29 JULY 2004 M CRCELECTROVECHANI CAL M CRO- RELAY W TH LI QUI D METAL CONTACTS
FI ELD OF THE | NVENTI ON The present invention relates to el ect2gguLyepgos
el ectronic circuits and conponents. Mre specifically, the present
invention relates to mcro-electronechanical (MEM relays with Iliquid
metal contacts. BACKGROUND OF THE I NVENTION A MEM switch is a sw tch
operated by an electrostatic charge, thermal, piezoelectric or other
actuation nechani sns and nmanufactured using mcro-el ectromechani cal
fabrication techniques. A MEMswitch may control electrical, mechanical,
or optical signal flow Conventional MEM sw tches are usually single pole,
single throw (SPST) configurations having a rest state that is normally
open. In a switch having an electrostatic actuator, application of an

el ectrostatic charge to the control electrode (or opposite polarity

el ect r OSIVIGROEGHETRIEMECHANIMRE, W-RRAQO?JETH‘HIQUI]EMETAUC Abggan

attractive electrostatic force ("pull™) on e swtch causing the switch
to close. The switch opens by renoval of the electrostatic charge on the
control electrode(s), allow ng the nmechanical spring restoration force of
the ar mkikkRd QGloTEBINVIERNIION t ch. Actuat or properties include the required

make and bre ratin ed. lifetinme, .,sealabjlity, and chem cal
compat 1 bi 11 ¢ St ereE e B Ele"% PRERGH ant sRHEEFeoREa ] srorateds

el ect r onkpecHfidatighthet presht ievetiah adliteakd miope@tofleshanRal BABM)AHcfayYEMh

el ectron'i.c .gctu tion structure. There is only a nechanical interface

bet ween A8 SR CEREHSr ti on and the actuator portion of a micro-relay. Wen
the switch -electronic circuit is not isolated fromthe actuation

el ectronic circuit, the resultant device is usually referred to as a

swi tch i patgadrOUND OrcidE NeVEXTIGEM devices are typically built using

substrates conpatible with integrated circuit - -fabrication, although the
el ectronic S%tﬁﬁws%%h%ykywi%&ocﬁnerated by an electrostatic charge, thermal, piezoelectric

or other actuation mechani'sms and manufactured using micro-electromechanical fabrication
techniques. A MEM switch may control electrical, mechanical, or optical signal flow. |
Conventional MEM switches are usually single pole, single throw (SPST) configurations
having a rest state that is normally open. In a switch having an electrostatic actuator,
application of an electrostatic charge to the control electrode (or opposite polarity electrostatic
a charges to a two-electrode configuration) will create an attractive electrostatic force ("pull")
on the switch causing the switch to close. The switch opens by rcm;val of the electrostatic
charge on the control electrode(s), allowing the mechanical spring restoration force of the
armature to open the switch. Actuator properties include the required make and break force,

operating speed, lifetime, sealability, and chemical compatibility with the contact structure.

| A micro-relay includes a MEM electronic switch structure mechanically operated by a
separate MEM electronic actuation structure. There is only a mechanical interface between
the switch portion and the actuator portion of a micro-relay. When the switch electronic
circuit is not jsolated from the actuation electronic circuit, the resultant device is usually
referred to as a switch instead of a micro-relay. MEM devices are typically built using

substrates compatible with integrated circuit fabrication, although the electronic switch
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structure disclosed herein does not require such a substrate for a
successful inplementation. MEM mcro-relays are typically 108gmAnNeDBHS’ s
on a side to a fewmllinmeters on a side, The electronic switch substrate
must have properties (dielectric | osses, voltage, etc.) conpatible with.the
desired switch performance and anenable to a nechanical.interface wwth the
actuator structure if fabricated separately. MEM switches are constructed
usi ng gold or nickel (or other appropriate netals) as contact material for
t he device. Current fabrication technology tends to limt the type of
contact netals that can be used. The contacts fabricated in a conventi onal
manner tend to have lifetines in the mllions of cycles or |ess. One of

t he problenms encountered is that mcroscale contacts on MEM devices tend
to have wEHGuEdislosedhereinsloes na senquiresucha fubsteate for gpicassiyl imphitenatist.er s by

S m cr OMRL Sk .total cont surface that is. able to

carry el ectrl%gcraj-gega})géﬁ%e%fyﬁ @a lﬁ{ %}Op‘ggr%&?rﬁgnms@%%%ge&@ﬁgw ¥ 2 ¥dhness

and the Thefelectrahit ywitch subbtrayinng hahvep@pertics @IRMc Bset, WoIthyweryr f aces
contact. Thus, nost contacts are point

maki ng mechani.cal .and el ectri.cal t act

cont act s “Q0EA! ﬁwétgéﬁjﬁ"feﬁ'é TR PREOTRAnSe and arpenrbly do 2 mgehanisabingirfaenvithands
of squar ehduceia@sTRiBEEreaf fabAEHALipadiyace avail abl e. The high current
densities in these small effective contact regions create m crowel ds and

surface nelting, which if uncontrolled results in inpaired or failed
cont acts. Suhﬂ?i«‘!mlchttscare catdncedtusing gad onanekel (vordthes pppripriarainetaisy @ i mes,
the art I n_macro-scale

usual l'y i e mllions of cycles. state. o
rel ays/ S\(fvl9 ?t%%enslatflélal fl%hedé?yé‘%éOpgar.re#&g'?récaﬂ% “E?L’é‘?{"@’ teadh &9 YerLBiedyes phrt in
devel opi nenth@ngethls fteatcanbaaiedTeTh bottats FAkicdtBRinSh ANenGSH A%infier LhE fo
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si gnal cgnt alc% Jife ?‘?d tpe ap rogeri ate contact netallurgy tends to
rated by t¥e &P ¢4 Gofpillions, exglesdrlgss. sPamaf the(problemgrancounsered duthabnt or
vol t age) miérdstafd LotRadtO 8l MBIANI@E 6 f2Bhve V@R Rmall! iFﬁ %?%maétnsumge art,
that electrical contacts using nercury (chem cal synb% i—ig as an
enhancent#pically S syiprogrstesobit 4daicometriedt | Tiet porjorcdftbe taalgmntacontcfact that fe. | t
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difficulty in achieving planar alignment of the two surfaces making mechanical and electrical
contact. Thus, most contacts are point contacts even on a surface that would seem to have
hundreds or thousands of square micrometers of contact surface available. The high current
densities in these small effective contact regions create microwelds and surface melting,
which if uncontrolled results in impaired or failed contacts. Such metallic contacts tend to

have short operational lifetimes, usually in the millions of cycles.

The state of the art in macro-scale relays/switches is well developed. There has been a
consjderable effort in developing long life contact metallurgy for the signal contacts. The
signal contact life and the appropriate contact metallurgy tends to be rated by the application,
such as “dry” signals (no significant current or voltage), inductive loads and hi gh current

loads.

It is known in the art, that electrical contacts using mercury (chemical symbol Hg) as
an enhancement for switch contact conductivity yields longer contact life. It is also known

that the Hg enhanced contacts are capable of operating at higher current than the same contact
2




2 29 JULY 2004 structure without mercury. Mercury wetted reed switches are
an exanple. O her exanples or nercury wetted sw tches are desgjiiag2064

U S. Pat. Nos. 5,686,875, 4,804,932, 4,652,710, 4,368,442, 4,085, 392 and
Japanese application 03118510 (Publication No. JP04345717A). The use of
mercury droplets in a mniature relay (a device which is nmuch |larger than a
MEM rel ay) controlled by a high voltage electrostatic signal is taught in
U S Pat. No. 5,912,606. U S. Pat. No. 5,912,606 uses the electrostatic
signal on a gate to attract liquid netal drawn froma first contact to
liquid netal drawn froma second contact or to draw liquid netal from both
contacts to a shorting conductor nounted on the gate in order to

el ectrically connect the contacts. A conventional vertically activated

surf ace sirertoredtiionenierhnc MastrgtwatteVDddrEniiches afe&inaakkamglets tgtggrtegg@pj@ m\jﬂ _ov\n;
strate on whic

in FIG 1 Th icro-relay .10, jncl i ngl
S i or oMEETREATEEE BHFLET 6 Serulpbinty St Mos-BioGEoEs bSBa A AT Ho,
second SiHE8442 CROGTEL &&Jaﬁﬂ&eggﬁlﬁo;@ﬁgn 99«11%?1@{9[19 QbR N 438471593 are

di sposed on the sane substrate contacts have external cohnections
(not shown) in order to connect the mcro-relay to external signals. One
end of a cantilever 40 is disposed on cantilever support 34. Cantil ever 40

includes a se rol contact .60p.. A second end of the

cantil ever 40@%@?830%%?%}% gﬁ)g)!%‘sl il 'Blé'}att‘gﬁ .rel%@ devise ﬁwgﬁwaég% g‘éf‘é‘r
control WbEMaehy) cﬁﬁtr?ﬁmk:by&ﬂbglwmwgelelebhestatﬁ%ﬁgnaﬁk mgmfiﬂtms. %Mlum cro-relay
10. Wth ont - Sig e shorting bar 52 on the cantilever 40 is
posi ti onggtl%zggéeﬂi %@t' @lﬂbg?lza{"g]‘%sg’ﬁ equﬁowwl%gm torptiracs igwidt i | ever
40 in t hinstap @&iwnl fdin a iR chithctto ﬁﬁiﬂd%ﬁ%ﬁgamﬁﬁ&ﬂg\lse&ﬂﬁkﬁﬁé& 0590&’[@@!@@(10 n the
substrate 30 are not electronically connected. An electrostatic force

cr eat ed W§tahftpmthoth cemtacts tp sherting corstuptos mouhied s thermtedt brdet r elearitalkyl
contact S0B.aRkk {dgfd rst actuator control contact 60a on substrate 30

control connection Is used to pull the cantilever 40 down toward the
substrate 30. The MEM mcro-relay 10 uses

A conventional vértically activated surface micromachined electrostatic MEM micro-
relay 10 structure is shown in FIG. 1. The MEM miicro-relay 10 includes a single substrate 30
on which is micromachined a cantilever support 34. A first signal contact 50, a second signal
contact 54, and a first actuator control contact 60a are disposed on the same substrate 30. The
contacts have external connections (not shown) in order to connect the micro-relay to external
signals. One end of a cantilever 40 is disposed on cantilever support 34. Cantilever 40
includes a second actuator control contact 60b. A second end of the cantilever 40 includes a
shorting bar 52. The two conductive actuator control contacts 60a and 60b control the
actuation of the MEM micro-relay 10.

Without a control signal, the shorting bar 52 on the cantilever 40 is positioned above
the substrate 30 by the support 34. With the cantilever 40 in this position, the first and second
signal contacts 50 and 54 on the substrate 30 are not electronically connected. An
electrostatic force created by a potential difference between the second actuator control
contact 60b and the first actuator control contact 60a on substrate 30 control connection is

used to pull the cantilever 40 down toward the substrate 30. The MEM micro-relay 10 uses
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3 29 JULY 2004 the conductive shorting bar 52 to nmake a connection between
the two signal contacts 50 and 54 attached to the same subst hgtgy3P28841t he
cantilever 40 and cantil ever support 34. Wien pulled to-the substra?e %0,

t he shorting bar 52 touches the first and second signal contacts 50 and 54
and electrically connects themtogether. The cantilever 40 typically has an
I nsul ated section (not shown) separating the shorting bar 52 fromthe i
cantil ever electrostatic actuator control contact 60b. Thus, the first and
second signal contacts 50 and 54 are connected by the cantilever 40
shorting bar 52, which is operated by an isolated electrostatic force
mechani sm wusing the two actuator control contacts 60a and 60b surfaces.
The contacts 50, 54 and the shorting bar 52 typically have short

oper at i of@l cohlififve RS tiAs Barls2 th Hﬁk@ﬁ@@ﬁlﬁ@?oﬁ&?%@én%M@@@%‘? c%nTgb?s 50 and

m cronachi ned el ectrostatic MEM m cro-rel ay IS shown™ as normal 'y open
(NO) swi Pt lattachad trthe same subgirate 3G pethgsantilgen 40 endwsotileversupport 3d.0Whennt r ol

t act ( [ : ' | f '
Co 71 500 Ot B shiad, AedSImIATs A foucRest i Al et B0 gnay
cont act s and5Shmpl dedtried iy cpnides thantogdihee MBiicantiMb@ A0 tiGc8MiHas bn ifshagds, the

cantil ever . b i

e m41(1) IS closer to but not in direct electrical contact with
act uat or Secf:‘Bﬂ?‘?%ls %Wﬁts atfigdhe shortingbag 54 from the pansilevenelpgfrostatic gefeatan| e wi t h

Mer cury, céiiebl thRadt@9b. Phus HR MIHtGH s6@h@Yighsl coM@lts WH@&H e ch Teﬁ\r}}ﬁ.ﬂ'i@r cury
coul d be deposited on the signal netalization and allowed to owinto the

active ceigver 49 ehortinmier S2whigl wapewiadbyon isdased ¢lestsosatic fope mEthenjsrmobl em
of  mercyg Qdgi | ressed. en the
Ter cury. Cony e 0 aa) ol oA RSOOSR AL ot 3 ang U ¢ e
pr obl ensshiwidng basSad typicallydawbshve apefativeal diddimasate it the problenth degeriieiashi ng and
t he needag% liquid nmetal replenishment. Mercury contacts represent a nmjor
chal | enge %6t the conventional MEM switch. The typi cal physical separation
bet ween the contacts on the substrate and the shorting bar is a

The micromachined electrostatic MEM micro-relay 10 is shown as a normally open
(NO) switch contact structure. The open gap between the actuator control contact 60a and the
cantilever beam 40 is usually a few microns (1/1,000,000 meter) wide. The gap between the
shorting bar and the signal contacts is approximately the same dimension. When the switch
closes, the cantilever beam 40 is closer o but not in direct electrical contact with actuator

control contact 60a.

If the signal contact metal is wettable with mercury, and the rest of the micro-relay is
not wettable, then the mercury could be deposited on the signal metalization and allowed to
flow into the active contact area under the cantilever by capillary action. The problem of
mercury bridging at these close spacings must be addressed. When the mercury contacts are
not contained, the contacts are subject to all the problems described in the above referenced

patents including splashing and the need for liquid metal replenishment.

