid contact regions increasing in size froman outer

periphery R)fwe§ %étQatlr%V‘faFfa@é: fnk'ﬁimﬂégh SMELPOBrS Ofalrlhdl(ﬁ B&tad? %élb gspta a?)Qlft ;

a liquid nmetal disposed hin the space bet'ween the upper

actuating rf i configured to wet with said
o sa @Cfﬁ?t P Er?i & (Jf @Hqu:om?i&a'le%l Qgcg . )

first and secon regions to electrlcally
actuate the smnt sel d contact NENS RF

conprising: an b E‘ld 'BF%@HPBWWH@]%S‘?% ?’Ft?’vffn pheupRRer @)d d?w?r %ﬁﬁ‘l‘aamgont act
regions; 26 a |lower, diaphragmincluding a second plurality of

cont act redfithses spddisyid lasta} eipg Gﬁﬁ‘fé&’élif‘?ﬂi o] W tWig) ﬁﬂ*‘ng%t>?n6ﬁeqq1’éml‘Hg@Mrﬂf act
regions; one or nore wetable traces interconnecting said first and second
plurality bfuificontadl regionsita elecirisglloarsuatethd switéh;qui d net al di sposed within the
space between the upper and | ower diaphragnms, said liquid netal being
configured to wehergintdt lest dné iof Shidapgersaciolodepbetuatingt sle@fodes érsludes amtSact
regions to electrically actuate the switch. 24. The self-healing liquid
contact MEMRp&Fsisyddtsaifa@f claim 23, wherein each of said first and second
plurality of I|qU|d contact regions are arranged in increasing size froman
outer periphery of said upper and | ower di aphragmto an inner portion

t her eof .

22. A self-healing liquid contact switch, comprising:

an upper actuating surface operatively coupled to an upper actuating electrode, said
upper actuating surface including a first plurality of liquid contact regions increasing size
from an outer periphery of said upper 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.

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

an upper diaphragm including a first plurality of liquid contact regions;
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25. A self-healing Iiquid contact MEMS RF swtch, conprising: a
hernetically seal ed encl osure contai ning argon gas; an upper di aphragm
di sposed within the enclosure and including a first plurality of Iliquid
contact regions; a |lower diaphragm di sposed within the enclosure and
i ncluding a second plurality of liquid contact regions spaced apart from
said first plurallotgr dfaphiagmi dclodinigac tecord) phusity afidiquidl tomast degigiisaspatéds posed
wi thin the space between the upper and | ower actuating surfaces, said |iquid
net al bei@gn@ﬁagggqugiﬂ@amﬁuﬁwhgmcﬁahgn@}5§§ and second plurality of

e

| iquid contact regions to ectrically actuate the switch. 27
one or more wetable traces interconnecting said first and second plurality of liquid
contact regions; and
a liquid metal disposed within the space between the upper and lower diaphragms,

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

regions to electrically actuate the switch.

24.  The self-healing liquid contact MEMS RF switch of claim 23, wherein each
of said first and second plurality of liquid contact regions are arranged in increasing size

from an outer periphery of said upper and lower diaphragm to an inner portion thereof.

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

a hermetically sealed enclosure containing argon gas;

an upper diaphragm disposed within the enclosure and including a first plurality of
liquid contact regions;

a lower diaphragm disposed within the enclosure and including a second plurality
of liquid contact regions spaced apart from said first plurality of liquid contact regions; 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.
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