Compression Cold Welding Process for Forming Vias Cross-Reference to Related Applications
This application claims the benefit of U.S. Provisional Application No. 60/625,053, filed November 4,
2004. The application is incorporated herein by reference in its entirety. Background of the Invention
This invention is generally in the field of methods and devices for sealing parts together, and more
particularly hermetic sealifigmpitesdioin (Celdc¥d diry Prpleass flemiardioaime Wdas. In many
applications, there is a need to join, bond, or otherwise seal two or more parts together. Oftentimes,
particularly with medical implant devices, these seals must be biocompatible and hermetic, for
example, ta protect the purity or quality of the reservoir contents. Examples of devices that may

require sealing are described in U.SCPatieRigFdMNen &k (9 REA8NaAppIafide2, No. 6,491,666, and No.
6,551,838, which are incorgorateg by reference herein..These devices for the controlled release or

exposure of reservoir contdM iSRRI Pty RGOS In AT EH PR {EdiciPROMRents are

contained. The resemals0FRfitantaR phiginaceicaiiouppiirtiaos folmelgrsecgansarsior exposure,
or combinations thereof In constructing these devices, it often is necessary to seal two or more

substrates or other BEHEKHIAH HEY E8ntain the reservoirs and reservoir contents or electronic
components associated with operation of the device. Various sealing approaches are known in the
art. Examples include those described in BaSkgiatiant biothe, Tetefifidr{describing the use of a polymeric

gasket and backplate) and U.S. Patent No. 6,827,25 ribing yarjous techniques for hermetically
sealing micro-reservoirs, i ﬁjﬂ?ﬁ@’ﬂfﬂh‘?&%ﬁ?@? ?’u%%és%%?gr %Q}%%féw&%%@v%‘%é

‘érring, ultrasonic
welding, and metakesgimpressianggasiteis)l madel pactiSulRayendrAplcatibneRudktiodtidor No.
2005/0050859 Al, devices and/or implantable medical devices.

In many applications, there 18 a need to join, bond, or otherwise seal two
or more parts together. Oftentimes, particularly with medical implant devices,
these seals must be biocompatible and hermetic, for example, to protect the
purity or quality of the reservoir contents.

Examples of devices that may require sealing are described in U.S.
Patents No. 5,797,898, No. 6,527,762, No. 6,491,666, and No. 6,551,838, which
are incorporated by reference herein. These devices for the controlled release or
exposure of reservoir contents include a plurality of reservoirs in which the
reservoir contents are contained. The reservoirs may contain pharmaceutical
formulations for release, sensors for exposure, or combinations thereof. In
constructing these devices, it often is necessary to seal two or more substrates or
other parts, which may contain the reservoirs and reservoir contents or electronic
components associated with operation of the device.

Various sealing approaches are known in the art. Examples include
those described in U.S. Patent No. 6,730,072 (describing the use of a polymeric
gasket and backplate) and U.S. Patent No. 6,827,250 (describing various
techniques for hermetically sealing micro-reservoirs, including high temperature
laser or resistive welding, soldering, ultrasonic welding, and metal compression

gaskets), and in U.S. Patent Application Publication No. 2005/0050859 A1,



which are incorporated by reference herein. These methods may not be suitable or ideal for all sealing
applications. Under ambient conditions, metal surfaces will not typically bond when brought
together because the metal surfaces are covered with a surface oxide, an organic contaminant, or
both, which act as barriers to metal bond formation. However, the compression of two flat metal
surfaces at pressunesiteyond e yielddstiesdaéibehreials Thrscaugbathensyr fads: toidafarm,
displacing the barri%%@&c#&xﬁf)g@g ncée%g@%ghgvhich can bond. Yet, even with significant metal
deformation of two flat surfaces compressed together, the actual bonding area is significantly lower
than the mating surfaces Braker (Whdhiemheeh&itivas hibeah sWildin gy Rlesadrghc8lpplexheritgiSept. 1975,
pp. 302s-310s; Weld; Jol! s 3. Fabrication, Technol I. Eagar, MIT)
This low bonding 3&2@%@%%%ﬁt%% Ezﬁt%%w&c% ]Sﬂl{gfr%g’n%érggci?r%%%ﬂﬁﬁgﬁ rﬁarc}:%{ %?agc;ég% (% newly
exposed metal is netzatstropefdomstiviha of thé asdentofad blomeatitnrictall absdfewesi®econd,
asperities prevent tﬁgv\'f@@é?rWeqomﬁrékw(ﬁ?gff{Wﬂm%%tf%%1?‘5%]405‘)}%9]&9&1%?89%&? the §urfaces are
not completely bonded, leak paths may Be present, preventing a helmetic seal from forming.
Ferguson, et. al., -CeHiateAdricdiomefiianGeidsRimsoh Eaistceieriv. Sigpborss Geld Welding Under
Ambient Conditionsg SEERLS N RELE ARAPARIN CIPHAIAE QA dFfReRR 2

gold-to-gold bond under ambient conditions by contacting thin gold metal surfaces on top of compliant
polymers. Howevemete deimnigigrohifediintedeecoiuntisiensod tafetontdhsineiied Hoatline not

bonded. These islapds icaldfaum:R, SoRUHAMSHE BRIy, LVRUId R figsitahie to provide

improved sealing methods, for forming hermetic seals at low temperatures with a range of materials. It

also would be desir¥btaerindiabliatyk desrisbticanfesesl aSspial Y oirtloXely- 3 pesdl didsegvoirs
between at least two gihs{raies, da BK@??J?%B@Hiﬁﬁﬁlﬂﬁ!ﬁ%%@&%@f‘??ﬁSé@&?ﬂ&’ﬁmpamC“'a”y for

large scale production with high reliability. Summary of the Invention n one aspect,’ compression
cold welding methdddsdaw Swnetnees erehsrastierisiisop Heerreticalhseensyaatitasthmeustisstrates

together. This advapiagepyeh 680 AUOMEP AR TIRNC.SRRIIHIAUAEBF UL 19, e pealing process,
|

which may be desirable in many applications where such additional heat could be detrimental to
devices, formulatioffoBnatame fa1dla HpsecsroXReTd 18sfE BenpiRycardee majority of the

surface from interacting and bonding. Because the surfaces are not completely
bonded, leak paths may be present, preventing a hermetic seal from forming.
Ferguson, et. al., “Contact Adhesion of Thin Gold Films on Elastomeric
Supports: Cold Welding Under Ambient Conditions,” Science, New Series,
253(5021): 776-78 (Aug. 16, 1991) discloses a gold-to-gold bond under ambient

conditions by contacting thin gold metal surfaces on top of compliant polymers.
However, the result is a bonded interface with “islands” of contaminants that are
not bonded. These islands could form a contiguous leak path.,

It would be desirable to provide improved sealing methods, for forming
hermetic seals at low temperatures with a range of materials. It also would be
desirable to individually, hermetically seal a plurality of closely spaced
reservoirs between at least two substrates, in a process that is relatively simple

and cost effective, particularly for large scale production with high reliability.



In a preferred embodiment, the method includes providing a first substrate having at least one first joint
structure which comprises a first joining surface, which surface comprises a first metal; providing a
second substrate having at least one second joint structure which comprises a second joining surface,
which surface comprises a second metal; and compressing together the at least one first joint structure
and the at least one second joint structure tknoaiyy ddftrerlanchshar the joining surfaces at one or
more interfaces in an amqunt effective to form a -to-metal band between the first metal and
second metal of the joinir%ﬂg)ﬁ%ag%é%&fng%ﬁgr%lnﬁig? iEr)?llée‘rft? the né%ﬂé)ép &#ﬁgr%ccllﬁglse%rgligning the at
least one first joint stdderefabovetiisaticastanet dest hddeirtsttatottrveebsford ke compressing step
S0 as to impart O”Gaﬁw?ﬁ&é&%&}é‘?g@@é lgrfomseag ISARLADCHISEIRIRL SHugtre Pveh Ihe, gt least on second
joint structure, wherein the' one or more overlaps create the one or more‘interfaces of tfie joining
surfaces during thepeorestegsiviystephd deprefblean matyogiplsatsthe e orchadditostlaps are
effective to displace gige soniaminant AULACUIRIRINIMAIE saniagtpateen e joining surfaces
without heat input. In a particular embodiment, the at least one first joint structure comprises at least
one tongue structu e ittidcathiebsnding sssond joint structure comprises at least one groove

structure, and the step of ﬁpg@f&gﬁj&geﬂgg&%gﬂq@E&ﬁ&g@&fﬁggg 'p&ﬁgﬁ{ggrﬁr&nd the at least one

second joint structure includes compressing the af least one tongue structureat least partially into the
at least one groovessbaiitigrbavimpaelespbotifisniothestiridast whickotyueristueting lasizetongue
height ranging from, J.enicram 9, QPARICRRS AR A foage widih iaRging oMl miGIR to 100 microns,
and the at least one groove structure has a groove depth ranging from 1 micron to 100 microns and a
groove width rangifgviest lssigronctecsondimvisrosisicture\rdrioh soombieiatioreyod matevdals of
construction may bg,pysed. LAt AMRIE he-HRt Delainthe Serond %%%keggikgmggﬁ?& figmprise gold

or platinum. In other embodiments, the first metal, the second metal, or both, comprise a metal
selected from the grolgpstengistigootigaractividiand, thiuhlsurhoee ppanddatnt simestaiekel, silver,

palladium, cadmiumy AANBD i BRSHH ABtheRrUinRoR et TUR st anetaliand the second

metal may be different metals. The first subsftrate, the second substrate, or both, may comprise silicon,
glasses, ceramics, #biytricrestiatals fann combsinaiossthersbbervresitbejbist setitens, the second

joint structure, or bath, WAy £ABPIIRE AMAleliabssleaiechiromihe S RIRoRSIainG fmetals,

ceramics, glasses, silicon, and combinations thereof. In one embodiment, the first joint structure, the

second joint structihelusiehatieninaysorhaseanrifi | alirmirmnre ahe verhsmileasisiatinum, copper,
nickel, tin, alloys thgrepf ?&Qt%ﬁm{ﬂé%%ﬂﬁéhﬁé%ﬁnpresk%g%ﬁ@M%%a%h&n@%‘?ﬁ%%@”e first joint

structure is formed by bondin%at least one pre-formed structure to the first substrate. The first joining

surface may be forfV&82Rsroékanslkeaphoas BISCEP sing Provesshe v Ras morseacelgrirtal vapor

deposition processysRUHRINGAIGEHRMHREBMLANBRQERNAE LA WR! SIEN PRAGRSRARRE gMbodiment,
the first joint structure and first joining surface are a layer of metal covering at least part of a surface of

the first substrate. the JRiRe BhiBesdisHie the rREtAsashaywrnemrdians srabadimeaitetb? more
pre-foons betweendhe firsliostbstateand the secondispsitalereisintigstenaf compressing

together the at least one first joint structure and the at least one second joint structure further
comprises deformi L - [ e
def dirisiianaig tHBIH GMisiay S piairiRens-atasre Yo Htheri daa itk th

substrates or the jqipingusartacesdiln @RaRMbRANG fhe BreriQling cemRNsARElals@pelymer, or a
metallized polymer. . ]

tongue structure and the at least one second joint structure comprises at least one

groove structure, and the step of compressing together the at least one first joint

structure and the at least one second joint structure includes compressing the at

least one tongue structure at least partially into the at least one groove structure,

In one embodiment, the at least one tongue structure has a tongue height ranging

from 1 micron to 100 microns and a tongue width ranging from 1 micron to 100

microns, and the at least one groove structure has a groove depth ranging from 1|



In one embodiment, the method further includes heating the joining surfaces at the one or more
interfaces. The compressing step and the heating step may occur substantially simultaneously. In one
embodiment, the heating of the joining surfaces occurs with a microheater. In another
embodiment, the sealing method further includes applying an ultrasonic energy to the joining surfaces
at the one or more intexfates 00 migryst otherenuyodinddntspthegseating miethodoflitther includes
clamping or solderiﬂg&%ggther the first substrate and the second substrate. In a preferred
embodiment of the method, the bonded substrates comprise at least one cavity defined therein. In one
embodiment, the at least firstisubstralereomprises agplaradifycofdivcree megdroissdedritaining reservoir

contents, each res%%%ilrgpe?iﬂg ﬁw&gﬁlq essee%lﬁgifﬁpé&?gpgoqﬂj?ﬁagﬁgé%g)%g%ﬁgtg{ior environment.

In one example, the reservoir contents comprise a biosensor or 0 evice. In another
example, the reserpbiticonte it dempribedanaiig, fbgitkatioeiaintstitanotacekampighthe reservoir

contents comprise U%%}?i@&% SASULIDROUNGR, g%ﬁ@%&ﬁ&%?{;i%%%%‘?&siadtﬁ%%u Sn%ﬂavo”“g

agents. In one embodiment, the first substrate comprises a cavity'in vyhlqh _trate’ is located
before the first andssepshdgointisiueiciels sihecearprésredomieiiar HTsuirdisgkistaia.may, for

example, compriseg,y S608Aa R MR ILVIGR: QLFAPRINAHIPAINELSAE merdHERSEMPRIMEN, the

defofination step in the process is conducted under vacuum or in an inert gas atmosphere effective to
reduce oxidation ofteistaidintdisturebpeiainy e eiardvibsitasuly betumitrmedunied stietmospheric

air. I one embadiment.a mehad isaavider onhe Al sealional g upstrates

together, which incfudes the steps of providing a first substrate having at least one first joint structure
which comprises a first{einifity saefackiowhishustiface othprsescanfipsise sraplientishgsted, which has

been metallized with g,thip Jayes 9&&&%@'@%&9&[‘Q&aﬁﬁ%&'&%a@%@%ﬁ%@%%ﬁﬂé&&% second

joint structure which comprises’a second joining surface, which surface comprises a second compliant
polymer, which hasliseen nrateneaabofimehi et dratmisestuemh shesaoprssising Byeisr the at least

one first joint structyrg ARdiRe allsRAR8 SeCANhiRIRhSEHRIUEIRIRER M Aetarm dbgpiqining
nickel, tin, alloys thereof, and combinations thereof.

{n one embodiment, the at least one first joint structure is formed by
bonding at least one pre-formed structure to the first substrate. The first joining
surface may be formed, for example, by an electroplating process, evaporation, a
chemical vapor deposition process, sputtering, electron beam evaporation, or a
wet etch process. In one embodiment, the first joint structure and first joining
surface are a layer of metal covering at least part of a surface of the first
substrate.

in one embodiment, the method may further include providing one or
more pre-forms between the first substrate and the second substrate, wherein the
step of compressing together the at least one first joint structure and the at least
one second joint structure further comprises deforming and shearing the one or
more pre-forms at pre-form interfaces with the substrates or the joining surfaces.
In one embodiment, the pre-forms comprise a metal, a polymer, or a metallized
polymer.

In one embodiment, the method further includes heating the joining

surfaces at the one or more interfaces. The compressing step and the heating



surfaces at one or more interfaces in an amount effective to form a bond between the first and second
the joining surfaces. In one embodiment, the layer of metal of the first or second metallized polymer, or
both, comprises gold, platinum or a combination thereof. In another aspect, a containment device
is provided which includes a first substrate having a front side and a back side, and including at least
one first joint structskep whichconphisestalipstijpidingesustacdpwhictnswrdaceris shfitstametal§ a second

substrate having a&ileelgg 01%;? S%%a%gg Ag&t@%&tgr&yg}f&i&&&gmprises a second joining surface, which
metal; ' ‘ (

surface is a secon hermetic seal foiled between and joining the first substrate and the
second substrate, whereirithadteermsticodeatis, tiwdedin g omepres siothooldclveidiagrthyefirst joining

surface to the secopd joining.suwface At. L QYS es, and at le g containment space
being defined between the firstH séiﬁ)s?trate? %ﬁf‘ the seg‘é%%[?ﬁ f?ﬁat%qu\%tﬁﬁ%t%é% %Ceerscr'netic seal such that
the containment space is heysieticallyngecdadents ethte sienlia guirethmbnttheromelednb obimeng the at least

one containment s%%glggl%@r%ga&p{%% ' %(,[C %ngig '@tﬁlﬁetﬁ%ré’é)dﬁ% é%}é@gh%tt égeast first substrate

positioned between the frontsideé and t side. In various embodiments, the at least one

containment space comprisespacsarsberd MEMStdévicensatbedgtiorimukdeibsytrateombination thereof,

contained in said copfaipment spack. 0, &R/ §lemes GmPadiment. Qﬁ?bk?@é?

Syfages Ate joined
together by a metal-to-metal bond formed without heat input. In one em cj%ment, the at least one first

joint structure and MW@@@P@Q@W@ Pirestiuetheccdmpmise ato potieining grewveifoint.  In
various embodimenis,.the.fitstmetal, eRecond-meaieh 9ot RGPS ORI gs9qld, platinum,

or a combination thereof, and the substrates may comprise a material selected from the group
consisting of silicore*igErdISnEEPaMitY; Polisarsiglisss rasisomiratsriothereofin one

embodiment, a pregfor, strugtre s 06 ipImSdsreen thafitst and secqad QiR SITUsies. In another

embodiment, the first joint structure or the sécond joint structure comprises a microheater. Optionally,
an intermediate layedraipbedsiaiaseiijaeedt tithenathwoteamele] themesembipdirnients the first joint

structure or second,jgifkSUEILIS 0oy CamPdia Amagnsiis maetalaliesivepdgatips structure via
an external induction heater.
flavoring agents. In one embodiment, the first substrate comprises a cavity in

which a third substrate is located before the first and second joint structures are
compressed together. The third substrate may, for example, comprises a sensor,
a MEMS device, or combination thereof.

In one embodiment, the deformation step in the process is conducted
under vacuum or in an inert gas atmosphere effective to reduce oxidation of the
joint structure relative to that which would oceur if conducted in atmospheric
air.