Mercury contacts represent a major challenge for the conventional MEM switch.
The typical physical separation between the contacts on the substrate and the shorting bar is a
few micrometers to a few tens of micrometers. Placing mercury on the contact surfaces

during the fabrication of the micro-relay requires that the chemical process be compatible
4




few mcroneters to a fewtens of mcronmeters. Placing nercury on the
contact surfaces during the fabrication of the mcro-relay r i t
t he chem cal process be conpatible 4 29 JULY 2004 with marcurggolﬂlrm"xﬁlgarm1
liquid netals. Mercury has limted or no conmpatibility wth typical CMOS
processes used to fabricate vertical structure mcro-relays. . The cl ose
separation between the shorting bar and the contacts makes it difficult to
insert nercury on the contacts after the mcro-relay is fully operational.
Applying a nmercury wetting to the fully functional contact and shorting

" bar surfaces would be difficult, and the problem of nercury bridging at

t hese cl ose spaci ngs nust be overcone. Al the problens known to apply to
“macro-scale liquid contacts will likely apply to the structure of MEM

ni cr o- r ehdth Mécurfive oftdelligiiia@ meedls. Mdttirfl heOMhREd & doQoliphbilENVi GpRar €l ay
design thus requires the use of a different construction techni que and

di f f er entCNGR PERCESSSS used A fabpicate vertigal strugtprganigiogtelEs/ rel ay usi ng

el ectrostatic actuators can be fabricated with nmultiple anchor points and
bot h cont act ' . ' | ter i 10..4h

cantil ever degg{: F@gﬁsegﬁlqﬁ'@&%é&&ﬁ%&ogﬁ% %‘33?&%&5%3#}?5&1&%%%g‘f'%ﬁ%tor el ay
havi ng casedateramylon thel contets afier thgmidre-reles srilyecberatiobhlc rappiadi nretuRel ay
for H gh_Frequenc | i cation, Kopjura. et al. OM rporation 47th
Annual | B E‘Fﬂ%g? pﬁfﬁﬁg a@cﬁ?}“&?ﬁ@? Oftiggrhar sufrcesyou ‘iggébfﬁﬂahﬁ%‘ theBeach,
CA., Pageroblenlof madusaRARREE Bﬁ&@abse%gﬁhﬁg’s\%ust Ba1BYdr&shd. ORIl HeTRGYlems

11- 134998, publication date May 21, 1999.  FIG 2 shows a conventional NEM
swi t ch wKRePIto applyytgmagea-sealediquidrepatagisovill likelyapplygo therycturefdEMat e 32
supporti . a ddd Ol 140 ‘ 1l 1.44. A
first co%gﬂgtr%ﬂ\%@go?tlgo contfa{@hd%%g&a?g&?r%i@?g%&?%& %ﬂg@ﬁ%ﬁﬁtﬁg&g@%éﬁsr ate
32 and athsawenie didGrmtcenstractivoritohoique amt differefOtwntactsyswust ed i n t he
substrate 32. A shorting bar 52' is disposed on the shorting bar support
44. A first signal contact 50° and a second signal contact 54' are

di sposed on tAevegtivabsthotuse MEM uhisit usiigeeldBrostitieactiisrs capgbdRbri&ated Witlaces

signal contacts 50' . .
9 muitlp?e ancgor points and both contact springs and release springs as an alternative to the

cantilever described in FIG. 1. An example of radio frequency (RF) relay having contact and
release sprihgs is described in Micro Machined Relay for High Frequency Application,
Komura et al., OMRON Corporation 47™ Annual International Relay Conference (April 19-
21, 1999) Newport Beach, CA., Page 12-1, and Japanese Patent Abstract, Publication number
11-134998, publication date May 21, 1999.

FIG. 2 shows a conventional MEM switch with a lateral actuator. The micro-relay 10’
has a substrate 32 supporting a lateral actuator 70 connected to a shorting bar support 44, A
first conductive control contact 60a’ is mounted in the housing substrate 32 and a second
conductive control contact 60b’ is mounted in the substrate 32. A shorting bar 52" is disposed
on the shorting bar support 44. A first signal contact 50" and a second signal contact 54 are
disposed on the same housing substrate 30. The shorting bar 52 places signal contacts 5¢'

and 54" into electrical contact when the mirco-relay 10’ is in a closed position.

Applying liquid contacts to this conventional micro-relay structure is also difficult for
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and 54' into electrical contact when the mrco-relay 10" is in a closed
position. Applying liquid contacts to this conventi onal nicr02§QqP720 4
structure is also difficult for 5 29 JULY 2004 the reasons descri bed a%ove.
The typical physical separation between the contacts on the substrate and
the shorting bar is a few microneters. This nmakes it difficult to insert
liquid netal (e.g. nmercury) on the contacts after the MEMswitch is
fabricated. There is a need in the art for further inprovenents in MEM
relays elimnating the shortcom ngs of the existing technology. Wat is
needed is a long life, high current, and high voltage contact structure
conbined with a MEM actuator to forma direct current (DC) or RF
mcro-relay fabricated using m cro-el ectronechanical (MEM processes. In

sonme  apphé £addn@AssciBEd Sbdve. L al .contacts which do
not incl ude mercury Ibecg;tuse ?g€6§%3¥@gﬁ€n§nsfg%%'n%ﬁ T80 .CES§B RY OF
THE | NVENubatyate and\hgisherting ke & a febl mictametalr Titia rakeniniidtdulish insek WeGRI capabl e
of withs i I undr e olts n circuit, and anperes of current
cl osed citr?éc}%i(g‘g’éﬁg%ﬁé@f)ﬂé eacr?néaﬁgraéﬁ ‘h‘éh’ﬁﬁﬁém%h isfgbricatedt one billion

operations. For many applications, there is a need to inprove the contacts
of a MEMrel a%/l.gvm' t.h the use of liquid netal. Were nercury can be used, it

is possible H8EdHapsaddn heahfor fther ipprovements in MiMirelays diminatingithg | i qui d
met al coRrh@ MmN Gkisti t .t g an.act.uator substrate to
forma MEM rel é@g}’ Li qui (ljsntlr;g?e g@?i%o@%ﬁﬁ@%{g&qf’ {2 h@r%ﬁﬁﬁ“ﬂe&@ ﬂﬂa tals
and condyetaspsontaptpycinrd combinegureithya SEMisathter todomes diredt eorrérR(PLE) MERE O the

rest of i | £t ho t h hysi si ze of_ conventi onal
rel ays ma %rg f E%i’%b?ﬁg%% 9,% %lggq-%i%cgmfrﬁgh@w é@g})@?’ocﬁﬁé&vﬂﬂép@e rel ay
i npr act i epplicatidns thdre iscseep itcuskdiquidan@hl NWEN-ET Wi ar ed
to convg{qti onal rellc%@gnt_act siqmakes it feasi tl)l edﬁéﬁngg?@'ﬁéﬁ%g cgc%’np
€

regi on (ore'{vﬁgan‘ Ta{eNs; o- 1 el ay) in order to obtain a |iquid contact
operation.

- SUMMARY OF THE INVENTION

It would be desirable to fabricate contact structures capable of withstanding several
hundred volts open circuit and amperes of current cloéed circuit and having an operating life
- of at least one billion operations. For many applications, there is a need to improve the
contacts of a MEM relay with the use of liquid metal. Where mercury can be used, it is

possible to separately fabricate a contact substrate containing liquid metal contacts and bond

the contact substrate to an actuator substrate to form a MEM relay.

Liquid metal is not restricted to mercury, as many metais and conductive alloys will
liquefy at usable temperatures relative to the rest of the MEM structure. Although the
physical size of conventional relays makes the concept of heating the contacts or the whole
relay impractical, the microscopic nature of MEM micro-relay contacts as compared to
conventional relay contacts makes it feasible to heat the contact region (or the whole MEM

micro-relay) in order to obtain a liquid contact operation.

The need in the art is addressed by the MEM design and method of the present

invention. In accordance with the inventive teachings, a MEM relay includes an actuator, a
6




The need in the art is addressed by the MEM design and nethod of the
present invention. In accordance with the inventive teaching | ay
i ncludes an actuator, a 6 29 JULY 2004 shorting bar disposedéng'?utI%E%ﬁ‘g
actuator, a contact substrate, and a plurality of liquid netal contacts

di sposed on the contact substrate such that the plurality of liquid netal
contacts are placed in electrical comunication when the MEMrelay is in a
cl osed state. Further, the MMJrelay includes a heater disposed on said
contact substrate wherein said heater is in thermal conmunication with the
plurality of liquid nmetal contacts. The contact substrate can additionally
include a plurality of wettable netal contacts di sposed on the contact
substrate, wherein each of the plurality of wettable nmetal contacts is

pr oxi mat ehPging bandigposedan gheachatorya coptac sulstrate, med aplurdity af iquidngtabach of

the wett t | S . I ri 0 nigation wth each of
the pi ur arsE i Pt REL g sl SE dihe B B Rgalfoniobie

cont act sylacedin elestricalicbinrmmiatisrwhertht MEM|rslag R alidib®statdl FirtMeNhe
fabricatign e&?ni q&gaﬁgich can be liquefied using a heater while the
relay is o%ierre i"f'fgu F‘tr‘?ﬁfhsff% &1 St pdact systrofe phatsinsaibbeater doint act s and
the | i quiteril elmfNTEARISYidPhe YiuiRith of A IlsP cortdll TRULEEN sy NLON

vol tage caontacts for MEMrelays. Additionally in certarn app'fl cation, the
use of né’r?lg’&‘PS}alb’dH"lB@ﬁ aplyralisyof weitahlcfretalontagis gisposedfonttimecdnmeesbitente a MVEM
relay i NGiHeSS : | al _shorting,bar, disposed on
the actuator, Z%g Ogg%: n%%g?(gl}%gt??la e?,ﬂl E‘gl\l}?%g}sé)ﬁoxd%%rm g%}'lfogggphgﬁlgtya | ower
sur f ace, of iqeid syeial edntagtaned eash af hervedtfable metdl coftects Biin RbkicAlGomRimicatb®r t | Ng

bar . Th‘%vi%@ﬂ:ﬂ@#tﬁé’ {u%ﬁt?f%i.gcll‘ﬁglﬁije%is a first liquid netal contact disposed

on the upper surface 0O foidffstrate with a first si gnal contact
di sposed on the | ower surface of the contact substrate, and a first via

havi ng an ouws' de surface and an interior surface coated with |iquid
metal , passi NGRSHELAYHTANsemeR) the,cantast systerpsas, utilipeicqsitast atprielseompatitte | | qui d

met al - coRGANERNEbAiRion tichilqus WAL cHORURRAL tef B gl gation

when the MEMrelay is in a closed state. ﬂﬁl é&ﬂgeacﬁé’a{e?whﬂg%e ey s
operating at normal temperatures. The wettable metal contacts and the liquid metal contacts
provide a long life, high current, and high voltage contacts for MEM relays. Additionally in

certain application, the use of mercury can be avoided.

In a further aspect of the invention, a MEM relay includes an actuator, a non-wetting
metal shorting bar disposed on the actuator, and a contact substrate, having an upper surface
and a lower surface, in a spaced apart relationship with the non-wetting metal shorting bar.
The MEM relay further includes a first liquid metal contact disposed on the upper surface of
the contact substrate with a first signal contact disposed on the lower surface of the contact
substrate, and a first via having an outside surface and an interior surface coated with liquid
metal, passing through the contact substrate, and placing the first liquid metal contact and the
first signal contact in electrical communication when the MEM relay is in a closed state.
Finally the MEM relay includes a second liquid metal contact disposed on said upper surface
of the contact substrate with second signal contact disposed on the lower surface of the
contact substrate, and a second via having an outside surface and an interior surface coated

with liquid metal, passing through said contact substrate, and placing said second liquid metal
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Finally the MEM relay includes a second |liquid netal contact di sposed on

sai d upper surface of the contact substrate with second sig %ﬁé
di sposed on the | ower surface of the contact substrate, andngégg@?n 4a

havi ng an outside surface and an interior surface coated wth liquid
metal, passing through said contact substrate, and placing said second
liquid metal 7 29 JULY 2004 contact and said second signal contact in

el ectrical comunication when the MEMrelay is in a closed state. Wth
such an arrangenent inserting liquid nmetal contacts into a MEM m cro-rel ay
is acconplished by taking advantage of the capillary flow of liquid netals
and inserting the liquid netal after the mcro-relay is fully fabricated.
This nethod allows a MEM contact structure to be co-fabricated with the =

VEM act Uab@aet hl sq@880cHaREMl iohihePRId R ica SR flniOfich %egli&%ﬁﬂhd};enﬁéﬁg}nd on, a

al
met hod of fabricating a Mrelay includes the steps of provi
act uator,a"éﬁséﬂl'ﬁtéieng a non-wetting netal shorting bar disposed on the
actuator, providing a contact substrate, having an upper surface and a

| ower surface g aced apart relationship with the non-wetting netal

shorting bar, ng{r}ed“%lﬁr%g\?fra’ilg? 63[ W?‘ﬁ’t’g-fl‘ﬂ‘ﬂ@f’ﬂ’ta&rﬁ?‘ﬁd%@m% MpugeLeldy én t he

upper surtanplished byetaking hdedntags Wb Helcapiflary Sy SEIRRImEMIstHE 'it%sieﬁﬁk H‘g:e ts "
surface o e

provi di n% a first si %gal_ contact di sposed on the | ower
cont act SdBdipeiplaftenhs migionglay 15 fully fabicated alhingethad aliows aMEMcontest and an

| Nt eri or stridtirkad Be Ak ARt WihAAMEN Fehdb, Passing through the contact
substrate, and placing the first [|iquid netal contact and the first signal

contact in electrical comunication when the MEM relay is in a closed

state, provi dj [ Gul t contact di sposed.o .upper
surface of thledq%gﬁrtdggct%qglﬂbgsﬁoggg g@g& Oﬁjattli‘ q %m?eﬁgmﬁﬁ'{t P @Pﬁ&tg%ﬁffg&% ng a
second sMjdirelay melwics theisspe sfptovidingha abmarr, Bovidiag @ noh-wedtmeanatiact .

i out si de surface and

it or | or SiostER GRS e SRR proyBling ¥y SUbSHFE eVB8AD ABEe UMt 1 at o,
and pl acamia loher se€Redn aisfsted apt RlatioRHipwith MhonBFerBLEABAI SHoafif bar,ont act
'n and providing a first liquid metal contact disposed on the upper surface of the contact |
substrate. The method further inciudes providing a first signal contact disposed on the lower
surface of the contact substrate, providing a first via having an outside surface and an interior
surface coated with liquid metal, passing through the contact substrate, and placing the first
liquid metal contact and the first signal contact in electrical communication when the MEM
relay is in a closed state, providing a second liquid metal contact disposed on the upper
surface of the contact substrate. F inally the method includes providing a second signal
contact disposed on the lower surface of the contact substrate, and providing a second via
having an outside surface and interior coated with liquid metal, passing through the contact
substrate, and placing the second liquid metal contact and the second signal contact in
electn'ca] communication when the MEM relay is in a closed state, and introducing liquid

metal through the first and second vias to wet the first and second contacts.