In one embodiment, a method is provided for hermetically sealing at
least two substrates together, which includes the steps of providing a first
substrate having at least one first joint structure which comprises a first joining
surface, which surface comprises a first compliant polymer, which has been
metallized with a thin layer of a metal; providing a second substrate having at
least one second joint structure which comprises a second joining surface, which
surface comprises a second compliant polymer, which has been metallized with
a thin layer of a metal; and compressing together the at least one first joint

structure and the at least one second joint structure to locally deform the joining



The device may further include other securement means, for example, a clamp may be included for
joining the substrates together, or a solder material may be used to secure the first substrate and the
second substrate together. In one embodiment, the first substrate further comprises a plurality of
discrete openings in communication with the at least one containment space, and said openings are
closed by a pluralityuofediscretagesarvoinatgpRchy onsembodiméntfiteeedsanveibaaps comprise a

metal fim and the geyice INGIURS MFANS {5 he SORRI CHRUILY A POSH SHISS) L pelsctvely

disintegrating the reservoir caps. n one aspect, an imp cal device Is provided for the

controlled exposurefonetdbasthoficsntestsoltatedlitehé nobticellypsbafeccreganiveirgold one

embodiment, the dﬁ%l&mc&lq Adirst subsirates a plurality of discrete reservoirs disposed in the first
substrate, the reservoirs having first openings and second openings distal the first openings; reservoir

contents located inside thl-iﬂl@_géh@t)Hs;%@r@wﬂfﬂ;\mesb@wiﬁ@mmﬁeémbi@eigd@wtfrra biosensor,
a plurality of discrelgJeseIMoI, f%ﬂ%@@etQﬁdfk(%taep%m@,gaidﬁﬁé}ﬂﬁiﬂgﬁ%%Qi'é{ﬁéyfﬂl&'él@rﬁ‘ggfa“”_g the

reservoir caps; and a second substrate and a hermetic joint sealing and closing the sec openings,
wherein the hermetigyefinteisviviell edbypespspréssiov okiswdidingy icbrerebiodifishingie the hermetic

joint comprises a tQagiie ANAPONSHNEHAESst one!RANRINEIASRECNR MRICAIR MM ded for forming

an electrical via connection comprising:providing a first non-conductive substrate having an aperture
therethrough, wherigptiseipitaribsusirtace o sl festisubseand defining Beio elpereatdwormprises a

layer of a first e'eC%@aJQé&@HQ#gaﬂyﬁgm@&"S@J&m;%@tﬁ%%%&m&%@g%hf@re‘fﬂ bgirate having a

projecting member extending from a surface of said second substrate, wherein said member is formed
of or coated with alseBEE etakifiefe doruepirssioaterld ahéiso thp fessingitng prdjeeting member of

said second substrgjtgsigg&lﬁlﬁ) Mﬁa%%@%@r&t %gq;g@fatgegggﬂﬂyagﬁggg@&nd shear the first

and/or second electrically conductive layers, in an amount effective to form a bond and electrical

connection betweePtHETH sBa6e CEHE Srittad ARy eesmdbeivis ayeysaB daf thestasendn of the Figures

FIG. 1is a cross-sgghiopakviewitansambediment of @298k SysigmMAayigshatengue and groove joint
structure design which provides a hermetic seal fonned by a compression cold weld process.
hermetically sealed an exterior environment. In one embodiment, the at least

one containment space comprises a plurality of discrete reservoirs in the at least
first substrate positioned between the front side and the back side. In various
embodiments, the at least one containment space comprises a sensor, a MEMS
device, a drug formulation, or a combination thereof, contained in said
containment space. In a preferred embodiment, the joining surfaces are joined
together by a metal-to-metal bond formed without heat input. In one
embodiment, the at least one first joint structure and the at least one second joint
structure comprise a tongue and groove joint.

In various embodiments, the first metal, the second metal, or both,
metals may comprise gold, platinum, or a combination thereof, and the
substrates may comprise a material selected from the group consisting of silicon,
metals, ceramics, polymers, glasses, and combinations thereof. In one
embodiment, a pre-form structure is deformed between the first and second joint
structures. In another embodiment, the first joint structure or the second joint
structure comprises a microheater. Optionally, an intermediate layer may be

provided adjacent to the microheater. In one embodiment, the first joint



FIG. 2 is a cross-sectional view of another embodiment of a hermetic seat system having a tongue and
groove joint structure design, which provides a hennetic seal. The figure on the left shows the structure
before the compression cold weld process, and the figure on the right shows the seal formed after the
compression cold weld process. FIG. 3 is a scanning electron micrograph showing a cross-section
of a hermetic seal #tatcivas macusipog theseatdesigroandisomprassitn meterivetdprocess illustrated

in FIG. 2. FIG. é is,[ g,cross- ectional view oflon etmb(i)dingent of a hermetic seal system having a
.. . eah 1C SIFUCiure via aul X erlncfi Hl HC 101 RHCAicr, . .
joint structure design having a single cold welding shear layer at each joint structure. FIG.5isa

cross-sectional view of oriEheniodiment fofthdnenntedic skat systemm higvingmedial predplims which can

pe compression colgy IR REMARRIPIL RIS iR IRAS ARsertanalylen of another
embodiment of a hermetic seal system having métal pre-torms which can be compression cold welded
between joint structeagde use kG sqtis plan fuiwsbeffiteadiffére nteembedismatt sogkjbint structure base

e e o A A R { p pocmen o
discrete openings in communication with the at least one containment space, and
said openings are closed by a plurality of discrete reservoir caps. In one
embodiment, the reservoir caps comprise a metal film and the device includes
means (e.g., control circuitry and power source) for selectively disintegrating the
reservolr caps.

In one aspect, an implantable medical device is provided for the
controlled exposure or release of contents located in hermetically sealed
reservoirs. In one embodiment, the device includes a first substrate; a plurality
of discrete reservotrs disposed in the first substrate, the reservoirs having first
openings and second openings distal the first openings; reservoir contents
located inside the reservoirs, wherein the reservoir contents comprises a drug or
a biosensor; a plurality of discrete reservoir caps closing the first openings;
means for selectively disintegrating the reservoir caps; and a second substrate
and a hermetic joint sealing and closing the second openings, wherein the
hermetic joint is made by compression cold-welding. In one embodiment, the
the hermetic joint comprises a tongue and groove interface.

In another aspect, a method is provided for forming an electrical via
connection comprising: providing a first non-conductive substrate having an
aperture therethrough, wherein the interior surface of said first substrate defining
said aperture comprises a layer of a first electrically conductive material;
providing a second non-conductive substrate having a projecting member
extending from a surface of said second substrate, wherein said member is
formed of or coated with a second electrically conductive material; and
compressing the projecting member of said second substrate into the aperture of

said first substrate, to locally deform and shear the first and/or second



FIG. 9 is cross-sectional views of four embodiments of hermetic seal systems formed with different
combinations of the joint structure designs illustrated in FIG. 8. FIG. 10 is a cross-sectional view
and a magnified cross-sectional view of an embodiment of a hermetic seal system having a tongue
and groove joint structure design. FIG. 11 is a cross-sectional view of one embodiment of a
hermetic seal systehdiacitiy heatecs andyntermediatelayer ot thedatershond #6G. 12 is a

cross-sectional viey,ofa0e eMbodiaNt oLa NEIHEYS spal systeLaRvig MicoNealsts on a oin

structure core comprising a substrate material and intermediate layers on'the MICrONeAtCrs. FIG.
13 is a cross-sectional view of one embodiment of a hermetic seal system having microheaters in
direct contact with a joining surface matdtigf Des&i@tion i gherbigsectional view of one embodiment

of a hermetic seal systermygying.IGHONERIEISN RO SHUSHI SAIBCIFIPIISING ephbstrate

material and in direct contact with a joining surface materia . 15 is a perspective view of one
embodiment of a hktretie suriusyaidrarpexdngint Nitibireldasign whiklg8otiges € lammnetdss-sectional

views of one embo@gp(?mdabg%n&gﬂﬁrggs%éxﬁ{gr&,&g&r&@séolder clamp, showing the assembly
steps.
FIG. 2 is a cross-sectional view of another embodiment of a hermetic

seal system having a tongue and groove joint structure design, which provides a
hermetic seal. The figure on the left shows the structure before the compression
cold weld process, and the figure on the right shows the seal formed after the
compression cold weld process.

FI1G. 3 is a scanning electron micrograph showing a cross-section of a
hermetic seal that was made using the seal design and compression cold weld
process illustrated in FIG. 2.

FIG. 4 is a cross-sectional view of one embodiment of a hermetic seal
system having a joint structure design having a single cold welding shear layer
at each joint structure,

FIG. 5 is a cross-sectional view of one embodiment of a hermetic seal
system having metal pre-forms which can be compression cold welded between
joint structures.

FIG. 6 is a cross-sectional view of another embodiment of a hermetic
seal system having metal pre-forms which can be compression cold welded
between joint structures.

FIG. 7 is plan views of five different embodiments of joint structure
base shape geome’m‘és.

FIG. 8 is plan views and cross-sectional views of six different
embodiments of joint structure designs that can be used in compression cold

welding to form a hermetic seal.



FIG. 17 is a cross-sectional view of one embodiment of a hermetic seal system having a cold weld
clamp and a compression seal material. FIG. 18 is a cross-sectional view of one embodiment of a
device that includes an array of reservoirs that have each been individually hermetically sealed use a
compression cold welding process with a tongue and groove joint design. The body of the device in
which the reservoirs are défiaet isamprisestival Stibstrafedqportiohs dhataisofave deerdiermetically
sealed together using.a compre siorhcé) weldin rocess V\{_I a.to que nd groove joint design.

. Systems 1o 1? Wit HICTen CO{%@H&&OHS Q & 011[1} CTHTC UCSI NS .
FIG. 19 is a perspective view of one embaodiment of a device that' includes an array of reservoirs and

having a joint desigiifsirdtdividBEIly $rennetically sealing the reservoirs using a compression cold

welding process. FIG IS, cross-sectional vi?:ws of three emb dHnents of per etic seal systems
. . . . %:S a CI‘OﬁS—tSC thI%% V16¥V fin amagm?e Cross-8 e?ngav.lew
having various polymer joint structures plated with metal joining surfaces. J21isa

cross-sectional viewfehamemidadirneht btaneiultsad sesvair hontairmentdevideritustiating the

hermetic sealing of Ehe rese({voirs by a compression cold welding process. FIG. 22 is a
. . S ru]gture 051%11. . . .
cross-sectional view of one embodiment of a sealed structure using a bonded -sandwich" structure to

protect an intermediate sUti<kakd whictvis-pattsubjected dbooepressiverbaidihgriordesecal  FIG. 23 is
cross-sectional view, afe %nﬁag@bgdiment %I iE)gnrts ric[)r r}10 bondin(geflg)r orming an electrical via

] S eatl%r.s an erittedia é; dyCES 01l caters.
connection by comp¥e33|on cold welding as describe rein.

FIG. 12 is a cross-sectional view of one embodiment of a hermetic seal
system having microheaters on a joint structure core comprising a substrate
material and intermediate layers on the microheaters.

FIG. 13 is a cross-sectional view of one embodiment of a hermetic seal
system having microheaters in direct contact with a joining surface material.

FIG. 14 is a cross-sectional view of one embodiment of a hermetic seal
system having microheaters on a joint structure core comprising a substrate
material and in direct contact with a joining surface material.

FIG. 15 is a perspective view of one embodiment of a hermetic seal
system having a Nitinol clamp.

FIGS. 16A-C are cross-sectional views of one embodiment of a
hermetic seal system having a solder clamp, showing the assembly steps.

FIG. 17 is a cross-sectional view of one embodiment of a hermetic seal
system having a cold weld clamp and a compression seal material.

FIG. 18 is a cross-sectional view of one embodiment of a device that
includes an array of reservoirs that have each been individually hermetically
sealed use a compression cold welding process with a tongue and groove joint
design. The body of the device in which the reservoirs are defined comprises
two substrate portions that also have been hermetically sealed together using a
compression cold welding process with a tongue and groove joint design.

FIG. 19 is a perspective view of one embodiment of a device that
includes an array of reservoirs and having a joint design for individually

hermetically sealing the reservoirs using a compression cold welding process.



FIGS. 24A-B are perspective views of an electrical wire connection made by compression cold welding
as described herein. FIG. 24A shows the parts before connection, and FIG. 24B shows the connected
assembly. FIG. 25 is a perspective, cross-sectional view of one embodiment of parts, prior to
bonding, for forming an electrical via connection by compression cold welding. FIG. 26 is a
perspective view of one elfttadithentrofsaseefectiicatwiaotehnectinbodade 19y Chenpegssien cold
welding. The iIIustr%tigg J[ﬁ'sshge\l/{/,}sjnth\gamateriai ong[I%E)n]li)gttrvl\ll((?tt{:inetshel atg(?rtute antditooth. FIGS. 27A-B
are scanning electron mlcrograﬁhs ‘E‘é’EM’s% Ftvd sificon StlssiPates rYgV|nlélerr?i UthbFicated seal
features for compressfacecold welding. Detailed Description of the Invention Methods and devices
have been developed to foyp 3hermelic seal by, & compression coldwelding pragess, The process
and seal designs advantageously permltg device parYs 16 ‘be'bonae ]fgge her reliably and efficiently,
while protecting sensitiveuderick com plimentsant cdontedis fahinyedtthadesalveintsyThe sealing
process involves compression an (:ol1 .Weldjn‘%together two substrates that are provided with one or
.. . () g)resm%l Colg We mgc}am SS.7 .
more joint sealing surtaces that, during a‘tompression step, locally deform and shear to promote
intermolecular diffusion adtd Go2ing. cksastaieolisigythé sheanhgdhmnddefbamation of metal sealing
surfaces substantial{y S{:rub away any naetal oxides.or or%mi(t; ar iqorganic cont mj[nants present on
SUHC urg.usm&gn onrde Saldwic SF Ctur OE‘P{O ectan ipterm 1&6 .
the surface, thereby providing an atomically clean metal surface to promote metal-to-metal bonding
between the joiningsertiacesiant thust keeetititie Jhapissscotdwealdipgocreates joining surfaces that
are free of contaminants t%s. free 1o bopd. Ina e[e‘;efferred c%ld Weldin(gf rocess, pressures above
. . 1S CrOSS-SCCHIONndL V1 [&} ong emhhodiiie e%a{ts,d%rflb O
the yield stress of the metal cause the joining structures and joining surfaces to deform. The metal
deformation serveshtwdipgirpodesningraatdscintialate comtactibelweemthespininglduwtddag, and it
displaces surface oggigg&gg?d%tg%gncontaminants so that metal-to-metal bonding can occur. In
embodiments where a metal-to-metal bond is formed by cold welding, additional clamps may be
unnecessary. FIGS. 24A-B are perspective views of an ¢lectrical wire connection

made by compression cold welding as described herein.  FI1G. 24A shows the
parts before connection, and FIG. 24B shows the connected assembly.

F1G. 25 is a perspective, cross-sectional view of one embodiment of
parts, prior to bonding, for forming an electrical via connection by compression
cold welding.

F1G. 26 1s a perspective view of one embodiment of an electrical via
connection made by compression cold welding. The illustration shows the
material overlap between the aperture and tooth.

FIGS. 27A-B are scanning electron micrographs (SEMs) of two silicon

substrates having microfabricated seal features for compression cold welding.

Detailed Description of the Invention
Methods and devices have been developed to form a hermetic seal by a
compression cold welding process. The process and seal designs
advantageously permit device parts to be bonded together reliably and
efficiently, while protecting sensitive device components and contents from heat
and solvents. The sealing process involves compression and cold welding

together two substrates that are provided with one or more joint sealing surfaces

10



In one aspect, a method is provided for hermetically sealing at least two substrates together, which
includes the steps of providing a first substrate having at least one first joint structure which comprises
a first joining surface, which surface comprises a first metal; providing a second substrate having at
least one second joint structure which comprises a second joining surface, which surface comprises a
second metal; compréssingtogethanrtisat tastl ol fidtijoint atdsdteretandothetat least one second
joint structure to logglly deform,AadateareJoining suifeqss A0 AL NAIGNigtages in an amount
effective to form a metal-to-meta lbond etween thefirst metalland Second metar of the joining
surfaces. The first dedtatreatidseCovthsetding ayreahsubsiardiol difterbaty Theyyooetd baidifferent alloys
Of e saime base w06, SAME,ME'aly G i elaL A e, SaeRNC Melal A iaye ciferent
structural morphologies; e.g., crystal structures, grain structure, etc. Non-limiting examples of suitable
metal surface matetiaisamctatis dhadiumerlurairaanticpispericeadlazinopaiskedndive b gakadium,
cadmium, titanium, {ngsten, finea0d.compinainnsigyeahGald onplaingm mavepsfered. The
first substrate, the second substrate, or both, may be formed of various materials, stich as silicon,
glasses, ceramics, pofpaseisziatdise angasambimaio aadiate sl Nomdrditiliy axemispled eiéubstrate
materials include ayauitz, posasilicate.alans, AlWpURY QKR AT iR dartsssHiicqphifiide, and
combinations thereof The substrate and the at least one joint structure may be comprised of the same
material or differens#vaterialsnd irenpinsstfaettife Ashybe Omegtihbraneasigpsertesty a variety of
processes known i {he alt. Examples nEiHde SReR IRAFHIYE IR0;S1SHIP g AHLRG, (R g, laser), milling,

micro-machining, MEMs processing, or LIGA processing of the Substrate. The first joint structure, the
second joint structutsplictiotht fisay esieiptisboshsiaetamserssted thohneleldis nedtphiiedintflasses,
silicon, and combinafions theigQfamplas Ressikledeint situgthsMateralk ipsluslg the metal
surface metals mentioned above, such as indium, aluminum, gold, chromium, platinum, copper, nickel,
tin, alloys thereof, a¥eldBepilhitiond Harssiay WS ERi#Ma in any of its fonns, quartz, fused silica,

silicon oxide, aluminum nifrjdg.silicon GarRidsan g, diamand: ThsQiRlislruciiiesMmax be.itegral with
the substrate or bonded to it. In one embodiment, the joint structure is formed by bonding at least one

pre-formed structurd bstrsesipattaes. Whishorslites e stimstafrviisinge forsharbsortexarpte, by

electroplating, cheryisalanerHaneiiofu SRS, MEMS 0eRsSBADisiPBACHIRNY, LICA

processing, or anodic bonding. The pre-form structure can be attached to the substrate, for example,
by thennocompres$SiBFcSHIBREECOR HRTEBSHIE WEIHHGE PrisSonst Sthsbaird arasatisiinersurface may

_be comprised_ O_f th%e%%ﬁlﬁéﬂﬁ@ﬂ?ét@fedﬁfﬁ&ﬁ%ﬁl@%é@@secon'&‘j@ﬁﬁn%’@@%’é@]‘%v%&@@umﬁ‘émd further
includes providing one or more separate pre-forms between the first substrate and the second

substrate, wherein SRE'BIESOF ¥ship 88y Wy etReT 18 dogetbasthsié Kast piRteuSilte and the at least

one second joint styueiuedfupthal.camatisasdefomingand hgarintthe Pasomnmererarforms at
pre-form interfaces with the substrates or the joining surfaces. The pre-form may be formed, for

example, by LIGA pReessis iR braecedniye WheEiering meBomb SR HERimdg R tamping,

cutting, or micro-cag{ipg-td hgcRiEs iRy CONBrIeRt AalRl BB al Meh] O shepfaliized polymer.
In preferred applications of these methods and seal_designs, the hermetic seals are used in sealing

microfabricated de V&6 PaEdHEL, et AdAserRe mstabranbe bsvms e siffrepdrfed

embodiment, the piesentbsAiBEINeRNGS A ARt HiLCHIERS ATEHseshie Adaigr teripdividually seal
an array of containment reservoirs loaded with reservoirs contents, such as drugs for controlled

release and/or biosBRES GRS R LR RE LBETALF BT ED MEBTSHAE R Ei8erating the

device. In one aspast sadaviee ishrarideshibakinaospaiaipmeReMNArerehthesehannetic seals.
In one embodiment, the device includes a first substrate (which maﬁ)g’clude two or more wafers or

substrate portions) ARG RAHUALTIE DPIeBAERs BUAPSFW AR Colfidin 2ASeRLSEbSYSE formulation,

where each reservgifiinglugiesafiishorRaingatadistsuriaeadidhe Bavics: hbrdrsitrpening is closed
by a reservoir cap that can be selectively andTﬁctively disintegrated to control the time and/or rate of

release or exposur@ BHIHE BEY RO RESKEERt. THDHEETRBUEITAAT frerus eNsHHSrietHtiudes a
second opening distaltedherfirel epenings Thisapeninghsharmeticaliysealadafter or simultaneously
with loading of the reservoir contents into the reservajr. Typically, this sealing involves bonding the first
substrate (o a secoPtl SRS sl GRE B HISFE 6‘????@’@&%@@%%@%%%&2%eha*ﬁ%ﬁ%t designs
described herein. Optionally, the device further includes a packaging structure hermetically bonded to
a surface of the first or second substrate, to protect electronic components associated with powering
and controlling the reservoir cap disintegration and any reservoir based sensors. The packaging
structure and hermetic seals protect the electronic components and reservoir contents from the
environment. As used herein, the term "environment- refers to the environment external the reservoirs,
including biological fluids and tissues at a site of implantation, air, fluids, and particulates present
during storage or during in vitro or in vivo use of the device.



As used herein, the term "cold weld- means an intermolecular bond formed without the application of
heat, with ambient conditions typically less than 40 C. As used herein, the term "hermetic seal”
refers to preventing undesirable ingress or egress of chemicals into or from one or more
compartments of the device, particularly the device reservoirs, over the useful life of the device. For
purposes herein, arsatitattrangngits e hum{He)tatgdarateliesstmm 1kt 08 atyedtisdorismtermed
hermetic.  As used herain ihe (RIS SEOMRISR e oM PEE NS - Neliden AnGuincliding, are
intended to be open, non-?lmltnig terms, Unless the contrary is expresé?fi/ indicated, Devite
Components and Matetiais may tEhinermaticisbalseompridesa dirdi Belsstrate dramlinglatleast one first
joint structure with g firstining I%HrU%S% %%&?ig%%oﬁl% §ﬁ1§)s§li5%%r?%‘§99e§% ‘ gE's% econd joint
structure with a setond joining surface, %on ed at one or more Interraces by cold welding. In preferred
embodiments, the keatgnarethicobnipatitpécandhditattdprenedicalomystdimsg. ibimg éenbodiment, the

two substrates may,aponaih SORTRIN ANS MO CIARfERRNRLS, SSISOIE R a1 sisgironics. The

substrates may comprise, silicon, glass, Pyrex glass, stainless steel, titaniu , sllicon nitride,
and other biocompsitiisieaterdriciraindiotserpiemlthospuiprhinist Froserensbbditmentysilicon

substrates allow fofyaaloptieel.probes i AsALintored NR)dn.afrargd R) spectrum. Itis

understood that spectroscopic methods using light in the visible, or other wavelengths may be
possible by an appropbanetssietiisaodf Subsirdte ehansidilcioad ditiesiithenstistiatechdy emprise

polymers with high,gnouighXoungis Maduiss anghyieldssliess israisaiafahean during cold welding.

The joint structures (also called -sealing features") on each substrate may comprise the same or a
different material ti¥4rctaBubSHETENFerinStatiekelf the jmsshreselreadremhtrationichined into the

substrate, the joint UEIMIES, e LORRIIRE-OLDS SHDRIAE MAterial iSRGl 6JRIOL Structures

§ ,
may be a pre-form bonded to the substrate comprised of a dif erenf‘materlal than the substrate, such
as a metal, a metakBlipirBREbdhivikiden @t iitated fiametter B bodirmeneEsI0ATBEmed nickel

joint structure coulg, e eleciariatedhviialaysiRigeld. and,hen.hradsd:io @dmgiallized substrate
using a solder, braze, or i
structure is formed by bonding at least one pre-formed structure to its substrate.

This pre-formed structure could be formed, for example, by electroplating,
chemical vapor deposition, sputtering, MEMS processing, micro-machining,
LIGA processing, or anodic bonding. The pre-form structure can be attached to
the substrate, for example, by thermocompression, soldering, or ultrasonic
welding. The joint structure and its joining surface may be comprised of the
same material or different materials.

In one embodiment, the method further includes providing one or more
separate pre-forms between the first substrate and the second substrate, wherein
the step of compressing together the at least one first joint structure and the at
least one second joint structure further comprises deforming and shearing the
one or more pre-forms at pre-form interfaces with the substrates or the joining
surfaces. The pre-form may be formed, for example, by LIGA processing,
MEMS processing, wet etching, laser micro-machining, stamping, cutting, or
micro-casting. The pre-forms may comprise a metal, a polymer, or a metallized

polymer.
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thenno-compression bond. The LICA structure could be comprised of any metal or metal alloy
compatible with the L1GA process. In yet another embodiment, the joint structure pre-form could be
formed from glass or silicon using microelectromechanical system (MEMS) fabrication. The joint
structures have joining surfaces (also called "shear layers" or "bonding surfaces") which are preferably
metal and optionally may bomafiorethgrjbimingsuffdess niathodalterhate dmbodjmerteodesdribed in
further detalil be'°%eﬁ1§49@inig‘ s}gg‘gﬂ e mﬁqyc%%a%lgozgpe%g&aller{;i gl /mer. I\/Illettsals iithla uitably low plastic
deformation stress afe used as a joining surtace. Kiitaby Ity can E)é}a%?erm%)nedcgf%ﬁe skilled in the
art, for example, basedaotubherpatiielidnvjoist deemstfyraddetheodmaunttbt forserthatbiag reasonably

be applied to form }Q? '

R e ReUR 0 Seaon, MEER RIS TR 8 S ANSELLT BB AROn relative

11 ness are preferable for use as a joining surface. See ?/?e%%?g.o
"Investigations on RPeessuneck eddimgdiBritistetiViel dingsdndiarcini@sy sacidavidhamt, etal.,
"Mechanism of Solid S ressu lding" WeldingResearch Supplement, pp.,302-10 (September
1975) Representaia oy e e B A R st i
aluminum (Al), coppenpCusnieéd (Pbjtmgdh@ddynickel (Ni), silver (Ag), platinum (Pt), palladium (Pd),
and cadmium (C). Repregepialive. exanmiles of Iainna puilzse.metals Rslered (or piggompatibily
include gold and platinum. T é first joining surface may or may not be comprlsedpo the same
material as the sedonih jinisvglsuriaceorittbodiichnthéfirdtjoinimglsdefac Entilfosmthévtiecmetic seal.
For example, the jqinipg. SHIfAGES MAY.HE &9%@&%%%9&%&85;@' AR IRISN alovs of the same
parent metal. For example, the first joining surface may be go th le the'se onc?ls p?atinum. In one
embodiment, the jokery StFfersbsodrehednsprisen Dfehwsambundcenial sich. axdigferesshstructural
morphology. For Inslance: aUiskig'tinashlass, ey B8, pgelegt U adice gyigld stress through
the normal annealing mechanisms of recovery, Tecrystallization, and grain growth, while the second
joining surface maypadeposiessddsucissavely chathecandh sthecty ematid thutly éhereasing the yield
stress.  The joiniog, RUHAGE S, DA MPSE.heRANE eoméia@&e&té{g&m'&béga the joint
structures. This allows greater freedom in the fabrication method of the joint as well as more design
control over the extésr&nt foastivn bf plastdddimenatioreror instarber achitete foirnstructures can
be micromachined g Sllgan sHRRE AR ARG Ol Supass Melrralaan e depesiigdan those
structures using established MEMs process steps. However, forming accurate joint structures in an
alumina substrate fisraceuelifficvith fidineayl ibquiesalsrsatirathateribisresseMabrication methods.
As an example, f?ﬁ?{ﬂ‘ﬁﬁﬁﬁ _%Hia%rééﬁﬁ%im%ﬂ@é%amqg ifay basadepesitedmatalanalioy with
different mechanical properties (e.g., higher elasticity and higher yield stress) than the joining surface.
In one embodimentstig Jomesiageerbtbo lirameliss et o)sited skt eieesoptatédrdold alloy, an
electroplated chromingy,SteyGhdeQr AR Blesiropiaied platiaum sy, JhRigfere, it should be
understood that a joint structure may need no further processing and have a joining surface
comprising the sarkE fglisaBY denfed;drt sirficsind teg tHe finectnsctubstiaigy thavetettieast one other
material deposited RIGFHAPIAIRE AL A TS ORANG I HL ST L SUHRES 19 SiRate ining surface
comprising a different material than the joint structure material. The joint structure may be comprised
of a single materiaF®P SiEG{RBIARHR ANSF IR IEFRINIVRATRSTS BfWakifg Berlegnaidseyre andhe
hermetic seals aregagla;LY SOMRERSIIANR aRKiRAIT WeidindHane RIbAdineR (W SHPaLates are

hermetically sealed together by providing a first substrate having at least one first joint structure which

¢

comprises a first jofEP SR ISk iBacHRetht ISFBVIGHGREBEBNd YasPdte paViiy#ERKast one

second joint structyrg which SRINISES, srrenduRinipgaurtage whighizemetak gpmpressing
together at least one first joint structure and at least one second joint structure to locally deform and

shear the metal sulfAR88!atiomebr Hiife MeRats P m JRErRasivage TR Edtinuous
metal-to-metal bong hetween;ihea ieiningsuufages at the one or more interfaces.

As used herein, the term “cold weld” means an intermolecular bond

formed without the application of heat, with ambient conditions typically less

than 40 °C,
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In some embodiments, ultrasonic energy may be introduced to the hermetic seal joint during the
bonding process. While not being bound to any particular mechanism of action, it is believed that the
ultrasonic energy may improve the hermetic seal by causing metal-to-metal inter-diffusion by
scrubbing the contaminants out of the joining surfaces and deforming the surface asperities so there is
intimate contact at the boAdingeihterfacethe terin Stlhenembbediinehis wherey th howtding rabéehanism is
not purely cold weldi ul f I | se in I Id ip metal bonding by
increasing diffusiorl:ijl gkr%cf %)(’\?v%%ﬁeé% tﬁ!}e%%%(ggé‘%%yle g g%%%@ %(1)? éﬁ@r%%(lg%ﬁ%ﬂ%%ﬁ 8{;%[% could be
used to locally head¢hsgoiriritpslariacharetals résotharmetalsiaressiobbit i theddeice Bord are
non-magnetic, the joini C lecti NGO ' tic material under
the joining surfaces. gp%%%%@fi\i%%?%%@%%ﬁ%&g%ﬁéﬁg @nxgﬂﬂaﬁg%%ﬁé&géﬁrﬁﬁgﬁron, cobalt, and
combinations therewiAftemativedyntidiginederucture geometry may be designed to selectively couple
a magnetic field of a giveg\ggg%e@é%irgstﬁgt%%ag% }ﬁglec%gﬁsﬂ% Ga’“ﬁ%ﬂﬁé’“ ing using induction
heating", Solid-State Sensor, Actuator an Mlcrosyste?ns Workshop, Hilton Head Island, SC, June 2-6,"
2002.)  Generalfinchdiagbieniréerdesnimbarnsay isadispiacetbwith doleasibarantiitsogen, vacuum,
or some other cong;['i%sg\{ ichwguld minimize the rate of oxidation and contamination of the joining
surfaces as the hennetic bond is formed. lllustrative Embodiments of the Hermetic Sealing Devices
and Systems JBexice tnteandeM atexialsed to efficiently create large local pressures and

deformations at the oiningSyflases o0 OERIRAK, FIGSuikhlsitals SrossseigRal views o

embodiments of hermetic seal systems having joint structures that efficiently convert a compressive
force on the substri#fas st aTsHERk fofeat it joiffing sudfacesaedcnlbstieiimansisitlsttictures

together. The sheayfolee s HaaHAsHRY. AR ULISRER OF Y SHaR-PAIWGRA S 4QIDS Fifctures such

that when the joint structures are brought together, there is an overlapping portion of the metal joining
surfaces that is defdigiBgB\PEcRIgrasieefohe dsciTHed erbiodislvats: draseativroverlapping structures

eliminates asperitigs R AHOWS 1he SHHAGES 1R HNer AnhaRdP AR NP iment, the two

substrates may optionally contain one or more of reservoirs, sensors, drugs, and

electronics. The substrates may comprise, silicon, glass, Pyrex glass, stainless
steel, titanium, alumina, silicon nitride, and other biocompatible ceramics and
other metals or polymers. In one embodiment, silicon substrates allow for use
of optical probes in the near-infared (NIR) to infrared (IR} spectrum. It is
understood that spectroscopic methods using light in the visible, UV or other
wavelengths may be possible by an appropriate selection of substrate material.
In addition, the substrate may comprise polymers with high enough Young’s
Modulus and vield stress to cause high shear during cold welding.

The joint structures (also called “sealing features™) on each substrate
may comprise the same or a different material than the substrate. For instance,
if the joint structures are micro-machined into the substrate, the joint structures
are comprised of the substrate material. Alternatively, the joint structures may
be a pre-form bonded to the substrate comprised of a different material than the
substrate, such as a metal, a metal alloy or a combination of metals . In another
embodiment, a LIGA formed nickel joint structure could be electroplated with a

layer of gold and then bonded to a metallized substrate using a solder, braze, or
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embodiments, only the interfering portion of each joint structure will be substantially deformed. In other
embodiments, only one joint structure of a pair of joint structures forming a hermetic seal is
substantially defolined due to the different materials and associated properties used to form each half
of the joint. The joint structures illustrated in FIGS. 1-6 can be fabricated using conventional MEMs
processes, for exathpleycaithropgissibe btrutturbs sHodl st mlsofe netichbsinitaphysod & argcro-scale. FIGS.
1-6 illustrate only one, set of jQint structures an ea ermetic sealin stem, but other embodiments
may include multippéeé%%% %%?rll? @ﬁﬁé’ﬁi}’ g%ﬁea\gi Ei%ﬁ,%%mto g%rsugctsu%r se[:;lahlgl:éeé. 1-6 are
represented with aembtahgelar trogsEettivhrbyrothen cross-bedtionsd stmh gles triafguiar,
rhombus-shaped, o RiRpRETICALIGNS SHEIU(E, MAAIRADS GRplAYed. depending, for example, on
the micro-machining limits mpgeometry definition. For example, a hemlspherical joint structure can be
created by electroplating dljeintistsictate snatexigbomeg suphote-{ithoga phiitalisadé&fined seed layer in
fhe absence of a g mold.n.aroWer FRydmen Rl 60 Siohing (RIFLGaDBe used to form
ar silic n

a rounded or circular joint structure from a rectangu icon structure. et another embodiment,
photoresist can be @hergxposeshisiadethuls andérsotiduriiy develbploenibs! fornghendribilis-shape
which can then be .mold f ( i jQit str ltiple laye hotoresist may
be used to create rﬁ%?egv éaéﬁrfé? ﬁ%%?gﬁé%%%g@%%nr&égﬁé@m& é#%%h%%r%%%@%r%ﬁg%l ional view of
one embodiment of@hﬁéﬂﬁﬁ@ti&ﬁﬁa_&l@m@ﬁﬁim}?m @'ﬁdﬁgimmdfgr@oﬁeﬁibiﬂﬂfsmhﬁe design
which can be sealegBneai weldindiding fetielie ReAharsisNRAR HUBhaihpliqig A 2 which has
first joint structures 16. The first joint structures each have afirst joining surface 18. A second
substrate 14 has se@@rmtwiﬁnéﬁmme@rﬁ@m@@ﬁgmq@ﬁ@ﬁ@mk&wbg epoiishiis 202 ted 20b. Each
second joint structyge, 20p/200Aas &seronddaining prriace 2. Theiftstiintsimiciies A0 create a
-tongue" which fits at least partially into a "groove" created by the second joint structures 20a/20b. The
width of the tongu@é@ﬁéé&ﬁ?@ﬂfa@%é@@m%ﬁ@ Eréﬁ@&bﬁ%éwihﬁgmd@éér@sigfgmat&qhan the
space provided in { g0V pldlie, SEGRNCh L SIFL IR IPTNAG VAL R RS IS Tisdpint

structures joining layer 18 and/or the second joint structures’joining surface 22 are deformed as the

joining structures M@%‘é@ée@l‘ @gé‘ﬂﬁ’éﬁhﬂ}ﬁiﬁg ebiplivkitiig P@éﬁt’fﬁ%@@%lﬁﬁ%ﬁg top corners
and sidewalls of e%&&%@%%‘ﬂﬁﬁ%ﬁ%ﬁi?@g g @éféﬁﬂ?e}ff’%“}i. Zﬁ-q:ﬁresgﬁlﬁtﬂ?é&%%ﬂgss“rface 18

and the second joining surface 22 may be comprised of the same or different materials. FIG. 1

illustrates one layepbfizhEriaetalnimg theijcithing)sueiadegald &he)2pding 4ldifaieninwaterial forming
the respective joini@glﬁtégﬁwgrﬁ RAd 398/200. (F@Ig’qggk%q ?mft_),nggpp& %1L9§HH?Q_§HPI3CGS and/or
clu 0

the joining structure maglg:;n e multiple layers of materials to fine tune tfie mechanical or cold weld
bonding propertiespalladiyg (il airhtedraierbss e chepreroidalive shotHdeehiRiingent e hermetic

seal system 30 bef&@a@&&@ﬁe@f&?%ﬁ%%é{ﬁ@ﬁ%@ﬂ&é@@ RN EBIdoNBiAing. The hermetic seal

system 30 has a first substrate 32 and a second substrate 34. The first substrate 32 has a first joint
structure 40, having a metd1G4ifhiyeirmed 38a/38h OTHE YRSt PR unRaseA 401 ssiRe form of a

groove structure foRmRANIA the {1t AR DRReAMA WO R AARAsecand joint

structure 36 comprising a different material than the second substrate. The second joint structure 36
has a metal joiningfetpieepamsedmprsiigicsdmiominssariasshasebe peemistricture. This

second joint structigs3Riisr-im thaformintatenaue sructuen e mavhantialiyditipte the groove
structure of the first joint structure 40. A compressive bonding force is applied to the first substrate

32 to cold weld theftibi StmbigrsitEa s guthdr sddndEs s essné YopkaitEpplieththe tongue of the
second joint structiygn3@iis GRfMmMRhIRDe.0k0 el iResHIsE 1A SilCiMR A8 WJie deformation

arises when the force applied to the area of interference between the first joint structure 40 and the
second joint struct$fEIEYeRTHLUF HprEdIAg exEREHING e JiBiatdedesrsBeT e Merference or

overlap also createmghgad forcasal dheyariacsswhereithnd aining i siHares.38a/380 A2/ 2b meet.