With such a fabrication technique, the liquid metal contacts can receive liquid metal

from an external source supplied through the vias. In addition a larger quantity of liquid



el ectrical comunication when the MEMrelay is in a closed state, and
introducing liquid netal through the first and second vias togWRiLY 2004
first and second contacts. Wth such a fabrication technique, the liquid
nmetal contacts can receive liquid netal froman external source supplied
through the vias. In addition a |arger quantity of liquid 8 29 JULY 2004
nmetal can formliquid netal contacts which can forma physical electrical
connection without a requirenent for a conductive netal shorting bar. The
contacts fabricated with the inventive technique have a |onger life, can
carry higher currents, and can handl e higher voltage signals than typical
contacts used in MEMrelays. In accordance with yet another aspect of the
present invention, a MEMrelay includes a separately fabricated contact
subst r at en¢taldandomn liquid sretal wonthdtewhidh et fokmaghysicd slecifiosl coppédtioh wigidhist r at e
i s bonde . tor.substr . Wth such an aryangenent the contact
system i galleﬁlgge??e%gfogg Cglé%uﬁﬁg?glle Eﬁl‘)&lﬂgtt?‘?é i@f eputactsfalaicated wyithothe invietive he
two asserniihnime atee bongadife, tcas eArhekioidrlcamb BartsSfdRhidHeA Y

inserted pn wettable ng?al, cont af:t'te gmt}faceﬂstgg?@t he uglghléc)ﬁfeglwlﬂgagfggfg?}élfal

cont act s W FRicfoniets ypeslis MEM telaget ri cal and mechani cal contact. The
liquid netal wetted netal contacts and the liquid netal contacts provide a
long life, high current, and high voltage contacts for MEM rel ays.

Al t hough t held apperdancesvitieyst hnother aapeet df the presad invettion, & MIEMIrelbf ifudes a

electric i ion, the present, teachings . my he used for other NMEM
rel ay st ?ﬁﬁg&ﬁ%ﬁgggﬁgﬁggb%@%jpygggt gg&t t&? f‘ﬂ‘“g@]%ﬁ?@é?t&trébﬁ tptrehose
skilled ismbstrae imbénded nesrachitorabbiiiated OWRE hich af 3R8fdeshent t‘ﬁé‘%‘ﬂtﬁﬁ s9§191r1 is
advant ag%%aof?tgéhe invention will become nore apparent fromthe tollow ng

dr awi ngs 0GR sergratelx omdhe astuation sgstamaand tam thetwwEsemn s @ ORITHE
DRAW NGStolathef SitRaiRk B2 us© 88 BBF nlfal Indé idﬁ%?%’a' ! Lheqlnvention
itself, n?ﬁ he nor eg fully ﬁlder staoéld r?e?om t eb@grﬁt%\?ﬁr{l%&&g%?ﬁelsﬁnhgﬁs%f t he
dr awi ngs©® auip etpl contacts which can be placed in electrical and mechanical contact. The liquid

metal wetted metal contacts and the liquid metal contacts provide a long life, high current, and

high voltage contacts for MEM relays.

Although the inventive teachings are disclosed with respect to an electrical application,

the present teachings may he used for other MEM relay structures and other applications as
will be appreciated by those skilled in the art.

These and other objects, aspects, features and advantages of the invention will become

more apparent from the follqwing drawings, detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the invention itself, may be more

fully understood from the following description of the drawings in which:

FIG. 1 is a diagram of a conventional prior art vertically activated surface

micromachined electrostatic MEM micro-relay;
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FIG | is a diagramof a conventional prior art vertically activated

surface mcronmachined electrostatic MEM mcro-relay; 9 29 le : 2
is atop view of a conventional prior art lateral MEM m cro-re '6119?'0{2?@@3

is a schematic diagram of an integrated actuation substrate and contact
substrate having liquid netal formng a mcro-relay according to the
present invention; FIG 3Ais a schematic diagramof a vertical MEM device
with an integrated actuation substrate and contact substrate having liquid
nmetal contacts according to the present invention;, FIG 4 is a schematic

di agram of a vertical MEMdevice wth liquid netal contacts and a heater
according to the present invention; FIG 4A is a schematic diagramof a
vertical MEM device with liquid netal contacts and a heater disposed
proximate to the liquid nmetal contacts according to the present invention;
FIG 5 is top viewof a |ateral MEM mcro-relay substrate capabl e of
utilizing |iqfif@ 2isatemviey of g canvantideal pondrt later dMEManiicaghypf t he present
invention;, FIG 6 is a top view of the contact region of a |lateral NMEM
mcro-relay having liquid netal filled contacts according to the present

i nvention; Fl 8G.73 is8 sehentitie disigiztn df aginagratdd aeaiatiad iuderitdhRbéckdcng a | at er al
act uat or vgg_h %ﬁ se@a{sﬁtel ff abricated set of |liquid netal contacts to form
a MEM ni EVSEPENAVING IAWH el toranipg  mitfodelay pcqopdiagiojthmpresancinvention; a t op vi ew
of the contact substrate and the shorting bar of a liquid netal 10 29 JULY
2004 contact filled lateral MEM mcro-relay substrate in the open position
in an alt er natfI8A is a schematic diagram of a vertical MEM device with an integrated actuation

substrate and contact substrate having liquid metal contacts according to the present

invention;

FIG. 4 is a schematic diagram of a vertical MEM device with liquid metal contacts

and a heater according to the present invention;

~ FIG. 4A is a schematic diagram of a vertical MEM device with liquid metal contacts
and a heater disposed proximate to the liquid metal contacts according to the present

invention;

FIG. 5 is top view of a lateral MEM micro-relay substrate capable of utilizing liquid

contacts in accordance with the teachings of the present invention;

FIG. 6 is a top view of the contact region of a lateral MEM micro-relay having liquid

metal filled contacts according to the present invention;

FIG. 7 is a schematic diagram illustrating integrating a lateral actuator with a
separately fabricated set of liquid metal contacts to form a MEM micro-relay according to the

present invention;

FI1G. 8 is a top view of the contact substrate and the shorting bar of a liquid metal

10



enbodi mrent of the present invention; FIG 9 is a top view of the contact
substrate and the shorting bar of a liquid netal contact f"ifﬂtﬁﬁ?fﬁdﬂ
MEM micro-rel ay substrate in the closed position in an alternatrve

enbodi mrent of the present invention; FIG 10 is a top view of the contact
substrate and the non-conductive quuid notion bar of a liquid netal
contact filled lateral MEM mcro-relay substrate in the closed position in
an alternative enbodi ment of the present invention; FIG 11 is a diagram
of the contact substrate and the shorting bar of a seated liquid netal
contact filled lateral MEM m cro-relay substrate in the open position in
another alternative enbodi nent of the present invention; FIG 12 is a

di agram of the contact substrate and the shorting bar of a sealed |liquid

metal co NEM substrate in the ¢l osed
posi t i onr}"fogfagtr\%tl#elg&alli i %‘Igf Ve agn'ﬁésgr F?EH SIPeR pesitign o an.a EtFW@EYﬁ ion; FIG
13 is a dmaigxdammbftm@rammmmmsmbstrate and the non-wetting nmetal contact

menbrane of a single contact sealed liquid netal filled MEM m cro-rel ay
substrate in the open position in another alternative enbodi mnent of the

present i nventiigng issdp kle@ ofifle b&lteﬁ:t %&Sﬁ@%@&:e@h&rﬁﬁgﬁﬁl uf%lliéﬂwlgetai qui d

metal contact MEM micro-relay substrate in't anot her
al t er nat icoBtagtfiiledilptesst MBIM miieropeley svhstrintanie theicdosed ﬁE‘fﬁktnhElan BESGRIFRTI ON OF

THE | WE%h%n%t@P&éP&%er&%%ngﬁj ore proceeding with a detailed discussion

of the instant |nvent sonme I’'ntroduct ory concepts and term nol ogy are
explained. The term"liquid netal contact" refers to an electric contact

whose nmati ng ﬁ(gfﬁfe uri.n ihh conduction of, electric current consists of
a nol ten netal lain faefop ts Fleats enefstoduetiietiuid magon kag

net al ) wiokh ligeid meilajon@et ﬁmuﬁeﬂanmm‘ﬁﬂ&mhmaﬁs@ﬁtra@ il HRR1JERA fr@sntlonsxhraHCt ure.

The solid, struycture be wettable
alternative embodpn?%t of the present invention;

FIG. 11 is a diagram of the contact substrate and the shorting bar of a sealed liquid
metal contact filled lateral MEM micro-relay substrate in the open position in another

alternative embodiment of the present invention;

FIG. 12 is a diagram of the contact substrate and the shorting bar of a sealed liquid
metal contact filled lateral MEM micro-relay substrate in the closed position in another

alternative embodiment of the present invention;

FIG. 13 is a diagram of the contact substrate and the non-wetting metal
contact membrane of a single contact sealed liquid metal filled MEM micro-relay substrate in

the open position in another alternative embodiment of the present invention; and
FIG. 14 is a diagram of a lateral sliding liquid metal contact MEM micro-relay

substrate in the open position in another alternative embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION
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so that it will retain a layer of a liquid netal, for exanple nercury. The
term"liquid netal contact” can also refer to a quantity of boQudy ppda!
which forns a structure, for exanple a droplet, which is held in place by
surface tension on a netal surface of a MEM device or a retaining
structure to control the position of the liquid netal. The terns switch and
relay are used interchangeably. MEM devices are typically built using
substrates conpatible with current integrated circuit fabrication,

al t hough sonme of the electronic switch or relay structures disclosed herein
do not require such a substrate for a successful inplenentation. The

el ectroni c contact substrate nust have properties (dielectric |osses,
voltage withstanding, etc.) conpatible with the desired switch perfornmance
and anenable to an interface with the electronic actuator structure if the

actuator and | | re. tabricated parately. Conventional netal

contacts on N?I\%fglg&r%gé&lh%\%h % ({%Whe‘?gﬁc%ﬁlg}lél? ﬁ*ﬁgﬂ%tan BiveRtioy, sme et al

cont act s igaeductypy ouecpivendpenitolosg atd éplafed! Nic KPALAGhIINTILBh OGS -
ct,s to gonventional mcro-relay structures i s

appl yi ng t!)iaﬁgjregt . cont 2 S

di fficul 2 2ESFCBE SApRE Whase maliRg susface Aydnathe consaptioneaficairvativwe stuohiists
cont act s ofa nidien e iof j t is, a.few mcr ters.
This separati nnma_kes ﬁoﬁg??% faggiiﬂ%)} trf(’?\éiEH ugﬁb&%ec%éﬁfanbo feg H’@ta(l)o‘ﬁﬁ';% s after
the MEM §96?¥1&s%(he£d infplace) bop ealisk (nomadoltedmtrucimes. Aheaold fuchp@fian Be Warhble

cantil ev [T I nt.i | eve support) woul d increase the
contr ol \%glﬂ'gagﬁgmrlé%tgiﬁrag?e?gr aglg%lfié?e?%hfor ﬁt@fﬂgﬁ? mgiguRLwWhederm tiquad metahi gh
per 1;( or naSeRaMENATT dk(&l;cfetj(z@a qgmibgo?micfnﬁd ?@tall\?hﬁﬂ fq}H{s\ﬁ s%Q?&rgi, ﬁﬁ%gérgllglgq for th
package. . e,general construction integrafed packagi ng for the
MEM rel 35‘4" %O&hv&%?%\cl)}%%& WH’A&SQP’ Shifece fensjoneonaomefak syrfaesr ofadviENE devieairani sm
The MEM rathining b@Gctuiens bostas daypodiiol OF e IRMRSHEAL Shl 04n@ N, ')tl)noc{]rg&g( Py

e.

el
contact su str%e 106 (also referred to 'as a contact region
modul ar  PECAYCHBAEHRE- i nal package (not shown) is likely to be a few
mllimeters on a side (as required to separate an individual die fromthe
full substrate ] ) o
MEM devices are typically built using substrates compatible with current integrated

circuit fabrication, although some of the electronic switch or relay structures disclosed herein
do not require such a substrate for a successful implementation. The electronic contact
substrate must have properties (dielectric losses, voltage withstanding, etc.) compatible with
the desired switch performance and amenable to an interface with the electronic actuator

structure if the actuator and switch portions are fabricated separately.

Conventional metal contacts on MEM devices have a limited operating life. Liquid
metal contacts can improve the operating life of the contact system, However, applying liquid
contacts to conventional micro-relay structures is difficult. For example, the typical physical
separation between the contacts on the substrate and cantilever actuator is a few micrometers.
This separation makes it difficult to insert mercury on the contacts after the MEM switch is
fully operational. The use of a wide spacing on the cantilever (requiring a tall cantilever

support) would increase the control voltage required for operation.

Referring now to FIG. 3, a high performance MEM relay 100 is shown as an
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by nechanical sawing), with current fabrication techniques for printed

W ring boards and hybrid nodul es dictating the required spaci %Wl
the two signal contacts 108 and 109 and the two control cont?%ég?'éﬁ)'?t a and

- 102b. The MEM relay 100 is arranged to provide a self-packagi ng
mcro-relay. The addition of a top and bottom cover (not shown) to the MEM
relay 100 makes a conpl ete sel f- packagi ng assenbly. The pl acenent of
external connections signal contacts 108 and 109 and control contacts 102a
and 102b on the exterior of the substrates permts the full assenbly to be
used as a surface nount conponent. The MEMrelay 100 may al so be used as
part of a higher level assenbly (such as a hybrid nodule). Fully
integrated construction elimnates the need for a separate | arge package

or i nt er retbgrated Packaawi FIES 3 ShGRGhH @E@&M&ﬁkuﬁ@ﬁbﬁ%&%‘é‘i@' agﬁh%{éﬁ%t&g MEM

t echni ques,. R@‘er i n%jnow_to FIG 3A, an alternate enbodi t based on

separate raﬁﬂj BHhew dhe details of theagivator ar eantachmeehaaiswe ' EieddEMiEMyri@Day 101 i s
h . T i ' i ' t trate 112 that

shown. TheRE bh Q&Latﬁﬁﬂbgﬂt@m%%gd aﬂo'ﬁﬁlidfggrgafl ?gl}tgcg 3@%@%&@5?@5{ rg%qrge to |

is assenbled with a contact su rate
separ at elya feriadt eegien) to Tive the odslor rebayd90r Bieefirhl Badkagd meehodmRAKeRAE

til 20 and. a first actuator control contact 124a. One end
of & cants P SERMjnstirRofR g8 cisaired 1 pePhistian 100iyfop dic How ioeidili mbstirts o
second aby usbhmicbsiind), oanicagin bRaidNEIRARS (& MinBl Wiy SARI! hyver 122

i ncl udes a]ﬂsdg‘%r@hng .bar, 123. The two conductive acCtuator control contacts
124a and™! odile digfpting,the sequirad srRegingbetwesn ihertwosignalemacts| 188 aa®109 13 29

JULY ZOO%th%gcmboﬁgaQﬁhaggm}ﬁﬁs 116 and 118 are fabricated on the
separate contact substrate 114. e addition of liquid contacts to

vertically activated MEM switches requires that the contact substrate 114
ot anal cont acPa VRN BEP LR BrbaiSo BEb TR0 Sl ohe ging g ap oMb e
surface ofs tog and bottom cover (not shown) to the MEM relay 100 makes a complete seif-

packaging assembly. The placement of external connections signal contacts 108 and 109 and

control contacts 102a and 102b on the exterior of the substrates permits the full assembly to

be used as a surface mount component. The MEM relay 160 may also be used as part of a

higher level assembly (such as a hybrid module). F uily intégrated construction eliminates the

need for a separate large package or internal bonding wires associated with conventional

packaging techniques.

Referring now to FIG. 3A, an alternate embodiment based on separate actuator and
contact substrates, here a vertical MEM relay 101 is shown. The vertical MEM relay 101
includes an actuator substrate 112 that is assembled with a contact substrate 114 after each

substrate is separately fabricated.

The actuator substrate 112 includes a machined cantilever support 120 and a first
actuator control contact 124a. One end of a cantilever 122 is disposed on cantilever support
120 and includes a second actuator control contact 124b. The other end of the cantilever 122
includes a shorting bar 123. The two conductive actuator control contacts 124a and 124b
control the actuation of the vertical MEM relay 101.
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mercury. A separate fabrication process for the liquid netal signa
contacts 116 and 1 18 allows the quantity of liquid netal on 9 t
structure to be carefully controlled. The contact substrate %ﬁ Ep@pﬂﬁﬁf
assenbled with the actuator substrate 112 after the liquid netal is
applied. It should be appreciated that additional |ayers can be fabricated
between the liquid netal signal contacts 116 and 118 and the contact
substrate 114 for exanple a wettable nmetal contact and an insul ating

| ayer. In operation, with no control signal applied, the vertical MEMrel ay
101 is in an open position. In this position, the shorting bar 123 on the
cantilever 122 is raised above the actuator substrate 112 by the support
120 and is also raised above the contact substrate 114. The first and
second liquid netal signal contacts 116 and 118 on the contact substrate
114 are not caonnected. An electrostatic force created by a potenti al

di f ference betld@@id maidl signebemitactscil abdi 1 a8 Fiteloato@Bh Bielseddd caight he first
actuator substrate 112.1s used to

act uat or »124a.0n.th

pul | thei?rﬁa?ﬂe%?mf%g&é%’ﬁﬁ?{‘ \‘Aﬂ?‘d‘ﬁ?%%mavc?ftw&llb?ctgfa@th@m“dwms tbquifes  al SO

used to tithet dvatactimibsirate 414 b22: fabri f | cat.ed. cont act

substrat §; ﬁlﬁ V\:Ei ch is %@ed tpgﬁgur]za alg%dgg({g?lﬂg{ij sc'?‘llragotrge%irﬁgal‘?’ﬁeTg%rtical

MVEM r el ay'"WHBI§ SOIF‘?F&& clilf pesterally havep liguid 2R8I conduetie serfaganpgct i on -

bet ween tixgc Adefdtale R ttached to the separate

cont act thi['tlublfsry\‘l(r)at eg??iz. ,V\heﬁ%ﬁﬁo%%sgf?gﬂ%H@%%ﬁ%ﬁﬁ%ﬁq%’?ﬁ‘%ﬁéﬁﬂs&mate 114,

t he shor #'AYs Baquantsy obligid metal quiecbonabladtrusmrd‘ﬁc{;e%a&fullly%n&d}lfeaf[ TgRd second
I

liquid mgg ' . 118 and. electrically connects them

{oget her i SUSHale GIOTE A5LA0Ed BaBThe bl Ynsortec b abecime Lavinarvcdtint

shown) saprliedt lrsjoelddeshpreriated thnnaddiRehal (98 CAEbE BBHEHEMES WL SRS fnﬁﬁ& ati c
|

the first and second qui d

control ga 4h. 29 Y 2004 Thus,

metal signa Qigféaﬁgc §l&ll[%§tsjlqgaléq1#&f’f§t niashibsiEae | b for kxamplbameitatde hetal 123 of
canti | eventdP 2nd shinclilatisg Rp&r at ed by an isol ated el ectrostatic force
mechani sm using the surfaces of the two actuator control contacts 124a and
124b.

In operation, with no control signal applied, the vertical MEM relay 101 is in an open
position. In this position, the shorting bar 123 on the cantilever 122 is raised above the |
actuator substrate 112 by the support 120 and is also raised above the contact substrate 114.
The first and second liquid metal signal contacts 116 and 118 on the contact substrate 114 are
not connected. An electrostatic force created by a potential difference between the second
actuator control contact 124b and the first actuator control contact 124a on the actuator
substrate 112 is used to pull the cantilever 122 down toward the actuator substrate 112. It is

also used to pull the cantilever 122 down to the separately fabricated contact substrate 114
which is bonded to the actuator substrate 112,

The vertical MEM relay 101 uses the conductive shorting bar 123 to make a
connection between the two signal cdntacts 116 and 118 attached to the separate contact
substrate 114. When pulled to the Separate contact substrate 114, the shorting bar 123 touches
liquid metal surfaces of the first and second liquid metal signal contacts 116 and 118 and
electrically connects them together. The cantilever 122 typically has an insulated section (not

shown) separating the shorting bar 123 from the cantilever electrostatic control contact 124b.
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The vertical MEMrelay 101 is shown as a normally open (NO sw tch contact
structure. The open gap between the conductive control cont aciggj qmme
cantil ever beam 122 is typically a few mcrons (1/1,000,000 feter) W de.
When the vertical MEMrelay 101 is in the closed position, the cantilever
beam 122 is proximate to the conductive actuator control contact 124a. -
However, the control surfaces, actuator control contacts 124a and 124b,
cannot be in direct electrical contact or the control signal wll be
shorted. Since the actuator substrate 112 is separately fabricated from
the contact substrate 114, the liquid nmetal applied to the first and
second |iquid netal signal contacts 116 and 118 does not interfere with the
conductive actuator control contact 124a and the cantil ever beam 122

operatio : reci | i gned

W Eh the CanitnPBRLaq 8Rond g8 ARLE fhnd HORMEFL o SEEUSRRERtasedty Bgulng « ne
cant i | eveshothiagan P23 ofrednlavertl RRgrHiahr 1sb?&ated bybﬁ 1@%@&&16 blé&x’@&d ; filgé)f({cr&bg ng': ggt on
subsyste -udi ng | nal contacts an abri

The LepartBind pate teiBedos e o dhauict porioheonsats Hanandiets The weak
forces created by a vertical electrostatic control systemfor the

cantil ever be actuator are an _additional problem Such weak forces limt
the travel avdittXpttisakMEM redayclfd ds shewaras begrmallymgpen NQ) smtdinctogtaoif t he

Cansi on (et ha ne SpaP s I a R Aah T b oo A Pl S e b °

tension that the canti eam na
cont act s.12% i tgpicellys fesv micnors (ua;aoemoo steter ) widlp. mahwdrmalmqm Jo1 abat e

ba 12 referabl n- vvettl ng It shoul d be
;B:o?eg |r g? 4 @rﬁf‘%&p &g%@gﬁ’l cap ey E: hepe N/?P@F‘W%? g é‘i‘f‘ieé‘ﬁ?la‘{orc
act uat or somten ctxﬁatftdﬂ#a CHbwelveni thicdtitto! §upfaBes2 RARAGT dQﬁtrBltc%né@Q 19@& £hacb Bact
springs and [F s as an_alternafive to the cantilever beam 1
EVE

Such a mitt¥e: f"%“ﬁ?‘iﬂe caitact e the sonteol signalgvillile shontrds Sinve taedctuatay the
use of | smtrﬁkeqqnﬁﬁﬁpﬁrateg& ﬁsﬁca&éaefrcﬁﬂﬁ{e%htaéé’éaﬁétfa@é P14, e SRR AL dpplicd

fabricat ed from the novabl e actuator substrat
abri to the first and second liquid metal signal contacts 116 and 118 does not interfere with the

conductive actuator control contact 124a and the cantilever beam 122 operation.

In operation, the contact substrate 114 is precision aligned with the cantilever beam

122 and the actuator substrate 112, allowing the cantilever beam 122 and shorting bar 123 to
be drawn down to the contact subsystem including liquid metal signal contacts 116 and 118
fabricated on the separate contact substrate 114 and containing liquid metal. The weak forces
created by a vertical electrostatic control system for the cantilever beam actuator are an
addifional problem. Such weak forces limit the travel available for the cantilever beam, and
any wetting of the cantilever beam by the liquid contact material may create enough surface
tension that the cantilever beam may be unable to draw away from the contacts. This results

in a failed (shorted) micro-relay system. To abate this problem, the shorting bar 123 is
preferably non-wetting,

It should be appreciated that a vertical structure MEM relay using electrostatic
actuators can be fabricated with multiple anchor points and both contact springs and release

springs as an alternative to the cantilever beam 122. Such a multi-layer vertical structure is
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Separate fabrication of the actuator and the switch structures is not

required where nercury is not being used as the |iquid contagy RANEHOGA
and a nethod and structure (for exanple a heater (not shown) di sposed on
the contact substrate) can be provided to prevent the liquid contact
material fromsolidifying at operational tenperatures. Referring nowto
FIG 4, an alternate enbodinent of FIG 1, here a sinplified vertical MM
relay 110 is shown. The vertical MEM relay 110 includes sone of the
elenments of FIG | (like elements of the relay of FIG | are provided
having |i ke reference designations) and additionally includes heater 129
di sposed on contact substrate 30. In a preferred enbodinent, wettable
nmetal contacts 125 and 127 are fabricated on contact substrate 30 using

ni ckel ( Nathenablequitlib wielofliq@iaRb@SLLS s} [.€,. i SPOS wet t abl e
metal contacts 125 and 137 respectsgll\%glt}%wgﬂargt?sél@%ua{eeﬁ§$p@m%ﬂ¥ga 1epted &85 on

ef fect on"FAPYEPIGIrHaREsubslrga. t he contact surfaces. Surface tension al so
hel ps control the loss of the liquid netal due to splashing as the contact
opens. Preferably, gold (Au) is used for the liquid netal contacts 126 and

ﬁzs and can  b¥epputsr fabrication ofihe gchistohMidIHE SwAOM b clufks i ot AL -ire%tg.ih% eration,
eat er 12@%@1@9“& esufflgl ent .he_at conducted to the |1 quid ne ontacts
126 and 1 mai ntae % ?ﬁtgﬁpﬂu‘ CoRfagtmagerial and eimetmod and sthayies (fodhe heat er
129 pr ef exainble a Inaep{riot show) Wiseh mcro-meljing at the
liquid m;_‘tlaé c&nt actg 1260%3{)@ sﬁz‘ﬁaﬁg%@o{%ﬁ%{%’%H[?a%%qa?i%ﬁﬁmtv dfgpreiente net al
cont act s '1289%A§ontact majgriahfromesolidiéding atopenitionat iauteyaturel.ypi cal cont act
materials will solidify at normal relay operating tenperatures. To obtain
the benefits of liquid nmetal contacts using typical materials, there nust

be sonme for m Srfeidrg novs sUkFIEe 41 an atimiteénibddiBedFRF FRY | r@%isﬂ-{,plﬁfeﬁk,e 1%%1;' ng
electric M e lflb Fﬁvgh%)ﬁmt Rﬁ mﬂ%{\fg relay contacts. The hea sour 8% y be
ext er nalnﬂgé i I’llt rnal”. sheulg" @r‘@@Yéﬂ%@G{qﬁl&i somre ofitie elemerts b2 at
sour ce be(like skepanatof tiaelgof FIG. 1t poed filvih £ T O DL HBL e 1ot he
i qui d 1%&%&%%;{ 2004 netal contacts, or it rr%‘gllﬁggié‘%e{f%%m\ﬁ/ﬁlﬁ‘%“anms)
mi cro-refay™ [oRally mcludes i A% dispossd oheonted stlystratee0. In a preferred
embodiment, wettable metal contacts 125 and 127 are fabricated on contact substrate 30 usihg
nickel (Ni). Liquid metal contacts 126 and 128 are disposed on wettable metal contacts 125
gnd 127 respectively. Surface tension has a retention effect on the liquid metal on the contact
surfaces. Surface tension also helps control the Ioss of the liquid metal due to splashing as the

contact opens. Preferably, gold (Au) is used for the liquid metal contacts 126 and 128 and can
be fabricated using techniques known in the art.

In operation, heater 129 supplies sﬁfﬁcient heat conducted to the liquid metal contacts
126 and 128 to maintain a liquid or nearly liquid contact layer. The heater 129 preferably
supplies sufficient heat to cause micro-melting at the liquid metal contacts 126 and 128 layer
without melting the wettable metal contacts 125 and 127. With the exception of mercury,

- typical contact materials will solidify at normal relay operating temperatures. To obtain the
benefits of liquid metal contacts using typical materials, there must be some form of heat
source to maintain the molten material state during electric current flow in the micro-relay

| contacts. The heat source may be external or internal. It should be appreciated that an

internal heat source may be a separate heater for the contact region proximate to the liquid
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ohm c (Joule) heat generated in the contact material as a result of
electric current flow A conbination of heating nmethods may Qi Y '
si mul t aneously enployed. A thermally controlled actuator can H%%‘g%%%%ate
heat. O her heating nethods are known in the art and are not specifically
di scussed here. The presence of a noderate resistance contact when the
contacts close (1 to 10 ohns or so) will hasten the contact heating. If
the contacts are torn apart during the opening process by breaking a

m cro-wel d, the contact surface will probably be very rough. The rough
surface may result in noderate contact resistance at closure. Mderate
contact resistance at closure wll result in rapid heating of the tiquid
nmetal contacts 126 and 128, restoring a good contact systemthrough the

formati ongy i l.. . There.is reduced damage to the liquid netal
cont acts 18%1 gér%lgac%g“? glgg:ﬁé%it R Oﬁ/gﬁ?m'rﬁﬁﬁ ge‘éqnéﬁﬂwglo@ﬁa@b@hw@ hyfthehe

MEM r el ayohmio (Jsstea beat geiveatoe it the gortadt inRiterRl ASESsBHYE e‘féc*rﬂ:i Arentf@y AL each
|gura?|on§ sing the

cl osure. Ul d.be .appreciated that other relay con

cont act s‘{oﬁquz ara Oggeaﬁ’ég/%e&"élﬁ may e shpplisaeauslyismpleyeti Artheredly comtalei C

act uat or sschatiricamblesigenardidhditl! Hital j and both contact springs
B Ot fr‘eaﬁﬂggd% El}oﬁgb%g(ﬁ?wgb PACEPQ ARk, Vari ous

and rel ease .gprjngs as _an alternative

types of Sgﬁﬂﬁg?éity"g%%ifé@h@&n be used including but not limited to flat
surfaces and mating surfaces such as convex and concave shapes. Referring
nowto FIG 4A, an alternate enbodinent of FIG 4, MEMrelay 110" includes

“separ at e heat i piea@ice dif 8 puslechtcmsittifeedntadGihen URSEnBlcl Qe PRI the
cont act : and the wettahle nmetal contacts 125 and 1 and
of SO Halter the 0ftalrheating 1F _
proxi mate t e T qor FORBrtAcatng, if hercentaots arsiern rpa@t dwiitgthe hpenirg pracge ment
of heat eby bi@Bing ahnisio-waid, the cOmhirSRTRD Wifl dkdiBbiv He Qi tap, contacts 126
and 128 pore efficiently and with great er pcontlygie%@%og@'?bﬁfoﬁ ace
Ref er ri ng AW L3R Pyogerats coptariyegistancenplopust.alyloigatecapnaty resisthndétat LioZird g
liquid comll sl in tabidIRAME of REI M | a 0 can be manufactured
using a separate agt uat or %Eﬁ@t‘#@? gfeéll odfelfes {70 128] restoring a good contact
system through the formation of the liquid metal. ,

There is reduced damage to the liquid metal contacts 126 and 128 from sliding wear
during closing or opening of the MEM relay 110 because the melting action erases any sliding
wear at each closure. It should be appreciated that other relay configurations using the
contact structure of MEM relay 110 can be combined with electrostatic actuators faﬁricated
with multiple anchor points and both contact springs and release springs as an alternative to
the cantilever structure. Various types of contact shapes can be used including but not limited

to flat surfaces and mating surfaces such as convex and concave shapes.