The combination of defoilllation and shear forces form ] o
recovery, recrystallization, and grain growth, while the second joining surface

may be deposited in such a way that the grain size is small, thus increasing the

vield stress.
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a metal-to-metal bond between the joining surfaces 38a and 42a and joining surfaces 38b and 42b.
Thus, an effective hermetic seal is formed by using cold welding. See, e.g., FIG. 3. It should be
understood that the overlap between the joint structures in FIG. 2 is shown for illustrative purposes
and may be smaller or larger than shown. The larger the overlap, the greater the compressive force
required to deform the joifihgjlayers amthtes soforevarerertbtichondr a diffemdditietritishauld be
understood that theloca deformiation 4t s aining.urfaces.is &, wnchan of ihe meghaniaal properties
of both the joint structure and the joint surface. For example, in one embodiment, an entire joint
structure comprisingiatsolidagjold torguengaycdefotmaender compressiorrinto af sllison groove joint
structure. In ‘f"”o_th%fe?df}ﬁ&’g%ﬁ‘.eﬁ&r'h{‘ S&Q&g%&%&@ﬁ&%&g&%&@é'H&Q%é‘&? %%5%%{"%3%”?‘06 's gold,
the deformation is localized to the sides and corners of the tongue joint surface. G 4illustrates a
cross-sectional viewlofoarsérsibddimérhofdemieticaeaatlisystenh&adpavireg onéhostd welding shear
layer at each joint ok [ ) | t d a second
substrate 54. In thi?l;eldn%{gg iﬁgﬁ Qt%fggﬁ }gﬁﬁ%ﬁf@% %%é??ay? ]i\?vf#]%?hgg}é%& %Qj%ll%tt%su rface 62 on
one side. Having ov&nagrontaie iside arstezisobsivg sines pofthdijdint b arfdcesy58qand 62 may allow a

reduction in the oveflaRRAUIESLIRIOURLARSIIRNE seflodedusian e eyeiarsgduces the

compressive force required to form the hermetic seal by cold Ing ause the ylezlid stress is

achieved with a Iovvt-:?b-‘ﬁ?@; theaiﬁiatté‘m&téremalsi_@m?edmmﬁ'éﬁjd)mﬁw@@mﬁes Wity ddrethe form of a
triangular or trapezpidalpinh SysiHiesqoss eRIPAIR HINEITBEliRe ha phras oRgs frauired to form
the hermetic seal. One disadvantage of this joint design Is that only orie sealing perimeter can be
created, while vyithjaféym wetrecddsighe(ensporiae ) theleng driepporundipronrdaceniotséaling
perimeters. A singlg;jgint SUCIUGLER asithaRnaneRAd MRV FRRRING IR descped herein is

generally considered to have two perimeters. Muiltiple sealing perimeters may advantageously provide
a desirable redundghieyonlateibnlebnpibvitiagus. fhllcsefere hé nhetid beaindersrsih tbaleaapiniore, but less

than all, of the sealigg RerimeleTs M be RSP mRLStEmgrMaY fall, 904 the averallsaalremains

hermetic. Another embodiment of a hermetic seal system 70 uSing cold welding is illustrated in
FIG. 5. The first suBstratecrpaigiih b aeisUBSIEAtEC T dhe ks pateraEothpressiliasiorce is

applied. The first syfstiale: feRas e igmata@aa;%?e@%%m@BM%%O&AP&@LMQing surface 78.

The first joint structures 76a/76b are aligned with second joint structures 80a/80b, having a metal
joining surface 82. BSHFfOIRCEHANEINBAITES QFRIBUHISEH fHihsrangroates th fkidhcaiondtal pre-form

84 is entrapped. Agthefirshaibsiiater? aRd dreaseons SHRIIHAIS L4 BFe: SRIPRESgshIogether during

cold welding, the preform 84 is deformed and sheared against the joining surfaces 78 and 82 to form
metal-to-metal bontl§ BeReEANE PaKSS-and the joining surfaces.

Methods of Makine a Hermetic Seal

The hermetic seals are made by compression and cold welding. In one
embodiment, two substrates are hermetically sealed together by providing a first
substrate having at least one first joint structure which comprises a first joining
surface which is a metal, providing a second substrate having at least one second
joint structure which comprises a second joining surface which is a metal,
compressing together at least one first joint structure and at least one second
joint structure to locally deform and shear the metal surfaces at one or more
interfaces in an amount effective to form a continuous metal-to-metal bond
between the joining surfaces at the one or more interfaces.

In some embodiments, ultrasonic energy may be introduced to the

hermetic seal joint during the bonding process. While not being bound to any
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The pre-form 84 may be formed using a LIGA process, wet etch, or laser micro-machining. It should
be understood that the processing of the pre-form 84 is dependent upon compatibility of the process
with the material used as the pre-form. It should also be understood that the pre-form's cross-sectional
geometry may be limited by the fabrication method used. For example, a LIGA technique cannot
produce a circular grosswactenhasidtustfatechin FiShdjcdved ahatidiowdastiog peoeagsmagy enable such
a cross-section. in’EIg;'v g H{g trate lascra(?%s-%e%;%nal &ﬁl\_goqf aemtfll] égéw}lg&dim%nt of a hermetic seal
system 90 having a metal pre-form Which mgy e C610" Weiaed Hetween tvo jc}lonrf Structures. The
hermetic seal systesvréthbimadiz ficsttsuddstraser 9Rod Ntk aoseognaSudast ratd B4orTneditlst substrate 92 has
first joint structuress%6f§:(%rg£)rgsriﬂgs%roogl\é?esltsrlflﬁztturg L%%Qaec eilrtl hhe g{s islubstri';}te%eThe first joint
structures 96 have 4 first metal joining surface 98" e secondt drate &ﬁwas Second joint
structures 100 comprisinglyobecsthecturestfonned intddhdisghstdtmandia seqond ynetal joining
surface 102. Entrapped. between the.first joing striuctures 96 and the second joint structures 100 is a
metal pre-form 104&%%16?3-%?}% Rgﬁec%aé%es o?fr%gl lﬁas?ﬁénr?t"lee} ods simitar to the %eg ods described
above in reference bortiiepeyforme8iig EHiBisE:ntmthie fiesinsuhstrate 02 deld ttesedand substrate 94
are compressed to the pre-forrn 104 is deformed, and  sheared ggainst the igining surfaces 98
and 102 to form meg}%%?t‘i’r-}%é% B%%%éeﬁel?l een t eepueﬁ%??ngsiog#@%%%oﬁ%ﬁ%n%l&f‘fés}:ig%%% complete the
hermetic seal.  \idss dothsinatioisaoé presoniis, thoditiviedenduresii@gnagiittngie- or a -tooth")
and groove may bayiaad in s campreseion elchuelding pragsss: n.ons emaediment,a ongue joint
structure on one substrate and a groove joint structure oh another SLI}gstrategﬂavmg a groove width
larger than the widtindétieetonyoe joifitastrudtapecyralatieccoldnpdided togmitiar bytesahpressing a
pre-form between (e »ickDe PO8- A1 £1aRS SEHANALICAMELY CRHIADR AlIgURL sRannUlus. a
rectangle or other suitable cross-section. In all of the above embodiments, i mabie desirable to
minimize the distariéa gty eerntbieyoonrdd dedisnetés stthisiadustmidetioandsetactoltplished by
minimizing the ovegmﬁ‘,@réﬂg&@ﬁ %@&%E&Hﬁﬁ@s‘éﬁ&ﬁ%%&‘f@ﬂ&% %ﬁd&%\ﬂﬁﬁg the substrates is

minimized. Additionally, a groové may be created adjacent to a tongue joint structureé to provide a

volume below the suBstixre kinfiaes. foplideStistoraneor nietaiatoreslislicmitesteativBlprkheogroove
structure may havq;mrgﬁgg(@m%i&tg@’nggjg_rét’)g%%g and a narrower distal end so that metal

sheared by the narrower groove flows into the wider groove at the opening.
Generally, the ambient environment may be displaced with forming gas,

nitrogen, vacuum, or some other condition which would minimize the rate of
oxidation and contamination of the joining surfaces as the hermetic bond is
formed.

Hlustrative Embodiments of the Hermetic Sealing Devices and Systems

Joint structures have been designed to efficiently create large local
pressures and deformations at the joining surfaces for a given load. FIGS. 1-6
illustrate cross-sectional views of embodiments of hermetic seal systems having
joint structures that efficiently convert a compressive force on the substrates into
a shear force on the joining surfaces to cold weld the joint structures together.
The shear force is produced by an interference or overlap between the joint
structures such that when the joint structures are brought together, there is an
overlapping portion of the metal joining surfaces that is deformed by
compressive forces. The relative shear of the two overlapping structures

eliminates asperities and allows the surfaces to interact and bond. In some
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FIG. 7 illustrates a top view of various embodiments of joint structure base geometries which can be
used to form hermetic seals using cold welding. Suitable geometries for the base shape of the joint
structure include circle 110, oval 112, hemispheres connected with straight sidewalls 114, square with
filleted comers 116, and hexagon 118. Other embodiments of joint structure geometries may include
any polygon or an anbitreliy pith aht threiatesi@riolp pediprofife:aPrgfena by csharpidbbaers along the joint

structure perimeter,gic avpifiedeause LT AIEHLIR ofm aermets sealin suchya comer.

i
. SIFUCLUfe a1 .
FIG. 8 illustrates top views and cross-sectional views of vario odiments of joint StRiture designs

that can be fabricatgduisirgridEns forovegsesciseserhisodibaemtsaHavie onlyedril gaimtistructure set
on each substrate, i olfier epbadimentamarinslyde.an atay ghlicumscribing igeth, gr arooves
serving as multiple joint structure sets. The "tongue™and "groove” geometries are repr]esented in FIG.
8 with a rectangular crossidegtion sbutotizeniivesststotithe Sueh am derfabgedsadorshemispherical
geometries, may aIg(g pg %Sﬁll’ Tg‘%ﬁ% Ilngegg‘éghp Pl:iﬁ% chiping,limits of cross-section geometry
definition. In other em olgllﬁments, the gqugstrate’ n"?ay con@??l %}ﬁ?g#gyr{% ?gggr?/lgﬁgﬁg}l é?rﬁlgg) content or
sensors, where eadhnaseryoirighequiredaodbechbrnidiiesiy-scHied ftomiienthet o€gentoirs and the

outside environmen F 01 SSAUES A24aA40aN0 137 ObioITL SUEIIR 05l0s A0 and 128

can be fabricated into silicon substrates 122 and I30, respectively, using one an o step deep
reactive ion etching(@RiE)saigspactivelyufoitowel: byditimatgh¢omingisusface deBbefion&rep. Joint

suuctures 132 and.La4acash A JleMiEMR.SQUUA A B iR0gs Andaaavs ol gepectively.
g th

During cold welding of substrate 122 to substrate 130, the corners of the grooves between joint
structures' elementgiapgsaandanrhps chaedhighovahizedestrasstatdueedgesiofljoibestructures 132

(the tooth) and the sariers ofithe.gragve clements 124a.and.124h. The bigh stress causes plastic

deformation and shear at the metal interfaces, resulting in intimate contact and bonding between the
joining surfaces 128984 For euhplee mipkydipnbats dfi joirtsstrgbitr saddsigreateslid be created on a

metal substrate by yging, &%Qimﬂpgh%{mwH&t’é&%@%%ﬁ'@t%ﬁ%&fﬁ?@égﬁwa@ﬁ%@“9 (EDM)
steps to create the joint structures and a plating step to metallize the joint structures if necessary.
seed layer in the absence of a plating mold. In another embodiment, reactive ion

etching (RIE) can be used to form a rounded or circular joint structure from a
rectangular silicon structure. In yet another embodiment, photoresist can be
overexposed and thus undercut during development to form a rhombus-shape
which can then be used as a mold for electroplating a joint structure. Multiple
layers of photoresist may be used to create more complicated feature geometries.
FIG. 1 illustrates a cross-sectional view of one embodiment of a
hermetic seal system 10 having a “tongue and groove™ joint structure design
which can be sealed by cold welding., The hermetic seal system 10 has a first
substrate 12 which has first joint structures 16. The first joint structures each
have a first joining surface 18. A second substrate 14 has second joint structures
comprising two joint structure elements 20a and 20b. Each second joint
structure 20a/20b has a second joining surface 22. The first joint structures 16
create a “tongue” which fits at least partially into a “groove” created by the
second joint structures 20a/20b. The width of the tongue as measured across
opposite sides of sealing surfaces 18 is greater than the space provided in the

groove of the second joint structures joining layer 22. Thus, the first joint
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Joint structure design 136 incorporates tongue joint structures 140 made of a low plastic deformation
stress metal, such as indium, aluminum, gold, or copper. Joint structure design 136 has a transparent
substrate 138. A Pyrex or similarly transparent substrate, such as sapphire, other glass chemistries,
allows the contents of a hermetically sealed device to be optically probed and allows for improved
alignment procedusesidurissgdhengdid-evdlsl gl fmobesecdine jionmationuedthejoiptssifiactd2s 140 from a
different material trggg &QE) suggtgsa 1%’%18ﬂ %b\{;igﬂg%%utrrég guea%g rg‘:)r crec i %f%%%u({gg in tgf substrate itself
In addition, joint structure gg&gn JCredtes a more deformabie join Structure 1ad ﬁian joint structure
design 128 by usingddnetatredtma doverplastictie fopmativnssirdss ddheids thegoinostructure 140, with its
greater deformatiorsltlc_:ua}lgea,l:‘c)v_iIiEyt ma n’ggersefqr% ig}%rgv? ige hermetic seal formed by cold welding.

Joint structure design Vi) iﬁusl%ra{tes afsott deformabie fietal joining surface 146 to be cold welded to
joint structures similar to theedirst gtioctgsesfd32] 846 fisXcanddli60arb6dladqdibtstsusture designs
128, 136, 148, and 5, fespecively Jointiictire desian 14z.afons fhe-tigh Incal. siress from a
joint structure protruoﬂ g from a substrate to cause a groove In the metallize jomn){g surface 146
during cold weldingredenpldssiong Grgaiondimitiacce 1 &rmple2dfaduitafteentetat éorliBerasithe joining
surface 146 is gold,; Th vantage. of joint struciur ' 24s that alignment iss are greatly
reduced. Howover, e S L g Y ey SRR a6 i e R T8 Ce the T
joining surface 146idioggnotisfiisiendipcbryenithestowipression forsk imdtiphleaedefbrmation.

Joint structure design g,é has, Qé%ﬁ&”fhd%g& % yv&j%hlgre kllg rid min structures comprised of more
than one material, gﬁ1 o%’/v%igh are notfilhe qu%Qstr%te 1§0 rr\?/aetert%a(i. ﬁgcgrﬁ}fg}%?ﬁ’t structures 152 are
not formed from the substidfe. 250ustsataial crnedifictitionl of clefolaation chbaitteeistigsaof joint
structures 152 Ca”1%%1?&?8E%Bf'%%?Qn‘ﬁﬂ@é%l?@'85‘8‘5‘%%?'?8%1{19&&%%%&&%&%%%&' ‘[&s%’rg%‘?@’ the joint
structures 152 can be comprised of nickel its alloys, or other high Young's Modulus ard yield stress
material to increasevth&igint strhicturetis stdffnesnTRB Joint StreicuretisalbRanedsussegdently sputter
coated Wlth a see_ds_@/s%ra{grﬁl_atmg join 'ﬂ%§%{9§§%&§§ﬁwgd?n%§m%“%d45 :rﬁ#%hg%)!gmfa&example.
Alternatively, the joint structures 152 could be comprised of a different alloy of the joining surfaces 154
material. In one embudhevitizgn HMactRbpldiedicd positisnprasetbisse theofereposia hreqeint structures
152 onto the substigie 150 £3R A1SAH%HYIES 19.08R08 8 2 AHEIRL ARG EPIIRg surfaces 154 by
changing the plating bath composition during the electroplating process. For example, a hard gold
alloy could be plategdapidaliyrdstitetjomitsaaeiutesd s 2ifsionerniyial Sofethpareqyold as the joining
surfaces 154 JaiRhsleclye desigine Ao 1 preatinn.fgreausointslpipiyps in conditions
where it is not convenient to micro-machine a recessed feature into a substrate 158. A groove is
defined by two cone@RmiEbdthedirggontestal eniie shepshieinielaiaeob dids carebé febticated using a
process similar to the pracess idesarbRslABPYIRJRISIARGS LOVRIRL SIS dRsign ddiand joint
structures 152. -~ FIG. 9 illustrates cross-sectional views of various embodiments of the hermetic
seal systems compHsi viHetsccirisidaionibstRstsmi8iructure designs illustrated in FIG. 8.