Referring now to FIG. 4A, an alternate embodiment of FIG. 4, MEM relay 110
includes separate heaters 129’ disposed on the contact substrate 30 between the contact
substrate 30 and the wettable metal contacts 125 and 127 and proximate to the liquid metal
contacts 126 and 128. With this arrangement of heaters 129", heat can be delivered to the

liquid metal contacts 126 and 128 more efficiently and with greater contro.
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140 and a contact substrate 146, which are bonded together after the
application of liquid netal to the contacts on the substrat QléﬁL‘Yfz 0
mercury is used to wet the contacts. Alternatively a heater? th/m4)
can be used to provide liquid netal contacts w thout the need for nercury
or separate fabrication and bonding. A lateral MEM actuator 170 is
fabricated on the actuator substrate 140. A shorting bar support 144 is
connected at one end to the lateral MEM actuator 1.70 and to a shorting bar
132 on the other end. The lateral MEM actuator 170 can have hi gh contact
make and break forces coupled with a significant travel length to nmake the
application of liquid contacts to the lateral structure feasible when
bondi ng the two separately fabricated structures, the actuator substrate

140 and the c rt 2|s referably
fabri cat ed asq%?&rrg{igafé{pﬁ ?ﬁ:? U%feh%a{%l}%ﬁrﬁgax l\l%gg?ﬂ ﬁ[’f th‘?ﬁng iqjidiceniBets net al

si gnal cdhsheen. Tholatmal MEMaend 30/ezTui BomenutRinabd ﬂl@@&epﬁ&'ﬂé é’é{ﬁaio %ﬁg’stﬁfe
| thesortlnc]; 3}' was wetted

fabri cat thec nt.a te 146.

by the ﬁ?g%ﬁ%a g S“‘Fﬁateig?n ¢h aredaprdediegesher aftentbenplisatioorfiquiat ed by
the bri doieta tothetcbftadth ablitd sub®RE r PEES. oA A 33 to the
shorti ng ?‘?‘I‘f 1 5 as the shorti r?gélbjgrlpme% lw&’ds#wgr s oTECtS gﬂe‘?’ﬁtévtl

cont act s 2 Pe#er @abthepRycande l@githmowdefmxém«a;al mwﬂe@ﬁhmtﬁ@e@&ﬁbrd this

probl em plek@irPEadeBirate nat used, liquid metal, preferably
mercury is a;giglleg taorf%ncah ontacts uring fabrication to formthe liquid

nmetal contacts 150 and 154. The wettable nmetal signal contacts 149 and 153
are netal str refera |Iver if mercury i s used) anchored to the
contact subst }rig%twai%g‘w aCtggt 'fr&%‘rg W%@ﬂ@ﬂ@é‘cﬁlﬁ@f fbisratgfl4Ph A shoringdar -
subst r at alppanztﬁ 44 Brcmhﬁerc&hil 2 ofROAEL th Ukd laal VBN QSR ato ‘f‘fdj%@ @ 25181813&%\%%% jpce

m cr o- mach active ion etching. 18 29 iquid
metal ¢ o?ﬂ dﬁtﬁqgtﬁ@i SEM actupter 170 epn hake high entas nzke and hehk focdsact
149 coupled thh a significant travel length to make the application of liquid contacts to the lateral

structure feasible when bonding the two separately fabricated structures, the actuator substrate

140 and the contact substrate 146. The shorting bar 132 is preferably fabricated as a metal
structure and is non-wetting.

A first wettable metal signal contact 149 and a second wettable metal signal contact
153 are fabricated on the contact substrate 146, If the shorting bar 132 was wetted by the
liquid metal, the contact break operation would be complicated by the bridging of the liquid
metal from wetting surfaces 149 and 153 to the shorting bar 132 as the shorting bar 132 was

withdrawn to open the contacts. The shorting bar 132 is preferably non-wetting to avoid this
problem.

If a‘heater (not shown) is not used, liquid metal, preferably mercury is apflied to the
contacts during fabrication to form the liquid metal contacts 150 and 154. The wettable metal
signal contacts 149 and 153 are metal structures (preferably silver if mercury is used)
anchored to the contact substrate 146 or as meta! attached to the wall of the contact substrate

146. Preferable construction methods include bulk or surface micro-machining or deep
reactive ion etching.
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and liquid netal contact 154 is disposed on the second wettabl e netal

signal contact 153. If a heater (not shown) is used, gold iso@Ugfi&f

used for the liquid netal contacts 150 and 154. The wettable mate'ﬂ gﬁ%‘q{nal
contacts 149 and 153 are preferably nickel structures if gold is used as
the liquid netal. It should be appreciated that there are other

conbi nations of wettable netal and liquid netals that can be used to
fabricate the contact structure. The wettable netal signal contacts 149
and 153 can be insulated fromthe contact substrate 146 by additi onal
insulating layers (not shown). The insulation |ayer is sonetinmes necessary
because sone substrates are partially conductive. An insulating substrate
woul d not need an insulating layer if the wettable nmetal contacts woul d
adhere to the insulating substrate. In operation, the actuator 170 operates
to nove the shpyf.ti. r 132 toward the first Iliquid netal contact 150 and
the second |i gﬂ‘é‘”ﬁg‘l"gﬂq CefAttdel isidiaposethemnthe fiest sietiakile netd) siendi33ntaGOAbACt S

t he |i quiaddhigtidlm&aircorgae: BY it BRpdbd Y al, contacts 150 and 154, both the
l'i quid tal contacts 150 and %54&Igiﬁglegﬁ‘§e°%%lg@%F'&Palﬁf’gﬁlﬁq15éoﬁffact s
149 and TE¥L{at showy isiused lepld is prefiaatip dsedRef the Miiid i c%ﬁ@&trsgg@ml&ﬁfﬂl?’z to

t he st at ghsRWbil n e liguid netal contacts 150 and 154 and
the wettabl e gg'?lg?)“egl ggﬁg?ﬁ °§§%€‘§é§‘€ a‘l%%eﬂﬁapﬁ@ablm@k@mommg ifoid is1i3d i s

f er abRy thediquiggnetaln gt siouidie ppriacdd j.clently broken. |f
the F{aug&algﬂ@ . oni@cthg 152Tpgnd 1525332‘#‘*2@%‘3‘33“3%9%%‘3%%051&0?}4’5&%er 132,
when the I quid %ﬁg}e b f’%ﬁ?f‘ ¢ ugastofeticas sheyentcopenade. t Tie Wttbichnemt al
woul d adbignal contatth @4% A 193Gn DR insReedditfl P]% %@&8%2&0%%&3 é%gﬁipgég' on by

liquid surf ension of the liquid nmeta

ce
cont act S TPHEHREES Ryt sheyvlp dhe inshlatiomp gl ie sometinges SiB@stdr eddBte shaR | S

pr ef er ablubstiges A8 bhrki . AS I the |lateral MEMTelay 130 operates
similarly to the gonl\glg};lﬁé{)aﬁg&f&' I%a e?@%‘%ﬁgﬁﬁ%‘ﬁow Beldiced pminsplating eyl v

di scusset hevettsheumeteli contanis roukl @he. to HRvBMHing sk, 29 JULY 2004 use’ of
the liquid contact surfaces nade possible by tﬁe separate contact structure
146 havi ng

In operation, t_he actuator 170 operates to move the shorting bar 132 toward the first
liquid metal contact 150 and the second liquid metal contact 154. When the shorting bar 132
contacts the liquid metal surface of the liquid metal contacts 150 and 154, both the liquid -

metal contacts 150 and 154 and the wettabie metal signal contacts 149 and 153 are electrically
connected. |

Returning the shorting bar 132 to the state shown in FIG. 5 opens the liquid metal
contacts 150 and 154 and the wettable metal signal contacts 149 and 153. The shorting bar
132 is preferably non-wetting so the contact can be more efficiently broken. If the liquid
metal contacts 150 and 154 were to wet the shorting bar 132, when the liquid metal contacts
150 and 154 were opened the liquid metal would adhere to the shorting bar 132 and be drawn
into the gap region by liquid surface tension of the liquid metal. This could prevent the

contacts from opening. To abate this problem, the shorting bar 132 is preferably non-wetting.

When assembled, the latera] MEM relay 130 operates similarly to the conventional

lateral actuation micro-relay previously discussed in conjunction with FIG. 2. However, the
) ?

19




liquid netal contacts 150 and 154 at operational tenperatures or by the use
of heated liquid nmetal contacts at |ower tenperatures, allo Lf

current carrying cross section having a very Iow1re5|stanceWﬁ%§P §{#534
construction permts the lateral MEMrelay 130 to be useful with signals-
at extremely high frequencies by controlling parasitic inductance and
capacitance. The ability to handle high currents is a function of the

| osses in the contact structure resulting in heating of the liquid netal
to the vaporization point. Excessive heating can be controlled by

providing a low thermal resistance (and a |arge thermal mass) to the heat
generated at the liquid contacts. In an alternate enbodi nent operating at

| ow tenperatures, the lateral MEM relay 130 can include a heater structure

o keap. oot FERaMASoMaiy e bias Blti€on bl feberleohon SORE lefvine

t enper at diqeidonehif dontaetst1 50 esd $54 &&pﬁf&h&rﬁal &dngpermure ot tho BEL5TIRALA Hghigaui re a
separ at e posi tive tenperature coefficrent

e Sensor.
mat eri al “?eiaﬁ ng’étﬁ‘g‘a at lopgr ‘iemPP’é‘&%Sd a“‘%“é%a} larggfumenticprying Gti’é%sqcﬁ@ﬂ having a
gener at edenewststinde €atdhfl coRNHRAIN HEHRS IR NEEN? frto PeQSs %ﬁﬁwﬁi the

liquid nmetal, contact systemw || also supply heat an to Kee
cont act s Sigaals pextiemely glsfrawnomeebw mmﬂmgg?a@bmmtmdwtanwmﬂrmpacﬁthn&hou| d be

appreci a use of a nunber  of

t echni qugglgta %mgf:tﬁthg@ghg b sBtrelEld ﬁh&%mé%ﬁﬁégs frihe ﬁ%\@acéFtQHWBE‘TSHFWE comb
act uat or & heatiagnithie dlqanitmﬁialcm ghe vapaizaﬁble point. Exeestivahiing cabk (MEHITR b

act uat or fer noé\ﬁ/to FG&nﬁ ntact regi on of alateral l\%relay
150" aor ProRie  oh oSt résfdner tand pdStes sl cuatorte e e A
shown. TlguidRbmtaéts.CRNnAfernReSTnfiBdinSen rnate
struct ure@;lor ShO?tI ng bar 132 (FI Gn er?in qU| hl(f}era@ur aﬁ%@%&ﬁtﬁ@w and

154 of ME#Y Ei04pn ingindem heatesstructuse (nokshove) awlmmmémetabbfﬂlem;mdmdtéle

bond t t act bst r at
The | aber ol ken aiios o kP i BURSLIARA VA e RERThALE G Rnes ey 100

di sposedteowerdira aedficie®0esistive mmmats wiguld betrneﬂ:&éarily remuﬁé akehirate f abri cat ed
hav' ng ateﬂfﬂ@fa‘ﬁﬁ& Eénggr. %r;[ tﬁcla pgsli'trn];e empera geocnc}e ctien% Ililltgt?etl‘l; is %eated ﬂ%eoincreased

resistance will reduce the heat generated and stabilize the contact temperature. The ohmic.

losses of the liquid metal contact system will also supply heat and tend to keep the contacts in

the liquid state when carrying electric current.

It should be appreciated that the lateral MEM relay 130 may use any of a number of
techniques to achieve actuator motion. Examples include electrostatic comb actuators,

magnetic actuators, piezoelectric actuators, and thermal actuators.

Referring now to FIG. 6, a contact region of'a lateral MEM relay 160 fabricated using
an alternative liquid contact filling technique is shown. The entire contact system is not
shown. FIG. 6 shows an alternate structure for shorting bar 132 (FIG. 5) and liquid metal
contacts 150 and 154 of MEM relay i30 (¥IG. 5). The MEM relay 160 does not require the
bonding of a separate actuator substrate and a separate contact substrate. The lateral MEM
relay 160 contact structure includes a shorting bar 184 disposed on actuator 180. The shorting

bar 184 is preferably fabricated having a non-wetting metal surface. A contact substrate 188
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29 JULY 2004 includes two liquid nmetal contacts 185 and 186 on a surface of
t he contact substrate 188 spaced apart from and faci ng the npgoJuriy 2004
nmetal shorting bar 184. Preferably, the interior surface of the substrate
wal | has contact surfaces which are treated to have two wetting areas (not
shown) for liquid netal contacts.in order to retain the liquid netals. The
liquid nmetal contacts 185 and 186 are vertical netalizations at two

| ocations on a surface of the contact substrate 188. Each |iquid netal
signal contact 185 and 186 has an electrically conducting via 194
connecting it to the outside edge of the contact substrate 188. Two
external signal contacts 190 and 192 are di sposed on an outside edge of
the contact substrate 188. The vias 194 are an aperture m cronachined in

t he substifgides Wﬁél%ﬂé@e@b@n&c@ 186 andd8Eesa p@mebfﬂ@c&&@ct%hﬂk%a%flstshe

substr at teto he o S|te side. After
ni cro- mac;es AP nggllatﬁf?e Vi as 1% SRy e ’Hgtg shiortingrhat 434. tBreferably, detintatibe Wi t h

t he |i quistrfacnafahe subsratabvalidia ednRch gh the substrate.
SUTRIR) whith SRl AR SRR ot ¢ he

The vi as | aced in the contact
waf er ho|(8°tr?§ S RLOr g1 Tersal comens fearderds retyinghe/liqued ddls. gmeﬂqeﬂ métga are

wet t abl e contadds 183vagd contact reaqi th liquid
netal fil]ed from a?deﬁggﬁlgél%t%%ﬁé&s tE‘P o logptons OPHISB‘%EFI‘? C\?P%f 194.