Hermetic seal system 170&9&1&%&%@m%e&%&tﬁlﬂié@oi'Eh‘c“?ﬁl*?@u%@ﬂ‘&té!"'ﬂf o\ gtructure

design 128. Hermetic seal system 172 comprises joint structure design 120 in combination with joint

structure design 138¢H &pnetic sbsiratpstirectiva. cOmbe sospiptsitruicisie taamisd 42¢in combination
with joint structure gesignk28. ?&@m}&r’?gﬁkﬂﬁ@ 3% 1/ B FOMRHIRR IGIPLRIICIH g IesigN 142 in

combination with joint structure design 1 _ .
joint structure 40. The deformation arises when the force applied to the area of

interference between the first joint structure 40 and the second joint structure 36
results in a pressure exceeding the yield stress of 36. The interference or
overlap also creates shear forces at the interface where the joining surfaces
38a/38b, 42a/42b meet. The combination of deformation and shear forces form

a metal-to-metal bond between the joining surfaces 38a and 42a and joining
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Dimensions FIG. 10 illustrates a cross-sectional view and a magnified cross-sectional view of an
embodiment of a hermetic seal system 180 having tongue and groove joint structure design. The joint
structures 182a/182b and 184 are formed in the silicon substrates by deep reactive ion etching (DRIE).
The geometric dimensions of the joint structures 182a/182b, 184 include a groove depth 186, groove
width 187, a tongueuwidits 388, aadd2bioiyue heighicli90 herefetalbhy! thésergddmeticgdiniénsions are
in the range of about,L micrgn to ab microns. The tongue and groove joint structures 184 and
182a/182b, respecW\?gqi}}gdre fSbricated o create an overlap (also called an "interference-) that
exceeds the tolerance in thebfalbddation] efthed|tdint Steusteniap baovtive tiecieratyt toteramsde of the

assembly equipmepdo Jisure, AR AUraRes.uetian Al AllRalnR Alond lie igymetic sealing
perimeter. In preferred embodiments, the overa\p in the rangSé of about 1 micron to about 20 microns

and is smaller tharslwmengubintelaafahd¢orvgtepwibithgld:r the ¢nrepnixsdientents whyereihtthe joining

surface comprises &ﬁg;{%rt%@t. (r)rg%tr(leriﬁll tggg I}@g}@%ﬁg (i;tgxrle m%tﬁﬁﬁi and metallization is used to
create the joining surfaces, the t iCknasses of the meta I|ze(:‘Inj0|ning surfaces are between about 0.1
um and about 50 um. Metal #hitkneskesbofldboundevitoahth betlurdateddbiorvagtonde position, for

example. Greater g&‘?@l%%%@@%sﬁ% ?Iﬁégccgﬁn%?ﬁi%%Q&%SHP&PJ%%%%%I@P%&% %%ﬁr‘ﬁxamp'e-

Thermocompression Bonding with Pu Heating In som ments of the present invention,
selective pulsed he#tintrraapdbhegsdtismntisemotomprassionibomding todomma dieentietic seal. The

selective pulsed hegiing Ay, e ARG DX MIEIRYERIFINE heasie, BXamplss ALRIgg esistive

heaters are described in U.S. Patent No.6,436,853 to LI ."Heaters may be incorporated into any
of the embodimentsisf hetmetigreealingivlsiterisrde Sedbeld ereveiroSuieabld Hestmwrgueanibe placed into

one of two groups, fieaters withanm iniarmeiale lRysrRRkNeAleRIISML AR INtereiate javer.

Heaters may require an intermediate layerbetween the heater and another surface for any
combination of thethslidingthmenaasoike (@) Mepeindinglercthe electrical resistivity of the materials

being used and the amougj &f Jﬂ%@&{&%&%&ﬂ%@d&%@t%&%@@ﬁ'é;ﬁg}s&a%qtt%%@ﬁ%i@a“y

insulated from the joining surface and/or the substrate. (2) An intermediate
seal system 50 having one cold welding shear layer at each joint structure. The

hermetic seal system 50 has a first substrate 52 and a second substrate 54. In
this embodiment, the first joint surface 58 overlaps with the second joint surface
62 on one side. Having overlap on one side, instead of two sides, of the joint
surfaces 58 and 62 may allow a reduction in the overlap required to form a
hermetic seal. A reduction in the overlap reduces the compressive force
required to form the hermetic seal by cold welding because the vield stress is
achieved with a lower force. In an alternate embodiment, the joint structures
may be in the form of a triangular or trapezoidal joint structure cross-section to
further reduce the shear force required to form the hermetic seal. One
disadvantage of this joint design is that only one sealing perimeter can be
created, while with a symmetric design (e.g., FIG. 2) there is an opportunity to
create two sealing perimeters. A single joint structure such as the tongue and
groove combination described herein is generally considered to have two
perimeters. Multiple sealing perimeters may advantageously provide a desirable

redundancy in a device, providing a “fail-safe” hermetic seal, wherein one or

20



layer may be required in embodiments where the differences in the coefficient of thermal expansion
(CTE) between the heater and adjacent materials is large enough to potentially introduce
unacceptable stresses at the hermetic seal. During heating, these stresses may manifest themselves
by causing delamination, fracturing, or cracking at various interfaces if the stresses exceed the bond
strength between thevtwhterl essdiadjateof thaterialy prifleecsinaasds: éxaeeplthe adtimatiiensile
strength of any of tgg drglaet%ri%Ir%1 g g ergegrplseg% seal. (3) An intermediate layer may be required as a -
diffusion barrier to prevent the eldctrical characteristics of the heater from changing with repeated
heating cycles or to slow thedfiffusiohwfimdhesiorntayets: JdulisyiterTikedsate tajrscidayg e required
for electrical isolatigg) or, G Miseaalch ot Aiffysion, bauier.orlor sy, compingtion gl e three
depending on the specific materials used. or simplicity, the intérmediate aner between the heater
and substrate or arbefadh esiopriayersiatonatepigll édteiffacEssh avestrateiBems fiosvipintthe FIGS. 11- 14.
Only the intermediaje, qyer.bglrgn e ealer.and ne joiing sfacs hasbeepishown.  FIC. 11
illustrates a cross-sectional view of one embodiment of a hermetic seal system 0 aving heaters
218. The heaters 2¥8:are diSasHb ancakgoahd isubstoate) 212 sintetmedftel@lydrsva2Paare disposed
on top of the heateys 218. A.joinin I§gc terigl 222 is h om lg e.intermediate layers
220 by the heaters (iél][?&)l g] Seutl%égg?is é‘ﬁﬁ‘ le%éf%v %rélr?ttlﬁg%‘eifétg SFI{J sflrna(?e§ %hlhg fS}Fm%é together with
the second substrageo2 2 iandhnshteraltdaforivatiodd in adnjpnediorwitle fseuhetating rond the heaters
218, form metal-to-, jQini 6 and the joining syrface material 222.
FIG. 12 illustrates éﬁﬁeﬁ%ﬁéé}g% o%?r%%ﬂa%%ﬁﬁﬁ%g &Isge%%s%%%ér%néﬁocﬁagwneg%lgéit@r?spﬁh. In FIG. 12,
the second substrafer®23 nyateftaisdhadstheatedalworst 483 oinihe joifests i@ ardsy whidrmomprise
structural core 23311}9@1}%%rﬁﬁ%ﬁdg‘%&wgémﬁ%?é%%eﬁ Rl ﬁ%qug“ﬁ%@g surface material 238.
S an

In contrast, FIG. 11 illustrates an embodiment in which the heate Intermediate layers 220

form the core of the joint skhecpopefomh b, mt%/jbﬁribsn%uﬂiem sEeorpreuisstrate 28R i Bi@. 12 can be
more rigid than the joinf SHHGIHEG LMPEEANE SUBSHAE.A 21 lﬁlgg%%e&%&}sﬁ%%ﬁaé@f%re local

deformation at the joining surfaces may occur in heimetic seal system 23 . ermocompression
bonding. It should 84 isrestdod urantkisipdibBiEgigripessdn tt jhianstreraliresdssaiso dependant

upon the specific nﬁégféﬂﬁ.sﬁ@ﬁ%ﬁjd also be understood that the pre-form’s cross-sectional

geometry may be limited by the fabrication method used. For example, a LIGA

technique cannot produce a circular cross-section as illustrated in FIG. 5, but a
micro-casting process may enable such a cross-section.

FIG. 6 illustrates a cross-sectional view of another embodiment of a
hermetic seal system 96 having a metal pre-form which may be cold welded
between two joint structures. The hermetic seal system 90 has a first substrate
92 and a second substrate 94. The first substrate 92 has first joint structures 96
comprising groove structures formed in the first substrate. The first joint
structures 96 have a first metal joining surface 98. The second substrate 94 has
second joint structures 100 comprising groove structures formed into the
substrate and a second metal joining surface 102. Entrapped between the first
joint structures 96 and the second joint structures 100 is a metal pre-form 104.
The pre-form 104 can be formed using methods similar to the methods described
above in reference to the perform 84 in FIG. 5. As the first substrate 92 and the

second substrate 94 are compressed together, the pre-form 104 is deformed and
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FIG. 13 illustrates an embodiment of a hermetic seal system 240 having heaters 244 in contact with
the joining surface material 246. FIG. 14 illustrates another embodiment of a hermetic seal system 250
having heaters 254 in contact with the joining surface material 256. In FIG. 14, the joint structure cores
on the second substrate 252 comprise substrate material and may be a stiffer joint structure than the
joint structures on titesedandissthbtrfder 2dXinfkd6. 983 ndHiOR dofmot exnyrisersuidicat® material. The

joining surface matgrials 246.and 256 may fie hieated prmarll from ihe heafers 244.and 254
underneath. In an alternate enibodimen , the j6|n|n surface material may Bé eafeds?:’l‘rilréctly by

passing a current throughthdqoining:burddoes of pithou)dbstinderstoed(that thecembddiments
illustrated in FIGS. éL’Jflo ]nﬁaé%ga\rlg a Jirrnsé[l S b%t%a}iten g soecopeq; Ss}g}?%torladt_ew epp }Prisrigcqegsiff rent
materials. In addition, (t)hej Nt Structures of the Tirst substrate may comprise &dame material or a
different material thare thebpinng surfacesegbihesfirstsehstrate s e thegoiningswdaces of the second
substrates. Furthelgrglguag%ﬁ;he oInin lsgég% e e%raln'g,he first s%bstra({rﬁ and the otﬁglény%gt%rg% s on the

(=Y y Al mg a Sroave w 1 3arge C
second substrates may comprise the same matena%ongal erenf a er%afs. € Joining surraces of the

second substrates tmgiuh@heaterstmaynepinprisie thel dalimecaibee bal @ndiftssént matefiads. In addition,
the bonding surfac%e%?%mggl uring the pulsed heating, as would be the case in soldering processes.
Minimization of the Mechanical Force Required for Cold Welding Minimization of the mechanical
force required to bond theldghstrdtes cansrethsterthiezrisk ot ylarnddy irgcthe: bubstrateudn s ubstrate

coatings. Minimizin e ical required can be accomplished by various methods. These
GRMEShANGALIRIGR (BOWTed fap

methods include variousjoint structure designs, joining surface material selections, joining surface

material processing proce@m@@,ﬁh@%@lﬂm@iﬁ@d@@@@@ém@%r@ble toFonerampiie, the total
amount of interfereee, r.YGURRNENESN IS ARAIING fSAIES [RaRYE IS YIS gt Structure

design. A greater overlap or interference between mating joint structures requires alarger force to cold
weld, since a largebyaolisnvisiometaloscbleinspdbio theedngduringftmetebittfveitidgnprsbespackherefore, to

minimize the force feapidy e faalamennhah mataldefarmen should be mipisiged; his can be

accomplished by minimizing the shear layer or interface of the | g surface and also minimizing the
amount of interferesedsetiveeinjuine seintitireduRrisferablge thecdvedywaule sebsisitslightly larger

than the joint StruCwﬁa@%?'ﬁ?eeﬁem%ﬁ%&ﬂmp?nqxlternatively, the groove structure

may have two different widths, a wider opening and a narrower distal end so
that metal sheared by the narrower groove flows into the wider groove at the
opening.

FIG. 7 illustrates a top view of various embodiments of joint structure
base geometries which can be used to form hermetic seals using cold welding.
Suitable geometries for the base shape of the joint structure include circle 110,
oval 112, hemispheres connected with straight sidewalls 114, square with
filleted corners 116, and hexagon 118. Other embodiments of joint structure
geometries may include any polygon or an arbitrary path that creates a closed
profile. Preferably, sharp corners along the joint structure perimeter are avoided
because it may be difficult to form a hermetic seal in such a corner.

FIG. 8 illustrates top views and cross-sectional views of various
embodiments of joint structure designs that can be fabricated using MEMs
processes. These embodiments have only one joint structure set on each

substrate, but other embodiments may include an array of circumscribing teeth
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assembly equipment accuracy tolerance. Additionally, by creating only one shear layer (as shown in
FIG. 2) the force required can be significantly reduced. In addition, the use of various combinations
of joint structure cross-section geometries allow for the optimization of the hermetic seal for specific
applications. For example, a combination of a rectangular-shaped tongue joint structure joined
together with a trapezdidaiessapecegroovetipia] strusiurdude setasekctliveged imndHighdhe’joining
surfaces meet. In t &%@R%Q%&Em%@&ét%&%@fﬁ Qkihg reg %@H&F‘rJQéQ!s%EE%’&&HE%t'Bq{%‘%e shear.
The initial area of |ocal shear is much smaller than in an embodiment ﬁavmg a rectangular-shaped
tongue joint structugeosinebetiretsiamighliar shsgedlgr oo hetjosmhstrodigeonFimies, theatee required to cold
weld is reduced. _.{p anatfier arasiment e ePRBICa S Ledused fuhsrfgnty one comer of
the rectangular tongue joint structure Initiates a shear force with the slopeg trapezoidal groove joint
structure. The forceleggiiired o inlwatenpgiadiivaéforlmatibrireir ormy conteinaithuarefangular tongue is
half the force requifedl 10 Grele MRS SBMEPEFSEHLEONWMPCOMErS AP Jser%‘cgggéﬁ'% fngue.  In
addition to joint design, the joining Surface material composition and associated physical properties
can have an effect btitied falvesralgdifadndfopiehecseliiatase dherotedampleoenjoiing structure
material can have a low yigld siressryhich GoBsaausni TRKES e MAEHRL fesigltexeform and
makes it easier to expose clean bondable surfaces. Suitable joining surface materials with low yield
stresses include, batdidhewifmtbdreatpdintm, saigainubtrgtie 1 dhdvhl Worsreesaiyelimpeinities will act
to increase the y!elgﬁta%ast@metp%ﬂﬁ ORI EINEE Y, AOARABY L ERBIAY, IR oSl structure or
interfering with dislocation mobility. Therefore, increasing the material purity’ can reduce'the yield
stress. Exceptions gl éxistingariensl enpgition oFa. skaahgimitatesial FRayiblvdathEhalting point and
thus the overall yield stfesqdsdaduesd becaiist e RRRIRAL G MPRIYMWS 519561 1@ Hagimelting point.
Another physical property which affects the force required for cold welding is the hardness of a joining
surface metal's oxideldinsaksHavined Mghrerbsiiatpdflcdis gaansiadd herermassabrivperent metal
hardness require legsdgfarmationdm eaid 1yeidh fonuerselisatimetalioxides. deforim withithe parent
metal and do not fracture as easily thus maintaining the oxide barrier to cold weld bonding. Metals
having a high oxide&{éyireiResiies 9artihe seathianachserpers ardloinane desandiddand
aluminum. Since gajh andlatinun,AQnat Rave apxidadBarEAmRisN cORditigRs, the oxide

hardness to parent metal hardness does not substantially affect the amount of force required to cold
weld these metals. RS [eioidias B pritingimcastrehiehhadiesbetsrgaiie jebteminant layer that

acts as a ban-ier to;gaid wqltkhpding. Furthermore, a joining surface metal's grain structure and
inherent strain influence the yield strength. I%fpo!ycrystalline metals, the yield stress is often described
g

by the Hall-Petch relation$HifFiehadimecyie of diias starcies designe eB tecseiiedovdosthe grain
size. This relationskip@xigts Pegaysecissivsialiooraig sl plans.iaadiaseniarains do not usually

fine up. so machining (EDM) steps to create the joint structures and a plating step to
metallize the joint structures if necessary.

Joint structure design 136 incorporates tongue joint structures 140 made
of a low plastic deformation stress metal, such as indium, aluminum, gold, or
copper. Joint structure design 136 has a transparent substrate 138. A Pyrex or
similarly transparent substrate, such as sapphire, other glass chemistries, allows
the contents of a hermetically sealed device to be optically probed and allows
for improved alignment procedures during the cold welding process. The
formation of the joint structures 140 from a different material than the substrate

138 obviates the need for creating features in the substrate itself. In addition,

joint structure design 136 creates a more deformable joint structure 140 than
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additional stress is required to activate a new slip plane in the adjacent grain. Therefore, by decreasing
the number of grains (i.e., increasing the grain size) the yield stress can be lowered. Annealing the
metal can lower the yield stress by increasing the grain size and decreasing the inherent strain in the
metal. Annealing may also have other beneficial effects such as desorbing entrapped hydrogen from
electroplated layersvint stEiahity, dvachdddiby psogessctah wifluedce tHesfordefrempaiied strdorm the
hennetic seal. In addlitj Inimizi e tpfalAm of.de tion wil amount of strain
hardening the joiniﬁgl%%?%égé] r}%paét%é{;%ﬁ%e{/ﬁéps. F%%%&%ég%%%%@ﬁm&ﬁ& may develop
less strain hardenitkesifioe thetotaltbnisone bt dedbfomardris sddureding. addition, the cold welding
process time or strain ratq ay,alsp.NaYe an eifec RIS SAiP ardening ,ha handipg time also
may influence the amount of metal interf%% usion. See Taka aShIA?MatSUng(a, -g}gﬂleglonal bonding of
fine gold wires to nsetéasuliirtatbe cald mghdesidn iSitit Tashngsils, siM(BY. 48818 10{2008)cturesin sealing with
& compression foropyst gy g desifaRle 18R e SHAHBEEINIING SIpgeaivpsiproe. in order
to avoid a cantilever type force on one of the substrates that might result in fi-acture of some substrate
materials. In one ersbisgimeht, thistmaydie adevplidhetdysiHsehiighylectitstrsap Steate wiich is to be
protected from the GomREESHIAN, IRFEETo MY ITURLREGESH MR QDG RHRSH RS ﬁié‘r%%ﬂ@éjd%ﬁ@ are then
sealed together, e.g., by cold welding as described herein. In a preferred embodiment, at least one of
the two other substétaedittdedinendesklivasgurrstess Sicabla-foridiegingeniotierwise holding
the first substrate. The,afI6asiiwe QNSL S1bSiAR SIUslrRNa ili’.'”ﬁi?é%!ﬁlh&ﬁ&?é%"@?‘}@iﬁa” be
compressed together to trap the first substrdte in a cavity defined between the at leasttwo other
substrate structuresiirdeigstilds Bk diapsdirniscsiaacheal seslivghphroasier Selled device
500 includes a sensey SRSIRIgoR Wiehhas AspIpd MRIANAPVSRNSRECRR. die sensor
substrate is placed in cavity 505 in base substrate 502."Upper substrate 504, which includes reservoir
caps/openings 51298 BErgEgw sty stpatefiecsm! pyor eokipeexsyionessianiersmigiprocess applied
at joint structures §3Q.}magathergmbodiment, the third, or "sensor," substrate has a different
secondary device on it, instead of a sensor. For example, the third substrate may include a MEMS
device, such as a gyroscop&ltrasiisoacsien T krsviebtcdinamestile isharyhrbiithiotdmpressed

Gasket Approach g dRARQHIEHASRER nB ROMBIeRRIaN Al IS dtmediniha ahsemee of

metalto-metal bonding. In this case, thee%arts may require a permanent joining force to remain
hennetic. The joinifPrres Eat Bateipliet e b ot alitrts d arpmomBensdisios. titone

embodiment, a Nitiszt%@m1%9@91%1%&%ﬁ@@ﬁlﬁ%ﬁﬁﬁ%Q%ﬁ%%‘&i@ﬁ@@c&%l@ﬁ@ﬂi@e a loose fit
around the substrates until thez are aligned, after which the Nitinol can be heated past its phase

transition point cauSH§tHEs s eBlREd sie R sosHERHNINE e IHstraie bithse

transition temperatyg&ande wentiallegdudyrvandngiheconnasition ofitheishapg negiory alloy).
Therefore, device assembly can occur at sub-phase transition temperatures, then the assembly is

warmed to the phaSE'tdHglticR RenhatatHEsHY el ¢ IfRpingRtRERhieRIFE RS BERANEY. In another
embodiment, a mefahRfRIASHGEHREIP THRO B EIAsedI 152 are subsequently sputter coated

with a seed layer for plating joining surfaces 154, which can be indium or gold,
for example.

Alternatively, the joint structures 152 could be comprised of a different
alloy of the joining surfaces 154 material. In one embodiment, an electroplating
deposition process used to deposit the joint structures 152 onto the substrate 150
can also be used to deposit a different alloy as the joining surfaces 154 by
changing the plating bath composition during the electroplating process. For
example, a hard gold alloy could be plated initially as the joint structures 152,

followed by a softer pure gold as the joining surfaces 154,
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deformed to allow the substrates of a hermetic seal system to be mounted where the clamp's zero
stress configuration is significantly smaller than the joining substrates. Once the joining substrates are
aligned between the clamp, all forces on the clamp can be removed allowing it to squeeze the joining
substrates. Other fasteners including screws, rivets, solders, heat shrinking polymers, opposed
magnets, and the like, caddist fashione detdeel dFpathersubsicatesoT b gectampjshoutd:beable to
permanently apply .a force while minimizing, the additignal size of the.joining pair An embodiment
of a hermetic seal SYSERIST0 RAVITG 4 SHHE) DAMEE LG TS L A, the
hermetic seal systemu2é0atoiii¥istézpestsi? d6fwhichyarecattacketplated dngjcna-sachined onto a
second substrate 274. Solder 278 i pat erneﬁi top. of the. posts 276. Second jqint structures 280 on
the second substra%g ??ﬁ%?é%{g?ﬁg% 0 over fg%bél%g%deﬁ%ﬁn% SiFidxsve” Cﬁ%ﬁét%iéefﬁgﬁcga%strate 272.
Pads 284 comprisidgsmigkal alrevdepasiteehonto thmtopwhihe dosgsUd8trate] @in2 stuheatsr plate 286
containing heaters is aligned with the solder 278 on top of the posts 276 and overlapping onto the
metal pads 284 on the first substrate 272. As illustrated in FIG. 16B, the heater plate 286 presses
the first and second substdfesi2iBsantb27b togethenatreatingiavssahbembedmthetfingttjeint structures
280 and the overlapping.groove joint structure.282. As the heater.plat 6.presses down, the heaters
288 are puized 1o Ll e R b B S0 B SR BTN on the e
substrate 272. Thedesigteriplatea’8s midGiHbnHaretoved syvtetHd GoldepEs sohidifies. FIG. 16C

illustrates the h ' | syst ftar. .of . late. f ti f th
colder cam anl RaeERe Sea L S S LI (oaf L 2 el Hate 286 may

ment (not s e heater plate 286 may
be coated with matesdbiyticar ¢3A toleraiethelnestes tempesigiuié Useccarbintiatnasithg@npoor surface

for the solder 278 tq a5, JEPSRging o e salertised Apuh-aa smnasiment. fag feater plate

286 may be removed once the Solder 278 solidifies without the s bonding to the heaters 288. In
addition, the thickn&4 wfqefibiveticsoidér R78 shitwitre desizn pasis Hednetaysbed adjtsret7éepending on

the desired Strengt&%gﬂ%%‘?&rsﬁ@&]ﬂﬁe desidi'f43910 WRIding3GAlNG faatues.alngagsent

invention may also be employed to form a clamp for a compressive hefmetic seal. FIG. 17 illustrates
an embodiment of 43%ermetic seal system 290 where a tongue and groove joint structure design is
used to clamp a compressian sealjnaterial 306 between two substrates 292 and 294 and create a
compression hermetic seal. The Tifst joint structure 296a/296b comprises the groove portion of the joint
structure design. The tondU&pbiiBrsoRthedshesstretioraldasiyancbimprisds ed veetes80PwH the

second substate 234y ETEIRAIAIRANG! G ALIDEeAter ATYAIANINAIEGR TatRdRl 304 on

the intermediate layer. The compression seal material 306 has a round cross-Section and is disposed

on the second subitiatstpodupedoaan. thdeongletarniugivdeadisp adihBleng dosmgbisibsirates. The
groove joint structurg of fRedirsksubstials r22isdhan dpingd 19 Re forgueigintgjwcture of the second

substrate 294 using thertnocompressmn%onding, clamgéng the compression seal material between

the substrates and4Bp§iiFgs ke thsgninssanciistiol fd b s akihardniest groiedards Hscribed for
cold welding may helsed iRt ¢8%e 2Rl eldkIgap ithoghthe rdditione! paatAgp!d weld clamp

would not have the requirement of a closed geometry since its main function is to clamp two
substrates togetheth¢ist gG@aedrs dgngnsions are in the range of about 1 micron to about 100

microns. The tongue and groove joint structures 184 and 182a/182b,
respectively, are fabricated to create an overlap (also called an “interference™)
that exceeds the tolerance in the fabrication of the joint structures and the
accuracy tolerance of the assembly equipment to insure that the joint surfaces
overlap at all points along the hermetic sealing perimeter. In preferred
embodiments, the overlap is in the range of about 1 micron to about 20 microns

and is smaller than one quarter of the tongue width 188.
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In another embodiment (not shown), the compression seal material may be disposed on the second
substrate on the edges of the second substrate, outside the tongue and groove clamp. It should be
understood however, that the stresses on the substrate materials will differ depending on the
placement of the compression seal material. Depending on the application, compliant polymers
may replace any of the métainpbintistrnctwbaraindljonimipguniates toitlpeietwbaliffomnts described

above. Although th}(le1 as[eali g m%ggacgisim for sealingeggfgggan% aﬂli)ég%ers is noagefinege%ﬁecold welding,

. . cTiat han i} sttr%cture m T 101 18 Use (i;crea . )
the effect of isolating a reservoir or cavity from adjacent cavities or external contamination with seals is

the same. Compliaptpolysmeliscanhedutia sigrsifidantylastiped gsunmgooreats asbahthan the
pressure required tqQ create plastic deformation in.a . weld process. Traditionally compliant
Dotymers fave bee ot GATES 4 Sant i Shp Sl LS REHE S Ehah o HEATBA S IR, However,
recent advances irbpolyimaripesiiktiy foaveapipiiucerkgotyimens dhiak haves keeharogifiribbio
significantly reduce Wz%t%{%fermeation bg tihe additi?n of metal, or ceramic particles. For example, an
epoxy modified by ?heé: LoRIRTEHE SF Carssh noéﬁéﬁgﬁi&es has a reported water permeation rate an order
of magnitude lower than c@heentionapepcxieBocomplEtit Polyeddiceals require selection of low
Young's modulus polymers and minimization of.the surface contact area to proyide seals using low
Compressve forces. In adHOC EIBKUHG e I BEr OF et R SR FAL ey create
pockets which act to:si@geifisahtly thiowwateprpetimebtiodithrouinthelseakstic seal h€labove described
embodiments and examples ¢an, be practiced using g single joint structure desi r multiple
redundant,Joint st OLR TR B O Eb A A R R T R R more of the
redundant joint structoresoleekinycAdditionat destililendinthd surfadSestatt &c iilcredse ¢ha .seal path
length and thereforﬁgia crease tgeiflogﬁe Je ycgrl%g tgnforrptﬁ\esea .OT%e%lrsrr(\)l%%r of r%edtégg%nt joint
structures needs to be balanced with the reng of the SUBStraté Miaterna

sejl{ & force régquired to cold
weld them, and anyvesickid¢ siréssdsttiat isntabidh¢hersubsthatplafterithie coldiveld progess,

including stresses 1gl‘%e‘lailed b%any. clam Ci‘rlng J?aturesdﬁgﬁgacrzggp s of the Herm gégglgl Sealed Devices

S With ans imterm ayer an ut an interme T )
and Methods e colgwefalng technique has a number o aavan?ages i terms of both processing

and manufacturability. Firbtgahesseajinggfentures @renadnen ddgtertbestaredahd MEktsipdocesses and can

be incorporated mongliicaly, ntp ine, MEMS:davige, Seeanh A 21iaY. ol elasely ppaced resenvors
can be sealed simultaneously. Tn fact, entire wafers of devices can be sealed simultaneously in a
wafer-to-wafer bonQipgphngess (v glipte calaferistoaty vé thequetstially wirgimsdtbarebibsly bonded one on

top of the other so {iat a.caldald iz miade on.sachsiifege. ol e nlgmalplers. Jp pddition, active
devices can be integrated wit pagsw evices by passing feed- hroughs under the syealing features.
Finally, since the photdsicd bosribt ivwe shelatcendierdtarmisansitive hisenisrsalinbie packaged in

the reservoir V0|un}gy;%qgg%rg}ggﬁ&e@ﬁ{tg\{gbg}%g}ﬁgsm% the differences in the coefficient of
thermal expansion (CTE) between the heater and adjacent materials is large
enough to potentially introduce unacceptable stresses at the hermetic seal.
During heating, these stresses may manifest themselves by causing
delamination, fracturing, or cracking at various interfaces if the stresses exceed
the bond strength between the heater and adjacent materials or if the stresses
exceed the ultimate tensile strength of any of the materials at the hermetic seal.
(3) An intermediate layer may be required as a diffusion barrier to prevent the
electrical characteristics of the heater from changing with repeated heating
cycles or to stow the diffusion of adhesion layers. Thus, intermediate layers

may be required for electrical isolation, for CTE mismatch, for a diffusion
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include volatile liquids, organic chemicals, drugs, explosive gases, chemical sensors, and sensitive
electronics. FIG. 18 illustrates an embodiment of active and passive wafers cold welded together
to form an array of hermetically sealed devices 310. The array of hermetically sealed devices 310
represents one die that was cold welded simultaneously as part of an array of die on the same wafer.
A first active layer BiZiegropfises sensdisdz(, o galdelecitpal diagetaiierspaafidielaetiidsayers 318,
and tongue joint struggjres 324. Dielectrics between the active layer substrates and any electrical trace
layers are omitted flosrcs'lmplicity. These tongue joint structures 324 comprise gold and are cold welded
to a passive layer 314 haHogsangroave jbintnstrucidices linterwhickdhehfirstdangué jolntsteuatures are
compressed. The passive layer,314 comprises a metallization layer having secon joint
cuttures 336 and UbhGL IS/ ERSTAD (P e SO Sare S3ET G NE e SR 312 The
second tongue joint4trOeiyrés 326rarglcotd wetdedste:a hrobwea doinidsiiu ghie ysargeednd active layer
316. The second aggé/rﬁeqlﬁg\%l[lcomprises openings which are aligned with the sensors 320 on the first
active layer. In addition, 15¢"8econd active layer comprises a metallization layer having reservoir caps
328. Thus, the array of heFietichiljsealedadevices @ldhab sittusifated dmbdGmb8thds separated the
sensors 320 from Eflae%rrll ecgg%ga st‘ct%%’{”zm?%%%}ﬂr g\er&%pt%i#h %?re 1%%% sqezallgfl—écgvever, the reservoir
caps 328 may be later openée o expose the sensors 320% the environment. fég?rsfgglogoannections to
the active componeat@2Gubalyde 2chidredusingedinsddMdMndingdi ypondbe sigbsiratehmaterial and
fabrication limitationgy, » FIG, 19 iHstrates. apsspesive.visw ot ap embadimentiol.a multi-reservoir
drug delivery chip having an'iret active layer K , a passive layer 334, and a secon%t active layer 336.
Layers 332 and 334kywhi2Bidrg sledwatsspgdthtediteriliestratel thdgointdstrietuteston kaystr332, are (to
be) bonded by comyatession eeld weiding, (Lavers. 334,810 32 nesdnotbe panded by.any partioutar
technique.) Inan |mﬁ)?ante fhedical sensor application, a compl}lan pofymer may be’patterned on
each substrate. Tha pohymeticanid palteineénsingrctmnvertiona 1I8EMsitectaliques:slich as molding
(e.g., POMS soft iigiagrap) anaiolihaganin (&0 pholcideinaRie slisone), siefepignoaraphy.
selective laser sintering, inkjet prlntlrllg, eﬁposmon and re owe%f, or gtclﬁecff('e.g., 02 plasma etching).
Alternatively, the polymerldgn. B@ phttrtechanitienetaiirad priod tolplacity i betwed3the opposing
substrate. FIG.,20:ill ioySembodli I | syst having various
polymer joint strucgé%ggﬁgz,ﬂé?go%/%%}%@(? '3%%%%%%%0 éis)%fg%g Pﬁ?(?%f%%ﬁarg%ssutr aces 348, 352, 368,
372, 383, 388, 392stimdhis casys, Zdd el theaizinbeimas wirs, ndtifdrmmedpbyesticataefenralibh, but by the
mechanism detailefhJf Eguisen Bl AL HRIIANS pealYsien 3R aITYAGRARe fomag! area and leak

path length. Hermetic seal system 360 minimizes the contact area to inctease the local pressure when
displacing the surfad8.cbntanfinainBifurldglbeidaies eingn biehmetit iseahishslenh 380 cdMprises a

polymer pre-form 33%1%m?etriﬁéa?&tfaaﬁ;8%@9@%%4@9&%%@&2&ﬁrsaf@éﬁ}éhcﬁxﬂs% gézﬁ?'"zed

surface 383. Hermetic seal system 380 may be characterized as a metallized gasket system.
In certain embodinénrueconstecfel guhshrieddad) Blfase: enchgyrsan heidided theipnicess to bond a

metal with a polymer, This apRUcalion AAsRUSICOTHASS] Eneray. Ganhe, anplieshigymethods which

bond a metal layer/coating onto a polymeric substrate, or alternatively, bond a polymeric coating/layer
onto a metal substfglerEsapapietheipoipmentarameziecriHodemmbediniescmddle

fluoropolymers, sugh, a5 expansed.pebdsiraliuerosthylens (§BI bile AR Ay Hialing polymer. In

one embodiment, a liquid crystalline polymeric substrate (e.g., certain hermetic LC polyesters) is
bonded to anotherigigieeerystiifinelpotasuesistidsmiepordeis niemilizstesticcthetmiatallized surface is
bonded to another Jjglid.grystalline polymeric substrate or another metallized surface.