Fol | owi ng2R@nt$y Eagh lquid quetad sigealaiontast B{Smlnd&dﬁh@ dolecBith B é&ﬁeﬁﬁéﬁs at
the via } o qui d net al |ntot
interior. Q#ﬁ%m%%é;%gd thlgg’étl%b‘% 4be r}gep?q S%tﬁl@?r Tug ext?nmhsxgm?é coating
of the t\ﬁ@‘lt@%ﬁﬂ%(t@nthf%l&semspdse& gtk dut@iﬁé@&geo?fiﬁ‘e&iﬁia%féﬁ% £ 18 to the
vias 194 is then sealed, and the two external signal t{ac $°190 and 192

~are placed on the exterior of-the contact substrate 188 I n operation, the

met al short i nGhbeias 18#atesn BHGHRE AR YmAD fhe.liquid netal
contacts 185 and_ 186 to avojlad bri d 6|nr:g gk%e%{!lgﬂec%gg%uaé lgﬁgrqa& eral MEM

rel ay 168°csPaplipm %éﬁepﬁﬁlel\?@mﬁiﬂwlthlpuglﬁﬂlelsaba&ﬂatﬁedae dé@bﬁie sideOr4ftdpg bar

184 cont gedrs-niRhin [ [ ontacts.185 186 and
el ectricall conng%: giét‘ﬁzg I{ﬁ \/votn?aj b%égl%iwtg”@ﬂ%tﬁ%%‘t" te witlythe digaidoontachr ough

el ectri caP todbrd g cedtal gusfaceshibBgh thé silstraien Thefvidsh 94 IR Rlced HPRE LA R2T
substrate 188 after dicing of the wafer holding the individual MEM devices. The vias 194

surface area are wettable to allow capillary flow to fill the contact region with liquid metal
- filled from an external liquid metal source through the vias 194,

Following assembly, the liquid metal is applied to the outside surface at the via 194,
and capillary action draws the liquid metal into the interior. The surface tension and capillary
action result in the coating of the two contact areas with liquid metal. The external access to

the vias 194 is then sealed, and the two external signal contacts 190 and 192 are placed on the
exterior of the contact substrate 188.

In operation, the metal shorting bar 184 is preferably non-wetting with the liquid
metal contacts 185 and 186 to avoid bridging of the contacts when the lateral MEM relay 160
is open. When the MEM relay 160 is closed, metal shorting bar 184 contacts both liquid
metal signal contacts 185 and 186 and electrically connects the two external signal contacts

190 and 192 through elcctrlcally conducting vias 194, A wetting of the metal shorting bar
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21 29 JULY 2004 184 woul d require that the contact-to-shorting bar spacing

exceeds*the liquid netal surface tension bridging distance
| ateral MEMrelay 160 is open. The inventive structure allomgf$gﬁﬂﬁﬁ%004
application of a liquid netal to the liquid netal contacts 185 and 186,
followi ng the fabrication of the MEM actuator 180 and MEM cont act
netalization. The use of capillary action is used to replenish the liquid
nmetal on the liquid metal contacts 185 and 186. The netal shorting bar 184
can be fabricated with a non-wetting conductive surface that is in contact
with the liquid netal surface of the liquid metal contacts 185 and 186. Any
significant wetting of the netal shorting 184 bar may result in the
formation of a liquid bridge fromthe liquid netal contacts 185 and 186 to

t he net al | ShostlE Ashuba that 8 he resultant. failure of the liquid netal
contacts 185 and 186 to opecr?ma éh@ﬁ%%ggg?rusé’f”w’gf’é‘@e%stg?g‘ﬂ"r‘ﬁé‘teé?dl.surfWe
cont act ni&tsien bridging disanta whendheviatezd] MBWE ey Y60 §Foapd 186 nust be wettabl e
toretain the liquid netal. If an optional wettable shorting bar (not

shown) is used, it nmust be able to retract from the liquid netal contact
area to the pditetintdnaive sthenge bl AeSrol 8RS i g al. wi.ll break
any bri dg}ipn@ sﬁgét (ﬁi é\él%l s.. Thereo_i s.%?@Fbg?g%w;g&dd%he%ég)ethﬁbiﬂ't“fiﬂvt%f

li qui d nefBPCSH 2 486 1§k delipstins te fbsisatianofithe MEM Acthstas 1 800ind SENEHhEHRE
shown) canetflezation) 0ERk 42 : . rate 188 if required to nmaintain
the 1iquid metals used foggﬁ}t]ﬁ%?%%ﬁ){négygai&%m ?qnfsg‘gpfﬂﬂ%‘if“@taé?n theliagser at i ng
t enper at st contpgls 183 a6, t he heat er woul d keep mercury from solidifying

at tenperatures below m nus 37 degrees centigrade. The heater is a
positive tenperature coefficient resistor, such that the heating power and

liquid metal Tbapetadshortngbe 180 cEVbRfabs@kdd % ROYLELWR mgltﬁ?ddaﬁ% ﬁ@gﬁly al so

be an ex vi.ce.,t i.ch one or nore mcro-rela are in fal
5@:% cofitiit Wwith t?le Y}Qlllg metal surface of the liquid metal con%/acts 185 and 186. Any

cont act .
significant wetting of the metal shorting 184 bar may result in the formation of a liquid bridge
from the liquid metal contacts 185 and 186 to the metal shorting bar 184, and the resultant
* failure of the liquid metal contacts 185 and 186 to open when the actuator 180 is retracted.

- The contact material on the liquid metal contacts 185 and 186 must be wettable to retain the
liquid metal.

If an optional wettable shorting bar (not shown) is used, it must be able to retract from

the liquid metal contact area to the point that the surface tension of the liquid metal will break
any bridging short circuits.

There is preferably a defined quantity of liquid metal on each wettable contact surface.
A heating device (not shown) can be bonded to the contact substrate 188 if required to
maintain the liquid metals used for the contacts in a liquid state at low operating temperatures.
For example, the heater would keep mercury from solidifying at temperatures below minus 37
degrees centigrade. The heater is a positive temperature coefficient resistor, such that the
heating power and liquid metal temperature are somewhat self-regulating. The heater may

also be an external device to which one or more micro-relays are in thermal contact.
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.29 JULY 2004 A top cover (not shown) and a bottom cover (not shown) can be
bonded to the MEM relay 160 to form a seal ed package on all gsigﬁ ) qd‘fh
t he external signal contacts 190 and 192 and control connect% OTJI ?n%
shown) avail able on the outside surface of the MEMrelay 160 to forma
structure such as shown in FIG 3. The contact structure occupies the full
vertical dinension of the contact substrate wall. Additionally, there are
side walls that enclose the contact region with only a small clearance at
the side wall for the actuator 180, such that the contact region around
contact substrate 188 is effectively sealed and will mnimze the
spl ashing problem The seal results fromthe surface tension of the liquid
nmet al agai nst the non-wetting surfaces of the substrate walls. Only the
wall with the contacts is.shown in FIG 6. The conplete structure is
simlar to thé %Bacg&%‘dpﬂtﬁhﬁw)aw«?ﬂﬁ’ﬂp%vgﬂéﬂﬁhpwgg@ﬂjhﬁrli’@l“ilﬁ'@rto WietMEM Gs. 3
and 5. Retley 1601® fonwatsaléd fackdge b IMEMes Sl AY 112 QAQt hﬁ?gigf?a?éo a%téaiﬁﬁf al @gt uat or
a s8parately Tabpri

228 fabri c%t ed on an actuator substrate 220 an sépara t ed
cont act £UHEMHEA somnegtionsypotehoawalavailahliben thatostsRieGuifielof teMEMlay 1601a!

contactSf&ﬁpamm}égu&n‘gSFanrﬁhg.onnections 244. The contact substrate

240 al so includes external signal Contacts 244 connected to liquid netal
contacts 250 and 254 through vias 242. This structure is simlar to the

packagi ng arr e shown in.conjunction with FIG 3. The | ateral

et uator 228 THORRRY st Bopibics S Aol oeqiimension ehthebastiebsubpirethaval

act uat or Additiosallygtier22@ sidaRehils $hab bHARRE HR oA Wi Lrate 220.
The | ater a.at ua 31}@%28 not i on&l is copl ar?g%ﬁcgmﬁgﬁﬂ?%@goté@{a?‘ngg(gf’ﬁﬁ?cgr

f abri cat fidhe ¥dp ¥t derthe sgfuatar k80aech sha thexpgtaitregipp amahd yontabkebstrategeduce
f or ce i niseiffeb@relsdaetan® i bniinlid a fromthe. |liquid netal
contacts 250 ar;ed_‘éd 254) . The glél'ltﬁggéteg?e%ﬁé%ﬁﬁ{égfr?%ﬁmgﬁﬁgf?&eém%m ext er nal
act uat or SEBSRE Fegpion bthediguid matdlagainst tReddn-fetting cuitdenof e SibFRAE wafls CONt I Ol

the actu L xt ernal. tuat.or control contacts 224a and
224b for@%1 eth%gétgﬁg? %rth‘ggn?arcg i g‘\‘/"é“ﬂ lﬁlﬁé‘ ‘g‘n&gen‘éo e lgeture i sipier tafthe he

act uat orpackiging arangamsois shaweindd8juacwdl weh FItg. Bagg scation of a unified
sel f

Referring now to FIG. 7, a MEM relay 200 includes a lateral actuator 228 fabricated
on an actuator substrate 220 and a separately fabricated contact substrate 240. The contact
substrate 240 includes liquid metal contacts 250 and 254 and external connections 244. The
contact substrate 240 also includes external signal contacts 244 connected to liquid metal

contacts 250 and 254 through vias 242. This structure is similar to the packaging arrangement
shown in conjunction with FIG. 3.

The lateral actuator 228 is typically fabricated in a well in the middle of the actuator
substrate 220, and is supported by the actuator substrate 220. The lateral actuator 228 motion
is coplanar with respect to actuator fabrication substrate 220. The actuator 228 is typically |
able to produce force in either direction of motion (toward or away from the liquid metal
contacts 250 and 254). The actuator fabrication substrate 220 has external actuator control
contacts 224a and 224b for coupling a signal to control the actuator. Making these external
actuator control contacts 224a and 224b for the actuator control available on the outside

surface of the actuator fabrication substrate 220 enables the fabrication of a unified self-
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[ [ [ junction with
Y 2004 packaging MEM rel ay described above in conjun
§?6393jukn insulgted gctgator spacer 232 is connectﬁdtEetmeeﬂ%g?gghg%?%ﬁior
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actuator 228 and a shorting bar 236. The purpose oI
i i i th fromthe actuator
r 232 is to insure the isolation of the signal pa _
zgﬁfsol path. The isolation of the signal path fromthe control p?thals not
a requirement for the use of liquid netal pontactf, bu%h;slfggrgnnétm
irement for useful applications of a mcro-relay.
Egﬂggcts 250 and 254 and the shorting bar 236 aretbgtPhg{eL$L2PIZontabt
[ ' e
essentially flat "surfaces. It should be appreci at Tl e by bonding-
options are ossible. The MEMrelay 200 is asse y
fﬁéfgg?uafor substratg 220 and the separately fabricated contact substrate

: . ' heat er 248
o oo sl s WIS Shltif B Sl e o heal o 248
di sposed on contact substra ~near al d as the
250 and 254 to keep themfromsolidifying. If {Tﬁrcg][yt 'hs 22: ugfgr gubstrate
liquid netal, Aningg@ad %&t?ataﬁt ﬁgcﬁgﬁ% fsg:rloﬂloﬁ%ite:ag)gﬁye gahe Iﬁq@?agtgatglfﬂﬁ agdango is
220 and the .contact substra ] : )
o, oo tRHES e b ot st 56 NS
motal e“%i;fiﬁ%?ﬂ@ﬁ%ﬁ%@%ﬁ%@?%h‘g,f%%i Hsforsotthianal pach dcen WEM 1 el ay
ta a . [ ; ’ . : .
rZTEB hasloa0 ptthigndare@bznendfor tenikast i dﬂﬁﬁ?éﬁ,@%&?@??é@ﬁ%{, Itagln usi ng
IR C%&‘%én fT%gheeﬁq)_nt ?Qttﬂ"tsngg tér“%t@’gaglagoln?;c?s 264 and 265 connect to
co?t aCtIS signgln&cont act Z@Z% t hrough vias 280. Liquid nmetal contacts 274
ext erna
' ts 264 and 265. The
and 275 are i sposed on the wettabl e netal cont act _ 68,
ERTE gl e by Lo iy B
e ins 1t € d : .
shown) at .bot% ends - and co?@aet 2 rggﬁtg%?lg{éo I goatast gilee opfifng ane end i s
shown i nPspible. Ghe WEM relay 300 is assembled by bonding the actuator substrate 220 and the

separately fabricated contact substrate 240 at bonding points 238. The MEM relay 200 can

include a heater 248 disposed on contact substrate 240 near the liquid metal signal contacts
250 and 254 to keep them from solidifying. If mercury is not used as the liquid metal, -
separate fabrication and bonding of the actuator substrate 220 and the contact substrate 240 is
not required. The use of vias 242 is not required if the liquid metal contacts 250 and 254 are

electrically connected to the external connections 244 through the use of an additional metal
path (not shown).

Referring now to FIG. 8, an alternate MEM relay 258 has a shorting bar 262 and
contact structure 276 configuration using liquid contacts. The contact substrate 276 includes
wettable metal contacts 264 and 265. The wettable metal contacts 264 and 265 connect to
external signal contacts 278 through vias 280. Liguid metal contacts 274 and 275 are

disposed on the wettable metal contacts 264 and 265. The actuator (not shown) is connected

to an actuator insulating spacer 268.

The insulating spacer 268 can be connected to a second shorting bar (not shown) at

b_oth ends and contact assemblies at both ends (only one end is shown in FIG. 8) will allow
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24 29 JULY 2004 the fabrication of a MEMrelay 258 with dual and opposing
contact sets, so the MEMrelay 258 can have one or the other §§ygf 0
contacts al ways cl osed, but not both at once. This allows th% I'Tt?%c‘%ion
of a single pole double throw switch for the-MEMrelay 258 (sonetines
referred to as FormC in current relay term nol ogy). The use of an actuator
wth a three position capability (active left, rest center, active right)
will permit an alternative MEMrelay configuration to be devel oped,

provi di ng none, or one of the two contact sets to be activated. The
shorting bar 262 now has a conic depression or a v-shaped depression on the
netalized side, and gas vents 260 to allow trapped gas to escape fromthe
regi on between the shorting bar 262 and the liquid nmetal contacts 274 and

275. Gas d.if h as . pressure does not need to be
equal i zedﬂ,{“daicf)yrbaic ﬁ?‘ ﬁ)gasvm crﬁﬁﬁgggﬁvé%'cﬁuat?é‘g OgB‘PS“?ﬂé@&tanS%SO theNEMzreldy The

v- shaped 258 ca haveens hoﬂtcidﬂ@rbarofzaaaét@gwdyseaoﬁg%t oo e ncgl Jﬁ I\évﬁ@‘p"g%\ gas
s

to escape, The lLiguid nefal is prevented from escapi ng roug
venting ?rl!ﬁi;ec%"é‘ﬁ‘i“é"ﬁ'f’g of A singleolednubletbipwagvdtod fed the MMgtlap d5&I(awtiideapped gas

to be ventfeded uis Fagh 4 RIQAK=K1H internal pressure on the
liquid metal. to overcone t he sur?gecr%anﬂltotla ?'on P OhRY PAIPIVIE R diree and for ce

i qui d mBPEHOR FPabilty (epfévedal, restvester adtivelripho)veill BIGE A BRI AivE NI e 6% CESS

of 11 qui dofBhpdtiohs ' contacts 274 and 275, and the shorting
bar 262 forces the P% gﬁ%&’p g?’ ‘f"?‘ffﬁ‘uné RS §F O%QEtE%EWGZCPEtQCbSGE&iQ@h agtinatadi qui d
of the liquid netal contact 275. FIG 8 shows MEMrelay 258 with the

cont acts open; FIL.G sho MEM.rel ay 258 with the contacts cl osed.
Now referri ngW%‘&%ft@gt?fzg%BOWgE‘ﬁ@%dmﬂ@ﬂ o Gshpeil sleplesnion amthe. ¢l osed

posi t i onmetalibpaisidd) and faarvichiR@ebas alﬁﬁ?uﬁﬂ})\éﬁﬁastt@@%aﬂe %ﬁvg?%‘g %&tﬁ%‘% %&t iquid

nmetal coptacts 2 and 275,  the signal circuit, 1nc Si gnal
cont act s%gz%ﬁég%m‘&h‘? Hrvidanetalicantacts 874 argl 2950 el veb 260 hile@0B6dedat @ ( not

shown) n¥ess proQufd Wt hAiheba R diHAS sGonkact s gi4  and 275 the
liquid metal contacts 274 and %e%lugr 6 bcérrlhhﬁw aﬂ?%ﬁ’leﬁ‘ié%f?sd}‘?ﬂm’r?é&%he t owar d
t he maximized. The v-shaped structure shorting bar 262 includes open ends that allow the gasto

esgape. The liquid metal is prevented from escaping through the gas venting mechanism.