FIG. 13 illustrates an embodiment of a hermetic seal system 240 having
heaters 244 in contact with the joining surface material 246. FIG, 14 illustrates
another embodiment of a hermetic seal system 250 having heaters 254 in contact
with the joining surface material 256. In FIG. 14, the joint structure cores on

the second substrate 252 comprise substrate matertal and may be a stiffer joint
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In further or alternative embodiments, the sealing concepts described in U.S. Patent Application
Publication No. 2002/0179921 Al to Cohn can be adapted for use in the hermetic sealing of
implantable drug delivery or analyte sensing applications described herein and in Patents No.
5,797,898, No. 6,527,762, No. 6,491,666, and No. 6,551,838, and U.S. Patent Application Publication
Nos. 2004/0121486tAlk:t2O0HMI1 R ¢ 94 ikrartdr2004 /02 0695RI Albstraitidd ZiaviEHs. d8serihieid herein can
be used with or incarporated o aariety of deviees, Includina implantable meglgal dedges and other
devices. Examples incide dlpug delivery devices, diag stic and sensing (5eV|ces, sonie of which are
described in U.S. Raierits iNotcd, pAH 898, flon Bo5t 838 2Mé.26(b274 i6Zicaswiell bsain U.S. Patent
Application Publicafions o, 2002/0099350, No, 200310010308, No, 2004/0121486, which are
incorporated herein by reterence. ka5 iififstrates a cross-sectional View of oné émbodiment of a
microchip device befiesegndaftert tthecopbrnbhegenvol suafesealed using cold welding. Device substrate
402 has reservoirs 404, | ed with reservoir contents 406. The reservoirs 404 are glased,off on the
front side 401 of the subs%?%eoﬂgi}&}l ?éﬁé’lesr%%f??ché‘g@ 3851%'? e egf 'Si g%l?ﬁé%ﬂ)%ﬁigﬁsl%strate 402
has one tongue joimtstiuctereftitdk drseachsiteaidach vieservomgin Adating subsidte 410 is
positioned over the,bag e 438 (M deyice subsite JPa QKer e aRepIeseralrs 404. The
sealing substrate 4]fO as gr('t)oveJ joint structures 2al4t? a]ilgneci] to th tongue Jom% structures 414.
The sealing substratetenay e diispatemttv dgliealtavaieng thsthiamofigibl 6t snfreratdsby selecting
an appropriate material, In this. way.the. re Qir contents.ma tically probed. .The two substrates
e o e teg R L 4195 anl 4150
creates hermetic seat&separatindgithie ihdivdthsainkderimirm 404 frons onéharsothed andsfrans the
environment. 'Qﬁ?@&ﬁ&ﬂ?@%@‘?ﬂﬁ% g narmesiealy SRl -QEY'%QEEBQ%G&H?%A’MS a
subcomponent of another device. For example, it may be part of an implantabl€ drug delivery device
that further compriges seedsobindisativel diahshigsioloyicantprmitibe sefee patient] an electrode for
providing electrical,gilation in heifad a3 RAIGLAPUIAR SRDGIER B A Fam BN thereot
Examples of some of these are described in U.S. Patent Application "Publicatioris No. 2004/0127942
Al and No. 2004/0138958 Ad, it drb)t8: PacantsNig e8I BB8swhich are incorporated herein by

reference. Minimization of the Mechanical Force Reguired for Cold Welding

Minimization of the mechanical force required to bond the substrates can
reduce the risk of damaging the substrate or substrate coatings. Minimizing the
mechanical force required can be accomplished by various methods. These
methods inchude various joint structure designs, joining surface material
selections, joining surface material processing procedures, and cold welding
process parameters.

For example, the total amount of interference or overlap between the
sealing features 1s governed by the joint structure design. A greater overlap or
interference between mating joint structures requires a larger force to cold weld,
since a larger volume of metal is being deformed during the cold welding
process. Therefore, to minimize the force required, the total amount of metal
deformed should be minimized. This can be accomplished by minimizing the
shear layer or interface of the joining surface and also minimizing the amount of
interference between joint structures. Preferably, the overlap would be just

slightly larger than the joint structure tolerances, surface roughness, and

28



Electrical Vias and Wire Connections Made By Compression Cold Welding In another aspect, the
compression cold welding techniques described herein are adapted to create highly reliable, low
resistance electrical connections without heat. In one embodiment, the bond structure formed by
compression cold welding provides simultaneously a mechanical securement means and a continuous
electrical conductinggeathly cqunecembodime nélofaace|detdaalnddcbiynectionea@lyvisishown in FIG.
23. A first metal Iay%r 60§ on § firﬁt surflgégl 8r0421 q{ firtst substrate 618 is to befele }ricaél connected to
a second metal Iayse'regf) On & sirface 0 sgcéeh SUbs 3{1@%8@ esti@ﬁndei%&on& ed on the inside of
the seal feature 610 on thi fiktisubsthatesereates @le ctndaihetntact hieiweemthe dicstsnetal layer 602
and the first joining surface 612. The second joining surface 614 may be.formed by electroplating a
o0t 605 on the SeEaIl HECH Ty K08 THe S S Ol N ERE B B T8 metalizes
hole by between 1-&Gfplwnatidite Crossisagiiomn cbthiensealstilctarea6dd dhrbiaghdsubstrajen04 is shown
to be rectangular, byt I may . any.2haps, it canbe fapigated usinamistpmachiping or MEMs
processes to maximize coverage olgaeposnled materal and reguce residual stresses in the joint. When
the joining surfacesiédRaardiGd 4 arénalignddlandithegsubnbtrates €:1.8 Iarti 68 lardiceniprebsed
together, shear at e [ojping In‘arfage, SxROsER cleanmisial an bothaining syfages, graating a cold
weld bond. The resuﬁlng bond creates a fow résistance electrical connection between the first metal
layer 602 and the SecarhenetahiayksB@Ber thalt shoutdhbedindefStoodghattive gebinmsicareds not limited
to an electroplated ridge.of a particular metal or all r.shape. The rid ross-section. in the plating
direction may be reGLRSUIAT (o ShamA, Her i HARAAT Tt GuTAr TPape o Gy Ahams
appropriate to creafereccoiphina dojeivitiasctibscrildedeterein. Any of the conductive materials described

herein may be CO”SidereOiﬁoa’ralgﬁleexaéik%@éﬂ%e'{‘ﬂt?‘iﬁ@?é%g&ﬂ%l&lﬁ&’?&e!?3 {21525 %BHH&%%‘?@C’AXE“”S with

appropriate mechanical and electrical properties to create electrical connection by elastic
compression rathectaer el aveltingnifhéosgeonujbiting wisuctustesiashbaviormaeonghtiiat is a different

material than, or th%@é@% ANgMAlenR! atiheolipg %‘f{é%?cﬁ'é(%]ﬁéﬁ%’iﬂx@tf&@ﬁ\kﬂéﬁﬁc‘jesc”bed

herein for creating cold weld joints may be’used to create electric nnections as Multiple
electrical connectiotRferiagtioa creeiteddrmarsrhiibarensiig teaditionadladEn Soprocassesiand/or

micromaehining to Q%Et%%ﬁea%%%ﬁt%{hm%@&@8‘%&&8@&‘%\4?éc{QﬂgH%Qtﬁ};%ﬁﬁ.bs”ates- The electrical

connection features described herein may be included on substrates with features such that the
electrical connections areleredddwsiinitiabdetisly tithomenBemiede setirwhermmsiopposihg

substrates are compiassedtpgather progaéﬂi@@%ﬁ%%@@“iﬁo&@@ o DAY RE QAYRIIRPRGHS L0 have

sloped side walls on the first joining surface 612 to more easily accommodatée deposition of the first
joint surface 612. Flfthermneie spahtdioalcdapossti o nomaEEoEasH I bathrkibesn a8 B 18t the first

substrate 604. Thisjr.qne maihed f RS IRGRLORR MRk HIRALASRASIeR thgHaheH.:Ie via hole 607.

casier to expose clean bondable surfaces. Suitable joining surface materials with
low yield stresses include, but are not limited to, indium, aluminum, gold, and
tin, Conversely, impurities will act to increase the yield stress of the basic metal
either by adding strain energy to the crystal structure or interfering with
dislocation mobility. Therefore, increasing the material purity can reduce the
yield stress. Exceptions may exist where the addition of a second material may
lower the melting point and thus the overall vield stress is reduced because the
ambient temperature is closer to the melting point.

Another physical property which affects the force required for cold
welding is the hardness of a joining surface metal’s oxide. Metals having a

higher ratio between the oxide hardness and parent metal hardness require less
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FIGS. 25 and 26 further illustrate possible embodiments for electrical vias made by compression cold
welding. One embodiment of an electrical wire connection 700 is shown in FIGS. 24A-B.
Conductive leads 702a, 702b are to be electrically connected to traces 704a, 704b, respectively, on
substrate 706. Each conductive lead 702a, 702b has a diameter greater than joining surface widths
708a, 708b and arel@lignedoand prebsetiinttoseatdaalusesnd 3o (ilob dSeahfeathras f4ea, Mb may

be formed by etching trenches into.substrate 706 and then depositing a. metal layer 704a, 704b in
thern. The trenched B8 A AOEHENG: BT DU ES BT e 7 5 BBy 0 v m the
conductive leads 7024 FORBngsingeepokyy Bilicomghsaliiercopatie hpolymetdssnatarial. The space also
allows the leads to Ja rallel to the top syrface of substrate 706 even though a smaller area of the
trench is used to c#@ﬂ@%ﬂ%‘&ﬁv@ ? E?gtt‘?lget%bir?%%%va 1?%%8%?““%rgéﬂ%%éggg@iﬁlﬁﬂlﬂ%\/ing a
circular cross sectidn;ndowerer aridenasi=saclomsuiabteto fareninglaleolthweld pagampressive seal
as described herein mglyhbe used, The cross sectign o{ the seal structu gs 710a, 710b thrf gh
c

substrate 710a, 7105 & stlgvf\llﬁs%d & rneoct%‘hgsltj ar it frer?éi}]lgemgﬁﬁtlstho SR e 448t icated using

micromachining precggskssomdkN sHroeessasid maximizacoletage of déposidé¢drmaiterial and

reduce residual stresses in the! joint In altergative embﬁfiim s, electrical connections may be
! ! 8}9 rt

created using the ecigrsl%?gjf)l}%%er ggﬂc}fi Eﬁ‘g &8 u@t‘i{/lgrlteoac 5an %rle%'lcnognductive layers 704a, 704b

rather than a cold weld toloatiseracpees$ofit g friotiare fit ald tugeni T bievonind uckive heads strain be formed

of a single material, multiple layers,of different materials, and/or coated with.an electrical insulation
layer. Local shear rlﬁaglﬁ%nl%igllgﬁ’t‘ﬁf%gfrg}] %{2 i (ﬂfpé%%ﬁﬁ'gﬁy%?%eéﬁ%c&%ee hegdc%ﬁe tctive Teads
underneath and createréedldywieidel dunprassivenglactricalecbanyédticmess sdalalternateover
embodiments, non-flm_atal conductwgl énaterlals SL.t%ki] ‘%%};%‘S'Ivﬁ{ wg)gg??gg\ated %)gllxmer, may be used in

the sqiare toot o Tain SiZeé, oIl ecaus .
place of metal layers iR the via or wiré connections described above. In & preferred embodiment, the

materials of constracyrinlapeaplocempplibnleiandjbiestalsténs do not usually line up, so
additional stress is required to activate a new slip plane in the adjacent grain.
Therefore, by decreasing the number of grains (i.e., increasing the grain size) the
yield stress can be lowered. Annealing the metal can lower the yield stress by
increasing the grain size and decreasing the inherent strain in the metal.
Annealing may also have other beneficial effects such as desorbing entrapped
hydrogen from electropiated layers.

Finally, the bonding process can influence the force required to form the
hermetic seal. In addition, minimizing the total amount of deformation will
reduce the amount of strain hardening the joining surface material develops. For
instance, shorter joint structures may develop less strain hardening since the
total amount of deformation is reduced. In addition, the cold welding process
time or strain rate may also have an effect on the strain hardening. The bonding
time also may influence the amount of metal interdiffusion. See Takahashi &
Matsusaka, “Adhesional bonding of fine gold wires to metal substrates,” ./
Adhesion Sci, Technol., 17(3):435-51 (2003).

In sealing with a compression force, it may be desirable to align the
support force with the compressive force, in order to avoid a cantilever type

force on one of the substrates that might result in fracture of some substrate
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Further Details of the Multi-cap Reservoir Devices Substrate and Reservoirs In one embodiment,
the containment device comprises a body portion, i.e., a substrate, that includes one or more
reservoirs for containing reservoir contents sealed in a fluid tight or hermetic manner. As used herein,
the terin "hermetic- refers to a seal/containment effective to keep out helium, water vapor, and other
gases. As used hereirgrinks teram'fleidbtidghttrneférs to @ beakcontalishedritywhseltisgnofigas hermetic, but
which are effective tq keep out.dissqlved materia _(ﬁ. lucose) in a Jiguid phase. The substrate can
be the structural bOUy ey LA o e e R L R W eains e
etched, machined, wrondideshiresewsirscturesinvirefesre thembadihegtshthecresbmvoild are discrete,
non-deformable, and disposed in an array.acrpss one or more surfaces (or areas thereof) of the device
body. As used nerdi S A BB R e e
containing, and releésingibxpasisguatpreciselaimntionofeomatanakstablc dsracdedlgiformulation, or a
secondary device, gf sHbcampanenh. Hhe nisteannegied neres of A8 MAIEIAL Ale0Cl
reservoirs. In a one embodelment, e device includes a p uraﬁty of the reservoirs located in discrete
positions across atHeasjonessurtace ofitivd bodygpanipresiedhattbeembegithe fit;sthebstista single
reservoir per each resenal sHBNIAISRAILIOR CRUBNAIN M QF MIBTEAL ness.partipge.can be used
together in a single device. Reservoirs can be fabricated in a structural body portion using any
suitable fabricationitestmigsienkrimrhedinthet aft sRbmesehiztiverfakrtaionl tdehvigaddinclude MEMS
fabrication processgs; microaRUSAIAN PIRCRRSES: AT pIbRNISMACINiNg RIAcEssegyarious drilling
techniques (e.g., Iaiser, mechan%ca?ﬁ%nﬁﬁtrasonic drillzllhg{ and %W(%-up or@lminats%ls(r)n techniques,
such as LTCC (lowlfempasmiurebstafigasi idecadicspvitid et ifabesofthetrasdilidirldpionally can be
treated or coated tq alter,ang,Qr JOlR RISREIIRS LI SHLRGE, Fxagydles phsushpigRerties include
hydrophilicity/ hydrophobicity, wetting properties (surface energies, con_iact angles, etc.), surface
roughness, electricaitstratg 807w aseoshurasiatistlss walting eikesMBENIS meivivd sirnsicrsmnolding,
micromachining, arg nigrofakrigatinpJacniayEs knewa e, GaniheusRd @ frbrgate the
substrate/reservoirs from a variety of r_na}terlaﬂs. Numerous other methods known in the art can also be
used to form the resrspsirsy Seectomakanmted OIS, sPrtent Ny 3 a3 8ehedhad s SspaemaXo.
6,808,522, VariouspqlyBenANDAJREDVAUPSSNONRLD RS Kb ARG BRY DR SRS oyflection
molding, thermocompression molding, extrusion, and the like. In various embodiments, the body
portion of the contdifsselddeieevesidtises silicon, a metal, a ceramic, a polymer, or a combination
thereof Examples of suitaplg sijbstiate matenalsdnciide metals (e.g., titanium, stainless steel),
ceramics (e.g., alumina, silicon nitride), semiconductors (e.g., silicon), glasses (e.g., PyrexTM, BPSG),

and degradable and non-#egrats spRsiymepsImMAseIel GAN MUfermghttebs mrewselangid substrate

may be foltiled of &, i etal bonding. In this case, the parts may require a permanent joining force

to remain hermetic. The joining force can be applied through a variety of
clamping mechanisms. In one embodiment, a Nitinol, or other shape memory
alloy, clamp can be fashioned to provide a loose fit around the substrates until
they are aligned, after which the Nitinol can be heated past its phase transition
point causing it to clamp down onto the substrates as shown in FIG. 15. This
phase transition temperature can be controlled (by varying the composition of
the shape memory alloy). Therefore, device assembly can occur at sub-phase
transition temperatures, then the assembly is warmed to the phase transition
temperature and the clamping mechanism is activated.

In another embodiment, a metal or plastic clamp can be elastically

deformed to allow the substrates of a hermetic seal system to be mounted where
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polymeric material, rather than a metal or ceramic which would typically be required for gas
hermeticity. In one embodiment, each reservoir is footled of (i.e., defined in) hermetic materials (e.g.,
metals, silicon, glasses, ceramics) and is hermetically sealed by a reservoir cap. Desirably, the
substrate material is biocompatible and suitable for long-term implantation into a patient. In a preferred
embodiment, the stiestiatepis fermsetof andi gurmiane ikaeipnéficantbterialderTthensthbstriai@gor portions

thereof, may be cog& d[tagtgc BSUIattHEd or.other}\)/\sl’;ge contained |8€eherme iC bltlocom lz;(l)t%lc%Smaterlal

. . s, Oneg the joining s ates are aligne tween the clam
(e.g., inert ceramics, titanitim, and ejm(esl%e o Use NON-RSHatE MAterisle nPay e completely

coated with a layercoftachdmmeticmniateciabvied nBraningl€, ta pplymerntesubstratalcaulgdhave a thin metal

coating. If the substrate material is not biocompatible, then it can be coated with, encapsulated, or
Cermse contamed e R B O TRty S0
polytetrafluoroethylenedikenmatersats)diaerdrd dikebe drshivpnsilicorlaanpitie sihsttateraiiies, alumina,

titanium, and the Iilé nkgefs%roeuijdsg, Inane embodiment ttl'ue S bstratﬁq's hermetic, that is impermeable
(at least during the ime o R

USe of t%éerteos RVOIF g\t/%:éls) o the molecules 10 be defivered and to

surrounding gasesaidftinds! (@ag.o fthteigiblopdaelectrolytes or other solutions). The substrate can

be formed into a range of shapes or shaped surfaces, It.can, f rﬁfﬁﬁn le, have.a planar .or curved
surface, which for examplzeincggl)xfld0 ggns n%a%?é% I:%Ir&% o?r%&tayasﬁmgjttac n%lg]nntgs%? a?gglf fnl%gla{anlgus
embodiments, the Shirstasteé orihe ToltArimdntidévidé 4 theherforicobd platvan 2flp, a circular or

ovoid disk, an elongalcd. 14, SPAP(R, of I8 Sulslrale, san b Ieblearyigic. In various
embodiments, the reservoirs are discrete, non- eforma e, andréﬁlsposea in‘an array across one or
more surfaces (or aceasdhebewnfiol &h itnplanidesmeitivatdenice. of thT hessubdbrateenag consist of

only one material, gy, ACOMPRRIR LIRS MALer Bl dhatis.composeg ofsevera

layers of the sameor different substrate materials that are bonded together. Substrate portions can be,
for example, siliconntatowteradomdehinsidssbiisttait’dr SadiblRdtiompfismigroreiathined substrates

such as sioon andglasi o A5 0EPEPA IS File Applcalion Bubiesian 20050142000 or

U.S. Patent 6,527,762. In another embodiment, the substrate comprises multiple silicon wafers

bonded together. Ihspéetaddthér dimbodiribnbethel dultbare tsuneptisepatiolvaamperature

overlapping onto the metal pads 284 on the first substrate 272,

As illustrated in FIG. 16B, the heater plate 286 presses the first and
second substrates 272 and 274 together, creating a seal between the first joint
structures 286 and the overlapping groove joint structure 282. As the heater
plate 286 presses down, the heaters 288 are pulsed to reflow the solder 278 so
that the solder reflows onto the metal pads 284 on the first substrate 272, The
heater plate 286 may then be removed once the solder 278 solidifies. FIG. 16C
illustrates the hermetic seal system 270 after removal of the heater plate 286 and
after formation of the solder clamp and hermetic seal.