The gas vents 260 are small enough to allow trapped gas to be vented, but not large enough to

allow internal pressure on the liquid metal to overcome the surface tension of the liquid meta}
and force liquid metal through the gas vents 290.

In one embodiment a slight excess of liquid metal is placed on the contacts 274 and
275, and the shorting bar 262 forces the liquid of liquid metal contact 274 to touch the liquid
of the liquid metal contact 275. FIG. 8 shows MEM relay 258 with the contacts open, and
FIG. 9 shows MEM relay 258 with the contacts closed.

Now referring to FIG. 9, the MEM relay 258 of FIG. 8 is shown in a closed position.
When the shorting bar 262 moves toward and contacts the liquid metal contacts 274 and 275,
the signal circuit, including external signal contacts 278 connected through vias 280, is
closed. When the actuator (not shown) moves the shorting bar 262 toward the contacts 274
and 275, the liquid metal contacts 274 and 275 are partially displaced and moved toward the
region between the liquid contacts 274 and 275. When enough contact liquid is moved into
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(Z)Zgrgzi orgﬁi': ?1“2’"3 nt%gggir %\?‘Eiuﬁi\ﬁ‘gtapf’%cag%ﬁi“bﬂmBmﬂankefdiyslbmgmhqﬂdﬁﬁ&;pa or

i ot her and
T e oo o S L D R L S
?g?gr?LZS‘?ﬁﬂéggr ezgtge Iiguid ﬂetal contacts 2r4 an? 235 ?;ethe i quid
i : [ | ectrical contact.
nmechani cal 'y pushed together they are in el ect ontact. 17 the tiquid
is forced toygﬁégéh,lnmard, there is no liquid |oss

and t he opera FfflgtefFIGt%ammlaagse,gﬁggts?lﬁeg}@@mcom aél?gri?i%’ag@\{ gs 260
Curface tonsron of g hEER s fid SRET Bl cod 875 sashothcnon. h
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retracti%ﬁ;&e@%aﬁlpagiﬂqiu}dymgg; vvs\rﬁlch as the ability top

makes the contact. A conic or v-shaped liquid

motion bar 292 without shorting bar 262 is disposed on actuator substrate 290. The liquid

motion bar 292 is a non-conductive mechanjcal structure used to force the two liquid metal

structures 274 and 275 of FIG. 8 to combine into one conductive structure as shown.

In operation the conic or v-shape liquid motion bar 292 disposed on actuator substrate
290 pushes the liquid metal contacts 274 and 275 together and controls the splashing of the
liquid as the liquid motion bar 292 is moved into the liquid. When the liquid metal contacts
274 and 275 are mechanically pushed together they are in electrical contact. If the liquid is
forced to splash inward, there is no liquid loss from the contact area and the operating life of
the MEM relay 286 is extended. The gas vents 260 must be small enough to prevent the

escape of the contact liquid. The surface tension of the contact liquid is a significant factor in
controlling liquid escape through the vents, '

The actuator (not shown) has a retraction force capability as well as the ability to push

the liquid motion bar 292 into the liquid metal. Thus, the actuator participates in both closing -

the signal path between the contacts and opening the signal path between the contacts,
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the liquid motion bar 292 into the liquid nmetal. Thus, the actuator

participates in both closing the signal path between the co \fa?ﬁb
openi ng the signal path between the contacts. 26 29 JULY 200?%&“?‘ re ay4 286

can include a heater (not shown) disposed on contact substrate 276 near
the liquid nmetal signal contacts 274 and 275 to keep t hem from sol i di fyi ng.
Referring nowto FIGs. 11 and 12, a MEMrelay 300 is a nodified version of
the MEMrelays 258 and 286 with an open system contact structure as shown
in FIG. 8, 9, and 10. MEMrelay 300 includes a closed contact region and
actuator structure having a sealed |iquid netal contact system FIG 11
shows the MEMrelay 300 in an open position. The MEMrelay 300 includes a
sealed liquid netal contact systemincluding actuator 310 which is spaced
apart froma non-wetting netal shorting nenbrane 316 when the MEM relay
300 is.in an qpen position. The non-wetting nmetal shorting nenbrane 316 can
i ncl ude a setMngﬁbé’Héﬁmllﬂmeaheaett(nmfshwh)ﬁh}ic@e&@@&&ﬁéc‘fs&%ﬁ?@ﬁq 319 are

fabricat gfa e substrate 324 eX|
menbr ane 316 %ag&ggjleéﬁa\pg%@eédm{a\%wgﬁg‘?gﬁ deep hemdromTpelidifyinge  snal | gas
vents 314 in the flexible nmenbrane 316 to allow for pressure equalization

during switcRebpenghdwi FI&}sdlliﬁncﬁIZ a1 Oy 560RGM @d{{f%’e‘gﬁr}iﬁggpgﬂlﬁg}; gas

vents 31 I% e so the Surface ten3| on 0O

_contacts g Jééqu‘"ﬁo?@ Vit anc0peR Wy sténe coritaptsuatmet ab shown iREIERS, Hhigugh t he
gas vent 403MEMEEay Y68 ncRis: jred jf there is no need to

equal i ze pressuresyor i ﬁcre%fgg%éaé&%g{agtggg%? alfdn AR SEREHES having agkalede

swi t chi n{jauidimesH contret Syst@mmﬁﬁrlmﬁwpﬂ&MEMﬂ&&y%m a06p i;ﬁ, #}t]BLO the liquid
metal contacts 320 and 322 to close the MEMrelay 300, own in FIG
12. Preferably the nenbrane 316 is conductive, and the nenbrane 316

el ectrical |y EonhEM sclapd00 inélulidse dehlddiiguilBled]] &ﬁg\ﬁ £nd 322 to
cl ose th | ay .300. .In alternate gunlbo di m(e: Qg&én?fm?nd?\g% ctive

e
menbr ane ]Ispl%ﬁ% Seopaced,apagt gP“BﬁW“pYY%W@g mstal shoetingembmbraee 31@wheﬂ the JIEKA Ci ent
force torclauion it iil&mtdpen bb%'g TRih-wetting metal shorting membrane 316 can include a

set of gas vents 314.

A set of wettable contacts 318 and 319 are fabricated in a shallow well in the contact
substrate 324. A flexible membrane 316 has been placed over the contact area. There are
small gas vents 314 in the flexible membrane 316 to allow for pressure equalization during
switch operation, and as a result of temperature changes. The gas vents 314 are small enough
so the surface tension of the liquid metal contacts 320 and 322 does not allow the liquid metal
to escape through the gas vents 314. Gas vent 314 are not required if there is no need to
equalize pressures or increase the speed of the switching time of the switching action. The

| actuator 310 pushes the membrane 316 into the liquid metal contacts 320 and 322 to close the
MEM relay 300, as shown in FIG. 12. Preferably the membrane 316 is conductive, and the
membrane 316 electrically contacts each of the liquid metal contacts 320 and 322 to close the
MEM relay 300. In alternate embodiment having a non-conductive membrane 31 6, the
actuator 310 pushes on the membrane 316 with sufficient force to cause the two liquici metal
contacts 320 and 322 to come together to close the MEM relay 300. FIG. 12 shows the two
liquid metal contacts 320 and 322 forced together, it should be noted that if the membrane 316
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contacts 320 and 322 to cone together to close the MEMrelay 300. FIG 12
shows the two liquid nmetal contacts 320 and 322 forced togetﬁgguwéx ¢&¥uld
be noted that if the nmenbrane 316 27 29 JULY 2004 is conducti Ve, N? el ay
300 will be closed before the two liquid nmetal contacts 320 and 322 cone
into contact with each other. Typically, the nenbrane 316 shoul d be
non-wetting to avoid bridging of the contact system The MEMrelay 300 is
opened by wi thdrawi ng the actuator 310, which rel eases the force hol ding
the two 1iquid netal contacts 320 and 322 by the restoration spring force
of the menbrane 316, together and allows surface tension to restore the
two liquid netal contacts to a non-connecting state. The liquid netal
contacts 320 and 322 nust be placed far apart enough that the surface

i on d Ty ' i i f the Iiqui al
ens on o chtaelvgMENTERbon b o 8ol o SSREL A0 AT LE L 0 et 1
e e cs ppnehaTy o bR Y18 I be H3Pdck°
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liquid mestaetor B vitiitherelhseshigs ﬂoi‘dé%ﬂiit%&@ltwg AQLiAfilePal gé‘ﬁ‘?@%@%"%@ 3{2; e ly

extendedtheleggt rg.st of the Mrelay 3 nmust not
recondensi ng S PHEPTNE {qire 9f thetnasmbragod 1 6o togethtihmd wbiowo Mg 68 thidieR S, Of t he

i nt eri or restdré tHeléo MalWdrigd [ | seal reyi ously descri bed,

there is ncgéat er ggtllﬁ rel etgl}s/cgﬁ%%s tt(ﬁ%%{{‘ é%‘%“&“ﬁ’&sgﬂ%vﬁ‘%&hI mefpheontactt2ct

regi on i & 1mpst bgiplased, far gpast erongls that die silfRe BRAST H&lfhﬂicﬁ;ﬁ%@ﬂ%ﬁeﬁﬁ{"e
S

l'iquid ngis i f e seal ed,.contact region. ows the
MVEM r el ag@B %mté%ﬁ?ﬂ;tg?ﬂ&@gsgeﬁaqgﬁé lp%%fﬁ?&faffr iqyq metal pontasts 320@nd B22 wihen the

cl osed pbEiMirday 3@ is opbrednon-wetti ng metal shorting menbrane 316 forcing
the two liquid netal contacts 320 and 322 together to close the MEM rel.ay
300. This contact structure could be substituted for the contact structure

:J |S ggi :j n ré[% E%J 227!(;? {gg?&%::%ﬁ gxegflfqaéﬁ:sgfg?r (ﬁllgl lfé‘ﬁﬂ%{?gﬂaﬂ%ecti Pnethe ﬁgl(z)iatlﬁert]a cgr?t;cts% :3))%0 and
porization and escape through the gas vents 314. If there is a significant
reservoir of the liquid metal, the life of the liquid metal contacts 320 and 322 is greatly
extended. The rest of the MEM relay 300 must not be degraded by the recondensing of the
liquid metal vapor onto the various surfaces of the interior.. If the MEM relay 300 is fully
sealed, as previously described, there is no external release of the liquid metal vapor. If the

contact region is sealed, without gas vents 3 14, then there is no escape of the liquid metal
vapor outside of the sealed contact region.

FIG. 12 shows the MEM relay 300 contact region and actuator structure of FIG. 11 in
a closed position with the non-wetting metal shorting membrane 316 forcing the two liquid
metal contacts 320 and 322 together to close the MEM relay 300. This contact structure could
be substituted for the contact structure used in the MEM relay 130 of FIG. 5, replacing the
shorting bar 132 and liquid metal contacts 150 and 154 (FIG. 5).

MEM relay 300 can include a heater (not shown) disposed on contact substrate 324

near the quu_id metal contacts 320 and 322 to keep the liquid metal contacts 320 and 322 from
solidifying, in low temperature conditions.
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MEM rel ay 300 can include a heater (not shown) disposed on contact
substrate 324 near the liquid netal contacts 320 and 322 to \hfb04
liquid netal contacts 320 and 322 from solidifying, in |ow tenpérature
conditions. 28 29 JULY 2004 Now referring to FIG 13, a single contact

seal ed structure MEMrelay 335 contact region including an actuator
substrate 310 and contact substrate 324 is showmn. MEMrelay 335 includes a
single wettable netal signal contact 352 spaced apart from a non-wetting
but conductive nenbrane 342 di sposed on the contact substrate 324. A
liquid netal contact 346 is deposited in the single wettable netal contact
352. External signal contacts 340 are disposed on the non-wetting but
conductive nmenbrane 342. Gas vents 314 are disposed on the non-wetting but
conductive nmenbrane 342. A set of vias 328 are disposed on the contact
substrate 324. An external signal contact 350 is disposed on the contact

substrate 324 Mow referieg to FiallBya sioglo esitad stfed HRicHRE HBRE ?el%’r%téllc(?%%)agg al

cont act > through the vias 328. | n operation, the actuat hes t he
menbr ane%géﬁﬁ f“r??“é‘@%”él FPHFAr ubstrais 310 gnd sentact sulBtraie 324 sshowhe MIENIrsiay ay 335.
The nmenb3atdncdddes aSingdtbic\ifetal i liquid netal, contact
346 to close the MEMrel ai '§35§ta%F%1§1} %1?@?12%@%@%%%%@&’%@5%” y
connect s “PHECEXE BCRArans 342 dispessd a tescoBtidt mbstrB5824. Th qiEMdA!8Y 3861 S

opened Dbys datobidria 310 ich rel eases the force hol ding

t he menbr anégbaggaai lﬁ\gé t#e@%?%ﬁjﬁ&%?o CE%%] a[g’ite%%@‘@ﬂ]ocoﬂalciﬁ\ﬁﬁ@ﬁm face

t ensi on Hisppsedionrthe ndrewtitiggbut conthative arieine346. G &nts@?@é&%ﬂ%ﬁéd Jopgtate.
The gas y _%ﬁﬁﬂjg%%%wctfress re egual j zation and prevent the“escape  of
the Iiqui gﬁ]mst al®. e vg)}ng%lga% ' ngtﬁfad'é‘"as Behare disperst os aaontagt sposed
on cont astbsiulSdane ciial sgad coite 350 diofRLPbn HORLAL HAOLOKeRR 1t from

20 el TR i sl s s s o T
liquid nmetal contact MEMrelay 350 includes a |ateral actuator 366 which is
In operation, the actuator 310 pushes the membrane 342 into the liquid metal contact |
346 to close the MEM relay 335. The membrane 342 is conductive, and it touches the liquid
metal contact 346 to close the MEM relay 335. Closing the MEM relay 335 electrically
conngcts the external signal contacts 340 and 350. The MEM relay 335 is opened by
withdrawing the actuator 310, which releases the force holding the membrane against the
liquid metal contact 346 and allows surface tension to restore the liquid metal contact 346 to a

non-connecting state. The gas vents 314 allow pressure equalization and prevent the escape
of the liquid metal.

MEM relay 335 can include a heater {not shown) disposed on contact substrate 324

near the liquid metal contact 346 to keep it from solidifying, in low temperature conditions.

Referring now to FIG. 14, a lateral sliding liquid metal contact systemn MEM relay 350
is shown. The liquid metal contact MEM relay 350 includes a lateral actuator 366 which is
disposed within an actuator fabrication substrate 362 and connected to a conductive sliding
non-wetting shorting bar 370 by means of an insulated actuation arm 368. The actuator

fabrication substrate 362 has external actuator control contacts 364a and 364b for coupling a
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di sposed within an actuator fabrication substrate 362 and connected to a
conductive sliding non-wetting shorting bar 370 by neans of ﬂg.ﬁﬂ§Pé9?fd
actuation arm 368. The actuator fabrication substrate 362 has externa
actuator control contacts 364a and 364b for coupling a 29 29 JULY 2004
signal to control the actuator 366. MEM relay 350 al so includes contact
fabrication substrate 380 that can either be bonded to or co-fabricated
with actuator fabrication substrate 362. A set of liquid netal contacts
372 and 373 separated by insulators 382 are all disposed on the contact
fabrication substrate 380. A pair of signal contacts 374 and 376 are
fabricated on the surface of the contact fabrication substrate 380 and are
el ectrically connected to the two liquid netal contacts 372 and 373

respecti v j F et t] shortjng bar 370 can slide
ot bss. tuEd o LnSOPMERbllor S2C NIRRT SR HT0%1S Nhdeh St Gipianamoutbetrt
cont ai nec39yhatrssubighenbe baRRdomot duefabiiclaed AIE alifator BEiGAB Ak @Yh CRt T O

‘e 0 a

substr at . . The nop-wettjing shorting bar noves para

pl ane f o%ﬁgﬁqb@ﬁ %\é{a{ %Eﬁqsg{??&"ﬁé?%ﬁepe@mddmmm@m aRYasal. digeséden that er al

act uat or c8f@cifhbuigEisn bERrAOIRY.| f j baj.,..it ternately

engages both the |iq1l1.li d ggﬁt ggtlgrb??%Oftg%gagc{;g{a{:fg@g%mﬁdear? %b“@‘l‘t%‘g?ﬁ‘ fheal

circuit SPIAERHSRscasc) abtension substratecdS0ahd tiveidciripdilycRBAEE LeSth 373
¢ 8f%o ﬁ&'lgﬂ

to open h{g@ag%ﬁtg&gg72m3ﬂq@§p\é@é‘;e:l ng shorting bar 370 slides along e top

surface of the (non-wetting) “Insu Htors 382 separating the two Iliquid
nmetal contacts 372 and 373. |If the sliding shorting bar 370 is wettable and

is wetted by tquid metal.contacts 372 and 373, friction and wear may
be reduced ant eég#‘ie"%rrg's‘?“ %‘W@Wﬁﬁg%ﬂg@%ﬁm shidechgeoss tvd liquid ehetal

t al - t océritapts 37 2mided73 eeiétodt o iRl fldl bet ween the
ggn? actg 3n7t32msan2f %73 must be g?ﬂgt%erﬂdgg%gﬁe%grﬁ#ggpfﬁg’%%ﬁneﬁ?\é\@e%ﬁ‘}@rqﬁ'one by
an adequir &l fabrication sehstrate B0 belewr (Thaindn-wetting shatingbir378 froveb dadiid, @
suf fi ci etta pladecforthed ?%%Miqﬁﬁ%étﬁwma&??% gﬂdpffgd an adequat e surface

wet tin

tension of the liquid netal. "The non- perties of the contact
fabrication substrate 380 are also inportant in overcom ng

As the lateral actuator 366 changes the position of the shorting bar, it alternately
engages both the liquid .contacts 372 and 373 to complete the electrical circuit or engages only
one (or none) of the liquid contacts 372 and 373 to open the circuit. The non-wetting shorting
bar 370 slides along the top surface of the (non-wetting) insulators 382 separating the two
liquid metal contacts 372 and 373. If the sliding shorting bar 370 is wettable and is wetted by
the liquid metal contacts 372 and 373, friction and wear may be reduced and there may be
improved cqnduction due to liquid metal-to-liquid metal contact, but liquid metal bridging
between the contacts 372 and 373 must be prevented. The bridging problem is overcome by
an adequate spacing between the two liquid metal contacts 372 and 373, a sufficient lateral

actuator 366 throw length, and an adequate surface tension of the liquid metal. The non-

wetting properties of the contact fabrication substrate 380 are also important in overcoming
the bridging problem.

This system can be sealed if there is a flexible sealing membrane (not shown) between
the sliding non-wetting shorting bar 370 and the actuator insulator. Such a sealing membrane

(not shown) will separate the actuation sections from the liquid metal sections. This will
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the bridging problem This systemcan be sealed if there is a flexible
seal i ng nenbrane (not shown) between the sliding non-mettingzéﬁgﬁﬁgﬁﬁb*NN
370 and the actuator insulator. Such a sealing nenbrane (not Shown) Wl
separate the actuation sections fromthe liquid netal sections. This wll
30 29 JULY 2004 control the mgration of the liquid netal out of the
contact section into the actuator fabrication substrate 362. It should be
appreci ated that contact structure of MEMrelay 350 can be adapted to a
variety of actuators, and to a variety of actuator notions. It should al so
be appreciated that there are other configurations of the MEMrelay 350
whi ch can include, in one enbodinment, a contact heating system 384 in
thermal contact with the contact fabrication substrate 380. A top cover
360 and a bq%hgg1;£¥er 386 can enclose the MEMrelay 350. It should be
appr eci at €an e pigratéont dfehaliypidmerbadio ral |y, been shown as
havi ng twq hd.auif,metal contacts in pre?ggﬁégﬁgﬁgggﬁﬁﬁﬂt ?Qqqﬁir%éﬁﬁ?%@hys
can be fa rlcatea'wjth alternate shorting bar and contact configurations
to provide, for exanple, nultiple contact MEMrel ays. Those skilled in the
art will appreﬁi Hﬁ %hat nqq?rous contact and actuator configurations are
. " ) . . .
achi evabl e t hel'S8PHd bramareainted thabmmiacostivonrs 6CMBMIKES 35025564 REgAgh g Al

publ i cat i oA%etPbthcet&E ited herein are expressly incorpor erein
by refer encéﬁi n the(?r’%ggtﬁ??gﬁ?%?ia]a\?f“ﬁfj’rél"é’é’@?%bed the preferred enbodi nents

of the invention, it will be apparent to one of ordinary skill in the art

‘that other e I ts jncorporating their concepts nmay be used. For
exanpl e, NEM%?%O;/@&]?]E%"%@W 1afed thatrtbgre exe atlier lcoufiguehtions of the MIEMGES
y 350

al t er nat ewhichy vardinchwdé, dh ofiOGhBSiméft! AQP and al nate actuator
struct ur a8, 8&&1& ?Eﬁjo'r orate the concept ;E‘ﬁggéaang system §§4r m?‘hermal contact with

rication substrate 380. A top cover 360 and a bottom cover 386 can enclose the
MEM reiay 350.

It shouid be appreciated that while the above embodiments have generally been shown
as having two liquid metal contacts in preferred embodiments, the MEM relays can be
fabricated with alternate shorting bar and contact confi gurations to provide, for examplé,
mutltiple contact MEM relays. Those skilled in the art will appreciate that numerous contact

and actuator configurations are achievable the using MEM relay fabrication techniques
described below,

All publications and references cited herein are expressly incorporated herein by
reference in their entirety.

Having described the preferred embodiments of the invention, it will be apparent to
one of ordinary skill in the art that other embodiments incorporating their concepts may be
used, For example, MEM relays including a plurality of liquid metal contacts, alternate liquid

metal contact arrangements and alternate actuator structures can incorporate the concepts of
the present invention.
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the present invention. 31 29 JULY 2004 CLAIMS: 1. A MEMrelay conprising:

an actuator; an actuator spacer novably di sposed on said actu?égp;u,gom
shorting bar di sposed on said actuator spacer; a contact substrate, having
an upper surface and a | ower surface, spaced apart from said shorting bar;
a plurality of wettable netal contacts disposed on said upper surface of
said contact substrate; a plurality of liquid netal contacts di sposed on
said plurality of wettable netal contacts such that said plurality of
wettable nmetal contacts are placed in electrical conmunication when the

MEM rel ayeriagMg @ closed state; a plurality of external contacts disposed
on said lower surface of said contact substrate; and a plurality of
conducting vias placing each of said plurality of wettable netal contacts

in electrjcal goppnl jon.with a respective one of said plurality of
external contacts. 5‘5@%%“%%?%% ay as recited in claim1l, wherein said

shorting bar famacteetor,conprises a plurality of gas vents. 3. The MEMrel ay
as recited in claim1, wherein said shorting bar further conprises a
non- wet t i ng mEPEFURIGF FRgeer M wbbsdisposed wasaill shatdj ng bar, 4. The MEM rel ay

as recited inaGhak %May?}g ' fd.shorting bar is a non-conductive
liquid notion bar. %5. T esﬁE@f gaz(? %)Fuag)srsp%c‘?ﬁt ed inclaiml, wherein said
shorting bar Bsontagtenbsietd, hagngret epper surface and a lower surface, spaced apart from
said shorting bar;
a plurality of wettable metal contacts disposed on said upper surface of sajd contact
substrate; |
a plurality of liquid metal contacts disposed on said plurality of wettable metal
contacts such that said plurality of wettable metal contacts are placed in electrical
communication when the MEM relay is in a closed state;
a plurality of external contacts disposed on said lower surface of said contact
substrate; and
a plurality of conducting vias placing each of said plurality of wettable metal contacts

in electrical communication with a respective one of said plurality of external contacts

2. The MEM relay as recited in claim 1, wherein said shorting bar further comprises a.
plurality of gas vents.
3. The MEM relay as recited in claim 1, wherein said shorting bar further comprises a

non-wetting metal surface disposed on said shorting bar,

4. The MEM relay as recited in claim 1, wherein said shorting bar is a non-conductive
liquid motion bar.

-5. The MEM relay as recited in claim 1, wherein said shorting bar is a non-wetting metal
shorting membrane,
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shorting nmenbrane. 32 29 JULY 2004 6. The MEMrelay as recited in claimS§5,
wherein said non-wetting netal shorting nenbrane further co i

plurality of gas vents. 7. The MEMrelay as recited in clai m”??%?rgp%
each of said plurality of wettable nmetal contacts includes an excess of
liquid netal such that a droplet of liquid netal is forned on each of
plurality of wettable netal contacts. 8. The MEMrelay as recited in claim
1, wherein said shorting bar is a non-wetting netal shorting nenbrane. 9.
The MEMrelay as recited in claim1, wherein said shorting bar is a

cantil evered non- wetting netal shorting nenbrane. 10. The MEMrel ay as

recited igh cl %BM erein sajd actuator spacer electrically insulates
sai d shorting Dar HPAHLAT elied isleim 5, wheren saisttpebveting mbtal eiatiigg @ MVEM

rel ay comenibsanaduitife c&h@ﬁf@‘es%fpluraﬁﬁzq)\fgggv & actuator; pr oviding a
non-wetting shorting bar disposed on“sal d actuator; providing a contact
substrate, having an upper surface and a | ower surface, in a spaced apart

rel ationghi p ydrsal wetting. netal shorting bar; providing a first
liquid netal Ef(l)%lt act Rﬁ?@%&%ﬁ%“dﬂ"@ﬁi W#b?&%lfleg%hw@@mm i of veetinble atotal

subst r at eontgstsoncldiesgnaxtess of ligihig Brkal SRMBRL &b n_sai.d.l ower surface
of said &[%ﬂt fcllt}lr l.g}gbgtraatcb&i:l‘pprovi ding a first @%ﬁ%\l}l n%a%lﬁsng@mgaﬁ surface
and an i Aerf Bpralify phwert glal SAntasts. | i qui d netal, passing through said
contact substrate, and placing said first liquid netal contact and said

first sisgnal ontact in electrical comunication when the MEMrelay is in a
cl osed he MEM relay as recited in claim 1, wherein said shorting bar is a non-wetting metal

shorting membrane.

9. The MEM relay as recited in claim 1, wherein said shorting bar is a cantilevered non-

wetting metal shorting membrane.

10.  The MEM relay as recited in claim I, wherein said actuator spacer electrically

insulates said shorting bar from said actuator. |

11. A method of fabricating 8 MEM relay comprising the steps of:
providing a actuator;
providing a non-wetting shorting bar disposed on sajd actuator;

providipg a contact substrate, having an upper surface and a lower surface, in a spaced
apart relationship with said non-wetting metal shorting bar;

providing a first liquid metal contact disposed on said upper surface of said contact
substrate;

providing a first signal contact disposed on said lower surface of said contact
substrate;

providing a first via having an outside surface and an interior surface coated with
liquid metal, passing through said contact substrate, and placing said first liquid metal contact

and said first signal contact in electrical communication when the MEM relay is in a closed
state;
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state; 33 29 JULY 2004 providing a second liquid nmetal contact disposed on
sai d upper surface of said contact substrate; providing a Seﬁ@pﬁﬁ}ﬂ@ﬂ
contact disposed on said | ower surface of said contact substrate; an
provi ding a second via having an outside surface and interior coated with
liquid netal, passing through said contact substrate, and placing said
second liquid netal contact and said second signal contact in electrical
comuni cati on when the MEMrelay is in a closed state; and introducing
liquid netal through said first and second vias to wet said first and
second contacts. 12. The nethod of fabricating a MEMrelay of Caiml1l

further conprisi n(g t he Stﬁ?ﬁigo'f: providing a heater disposed on said
act uat or subsPFHIENE 5¢908¢ Agridaesishsantaetidispasesi anrsaslaipped surfate ¢4 saidi @nfet al
contact aukkus@i d second liquid netal contact. 34

providing a second signal contact disposed on said lower surface of said contact
substrate; and

providing a second via having an outside surface and interior coated with liquid metal
passing through said contact substrate, and placing said second liquid metal contact and said
second signal contact in electrical communication when the MEM relay is in a closed state;

and

introducing liquid metal through said first and second vias to wet said first and second
contacts,

12. The method of fabricating a MEM relay of Claim 11 further comprising the step of:
providing a heater disposed on said actuator substrate in thermal communhication with

said first liquid metal contact and said second liquid metal contact,
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