In an alternate embodiment (not shown), the heater plate 286 may be
coated with materials that can tolerate the heater temperature used and that act
as a poor surface for the solder 278 to bond to, depending on the solder used. In
such an embodiment, the heater plate 286 may be removed once the solder 278
solidifies without the solder bonding to the heaters 288, In addition, the
thickness of reflowed solder 278 onto the metal pads 284 may be adjusted

depending on the desired strength of the solder clamp.
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co-fired ceramic (LTCC) or other ceramic such as alumina. In one embodiment, the body portion is the
support for a microchip device. In one example, this substrate is folioed of silicon. In one
embodiment, either or both substrates to be bonded may be formed of one or more glasses, which
may be particularly useful in embodiments where it is desirable to view or inten-ogate an object or
material that is contained DetwekhieklsealedisybeitaiesyBtbe phegepaiitemisr seivaisotat is, where
the substrate can serve as an f id-tigt}t window. Re resent%tive examﬁle%]([)é_gﬁs.ﬁestinlclude
aluminosilicate g|a§§}%8 SSi |cc’a?emél%gs£fmc?y§tra&f ﬁ?én %:g?;g C. em]eltbctg?sUbs r4te thickHéss and

- reservoir volume can belindieasedfbyhbonding el aftachintgvatets andayersiol pubstrajiennaterials
together. The devieg thigknass may affact (16, volume, o each reservalr andir may.affect the
maximum number Of F6SERVOTTSThat Can be mcc?rpora?é’é ONto & SUBStrate. The size and number of
substrates and resenboirstca2Beise Bted de@etcommaogatesthe lgprantity ead Iblefivetgbneservoir
contents needed for,a parligilar application magufaciring imitations. andior otal devige size
limitations to be suitable for Implantation ihto A patient, pr era(my usin mlnlmaﬁy invasre procedures.
In a preferred embdtierentdiopartimplétitaplesemsonappicdgtienuping e plerar 3¢hsorththe substrate
preferably is relatively,{n, f8 MOISH 8001 a0 RUDSHRAC, CRNRYE oy g, frce or more
reservoirs. In various embodiments, téns, ungrer, oF thousands of reservoirsare a%rayed across the
substrate. For instancicomemibctiihentlsf iateimplaritabied rdd detiverg devicedholsgesibetween 250
and 750 reservoirsqigie eagh Ie3EALANAINS A SGIe. lase 0 3 IR feleasg: In one sensing
embodiment, the number of reservoirs in the device is determined By the ope‘ra%lon ite of the individual
sensors. For examplgyacortbeymag i prantabiecglircos etribenityiny devicbshatdng Thdigidoad sensors
that remain functional for 30 days : t@ﬁ%@%&f@t&yﬁsbt%g%(c}‘g?#ég t%c;[rﬁtatin at least.12 reservoirs

. c 81]&118%:01%
(assumlng one Sensor per reservolr). In another sensor em Iment, the distante between the sensor

surface and the reWM@pémgfm@@@i;ﬁmmiﬂﬂﬁg@iwéﬁem@lmma’chihmif@m microns. In this
case, the volume of (e [EseNOlL 13 ALTIBHASIRITIFAAY s AU laes alee, gl s sespr. For

example, the electro a typical enzymatic glucose sensor may occupy a space that is 400 pm by
800 pm.  In onelenitiveaht, s resdrosisaitmmity orederfwiteret destmiebfeserldir” is a reservoir

suitable for Soring Apfl GRS ASXRR S GAMICLORROIFL A1 BUEHBl HERAR A g fyrmulation I

one embodiment, the microreservoir has a volume equal to or less than 500 pl. ess than 250 pL,
less than 100 ML, laswidareBOciimipseoitHdnadaydébe thmnre@ it pacc)oand grenttrythiancabout 1 nL

(e.9., greater than i, gy %&&’i‘éﬁ&r'%]ﬁ@ DR AGRIEHNANRPOM RS Mo FEAES (ign about 50 nl.,

greater than about 1 ML, etc.). The term "microquantity” refers to volumes from 1 nL up to 500 ML. In
one embodiment, the micladuatify i bedwes Moflskewn. sh¢rremprheienibddirentl they

microquantiy is begeendQ.nband SO0 AR B ARAEL ADOHMSAL e IHSIaRBNILis between

about 1 ML and 500 ML. The shape and dimensions of the microreservoir can be selected to maximize
or minimize contactigrsagenwee grate deligmrale syl benrdersicother vesenibint chntdisssyand the

surrounding surfacg,of g, PUCEAI eSO will differ depending on the placement of the

compression seal material.

Depending on the application, compliant polymers may replace any of
the metal joint structures and joining surfaces in the embodiments desecribed
above. Although the sealing mechanism for sealing compliant polymers is not
defined as cold welding, the effect of isolating a reservoir or cavity from
adjacent cavities or external contamination with seals is the same. Compliant
polymers can require significantly less pressure to create a seal than the pressure
required to create plastic deformation in a cold weld process. Traditionally

compliant polymers have been poor choices to seal in applications where water
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In one embodiment, the reservoir is foil ed in a 200-micron thick substrate and has dimensions of 1.5
mm by 0.83 mm, for a volume of about 250 nL, not counting the volume that would be taken up by the
support structures, which may be about 20 to about 50 microns thick. In another embodiment, the
reservoirs are macroreservoirs. The -macroreservoir" is a reservoir suitable for storing and
releasing/exposingreguaniity iofontateriatlargeethaceat microguantipol imenehemiodimest, the
macroreservoir has_a yolume greater than 500 kW (e. reater than 600 ML, greater than 750 pL,
greater than 900 pll_31 %gf‘é%?g]rp th Iﬁl?]rsnﬁlfi gﬁ& @a%eﬂensgg%ﬁa% Onslllg?(l-:-.lgc‘?,nlt&) &5 ué:f? W%ﬁf, less than 3 mL,
less than 2 mL, lespamarrtiomby ehe. jdditiddriEssekplicityaindiqated ke b dineit e ite either micro- or

macro-scale vqumes/gu%%H&%dth ferm, dg?%%rgﬁ(lz%r is intended to.en ompass P%tr\l;ater In one

embodiment, the device comprises’a microchip ¢ emlcglnégl?\%wc evice. InBnother embodiment, the
device includes polyrergichips oudendeest cogposked of arobsilicor bagedlmaterials that might not be

referred to as mlcr@chégg. ne embqgllment th?egg(\)/lggfﬁgm Ises an o u%glc) &umg,sfor example,

the DUROSTmM osmcc)){ln %?rli%c({)le}gﬂ%roﬁg%yT(e,&]l%]e{eggrpora ion) INcludédin Commerdial devices such as a
VIADURTM implant@ayemiesithcal ¢he variaaosutios| srem toAizay Do rpaiationy IReservoir Cap
Supports compressive forces. In addition, increasing the number of circumscribed joint
structures may create pockets which act to significantly slow water permeation
through the seals.

The above described embodiments and examples can be practiced using
a single joint structure design or multiple redundant, joint structures to mitigate
potential fabrication defects that may result in one or more of the redundant joint
structures leaking. Additionally, multiple joining surfaces act to increase the
seal path length and therefore increase the force required to form a seal. The
number of redundant joint structures needs to be balanced with the strength of
the substrate materials, the force required to cold weld them, and any residual
stresses that remain in the substrate after the cold weld process, including

stresses applied by any clamping features.

Avpplications of the Hermetically Sealed Devices and Methods

The cold welding technique has a number of advantages in terms of both
processing and manufacturability. First, the scaling features are amenable to
standard MEMs processes and can be incorporated monolithically into the
MEMs device. Second, an array of closely spaced reservoirs can be sealed
simultaneously. In fact, entire wafers of devices can be sealed simultaneously in
a wafer-to-watfer bonding process. Multiple wafers can be sequentially or
simultaneously bonded one on top of the other so that a cold weld is made on
each surface of the internal wafers. In addition, active devices can be integrated
with passive devices by passing feed-throughs under the sealing features.
Finally, since the process does not involve heat, temperature sensitive materials

can be packaged in the reservoir volume. Temperature sensitive materials may
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Reservoir cap supports can comprise substrate material, structural material, or coating material, or
combinations thereof Reservoir cap supports comprising substrate material may be formed in the
same step as the reservoirs. The MEMS methods, microfabrication, micromolding, and
micromachining techniques mentioned above could be used to fabricate the substrate/reservoirs, as
well as reservoir capdupoststifedinddsariniyndd sbsicale draigliakpliResepucds.capsupports

comprising structura}elnrsr}%egaé %%Xﬁl%oe&% t&or{lrged by deposition techniques onto the substrate and
then MEMS methoas, microtabrica 1sfif m|cr8]mosl‘ding, and micromachining techniques. Reservoir cap

supports fonned from coalibG.natehatmeay dnefobmizc ¢isiof datewancbptiny pragessesdnd tape

masking, shadow magking, selectivedlaser removal fechniques, or pther selecfive methods, A
reservoir may have Sevaral FSaenoir Cap BumsHe iR BT E R RIS VAT it 1288 R0ir contents.

For example, one reSkeuointcap ssppattdnayes3d0 fepmsome sideddd thet resecvbirtelfled opposite side;

another resenvoir ca, sypDOTL Ay, clags te [t /SseIvalr can suoRorkand span the 1y gther sides of

the reservoir. In such an exampYe, four reservoir-caps could be supporFed OVEr thE TeSErOr. In
one embodiment fa¥1d semgsorepplicatio AR, g gdGtlicuseasensolptheltdsdivimet(af laydevice, which can
include only one oryyhidh may, el e oL M reseAOlRLas e, or more servoir openings
and corresponding reservoir caps.: e dimensions and geometry of the support structure can be
varied depending upbntiitespardiculacivetuire marmtspta spowifictep flicatigiidiyr ifistance, the
thickness, width, a‘&‘%%ﬁ%s%’%?&?&&akéhé’? c(%gjf'?eguc?{ .an%e%}érégfé'"i‘éefé'é"&%”éar%s‘s’fv%hfa sipport
structures may be tailored tor a particular drug release kinetics for a certain rué) ormulation or
implantation site, efd 4Resaryeigontgnist strucfheyagerwbicbahieints aregesgentiatpanyeobject or

material that needs,o b splated (¢ IQRCIEA AR he environmEnt outside of e feservoir unti a

. . . O%l?? %ye 1nﬁ1 .
selected point In time, when Its releas I exposure Is desl IoUs embodiments, the reservoir

contents comprise fecqudhtitgusf)@hestricetunes BHuted, @psaogn dancidevicdigped wamthination thereof
sensors 320 on the first active layer 312. The second tongue joint structures 326
are cold welded to a groove joint structure in a second active layer 316. The
second active layer comprises openings which are aligned with the sensors 320
on the first active layer. In addition, the second active layer comprises a
metallization layer having reservoir caps 328. Thus, the array of hermetically
sealed devices 310, as illustrated in FIG. 18 has separated the sensors 320 from
each other and from the environment with hermetic seals. However, the
reservoir caps 328 may be later opened to expose the sensors 320 to the
environment. Electrical connections to the active component 320 may be
achieved using vias depending upon the substrate material and fabrication
limitations.

FIG. 19 illustrates a perspective view of an embodiment of a multi-
reservoir drug delivery chip having an first active layer 332, a passive layer 334,
and a second active layer 336 . Layers 332 and 334, which are shown separated
to illustrate the joint structures on layer 332, are (to be) bonded by compression
cold welding. (Layers 334 and 336 need not be bonded by any particular

technique.)
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Proper functioning of certain reservoir contents, such as a catalyst or sensor, generally does not
require release from the reservoir; rather their intended function, e.g., catalysis or sensing, occurs
upon exposure of the reservoir contents to the environment outside of the reservoir after opening of
the reservoir cap. Thus, the catalyst molecules or sensing component can be released or can remain
immobilized within the opénaesapiaitcOtheli cebemair egsitentissuctoas daig pobleeulasoiien may
need to be released from the res rvoi)r in ord% to pass from the device and be delivered to a site in
vivo to exert a therBP&UHiE e?fég?%hs BHSht. S REVEF AR G S HETREG U S BE YA Hed within the
reservoirs for certai BMstkelapplicationisas moldisg\veral BDbrliate ithobesmelicity, which is typically
defined as a maximlﬂm( ql}gwabl?‘ tr nsp_ogt rt'atg %f a particular oIe_cu(Le (such.as helium or water) for a
particular applicatidh St RO L& FeseRIS IS 18 1B R SHCPRSE B REHRF AR IV/SH ¥ considered
hermetic can vary dapearindiffese ntigpphidationsiopobeicevickrddpending etphaithegpabticular demands
of the application. Cpemic IIIVIoI c% S nati T. etLeseryoir cont(?onlts c&m ingludg ests ntiadly any natural
or synthetic, organ% %S%‘}%Sr&%iﬁ ‘molecuies or mixttires thereor. The morecut §nr%3@1 &'in essentially
any form, such as anure $bdicray liguicster gl Ok lygreged satsofutiton, an emulsion, a slurry, a
lyophilized powder, or a S[eregﬁciﬁg. The molecules %1; gﬂtere&t 5?2!1%% trilgiégg with other materials to

. usfrates various ¢m MET systems navy
control or enhance the rate an me oefgrezfease rom an opened reservaoilr. Y Fﬂ a prefléred

embodiment, the reservaipobmtenjsiconprise e Aisg IGONAH6LIRT), B8 diitig folkpedatidomish
composton thal coRRIRR A dubowaediony dbe o 950, Tiludes Anheapeute o
prophylactic agent (%.g., an active pharmaceuftical ingrédient or"APT). In one’em odiment, the drug is
provided in a solid bommis particufartyddbpuhpoesdsiofiméimtainingyahextenidingthdestdbility of the drug
over a commercially and medigally useful time, e.q. ing_starage in a drug delivery; deyice until the
drug needs to be ad%i?t%rﬁﬁﬁ 'Tﬁgmsno H:f F&gs Sa%ﬁ}x%r%%)l}q )énlrrllup%ﬁrtleg ocr(r)ﬁl%:%%:tiﬁir aea?\cé)irqrﬁa\!c()f solid
particles of anothe patiatenigthinihdmchtth ecdragsisruGiitainedysospdrdediaot dispersadchscone
embodiment, the drug,is tein ptide.. les include glycoprateins, enzymes (e.g.,
proteolytic enzymefsfg‘,gng%{r‘?%%llberqggt%grggfrﬁ%ﬁ@fﬁr%E%és?é’% g?gtﬁ%nﬁl\%ééglgn% P(gdies, tumor
necrosis factor inhibitblek.ciiolkirts ¢ead) sisticor §8hterferosts) aiptéyleakins-(erg), 3822h4k i40), and
diabetes/ Opes'ty'reﬁ%ﬁ%ﬁlﬁ@aﬁ%ﬁﬁ#ﬂggi Q%}%qé’t‘é“‘f‘ﬂe%%&%‘f Sndldts ShihAng '%%?%%'9??)- The
reservoirs in one device can Include a single drug or a combination of two or more ozllrug ormulations.
Different formulatiodsreatibeeshorenngdtherahd thicasedfkdrs thesatieedradiensoab reservoirs or
they can each be sg%{%gﬂin and released from different reservoirs. For in vitro applications, the
chemical molecules’can be any of a wide range of molecules where the controlled release of a small
(milligram to nanogram) almeenttivfeorim dnmsie moletialeses wbtpsirend for dxanyle gy diretfields of
analytic chemistry granggiealdlagnoslice: Moleaulan can Reeffedily @@MR%{%%&%%N%
diagnostic reagents, and reagents in complex reactions such as the polymcrase chain reaction or
other nucleic acid amiglificenivasproecddwadiad othmtlembobiniebrodthertolderdesagibe seleased are

fagrances or scents, e ot GINGLAOIQNGA0RATS S WSEISNSIRALOINEL AANSROUAISH, favoring

agents, or a variety of dther compounds. In yet other embodiments, the reservoirs contain immobilized
molecules. Examplasticiiuéainy Enamnites ehedies sisivricasbén tveivethhvdireattiow]udeluding

reagents, catalystsy{g.g, GRS SuBRSIAIS AR FEANARK PIARIOR (Fele @PTRYIGR), lgiC acids,

crystalline polymer. In one embodiment, a liquid crystalline polymeric substrate

(e.g., certain hermetic L.C polyesters) is bonded to another liquid crystalline
polymeric substrate, or it is metallized and the metallized surface is bonded to
another liguid crystalline polymeric substrate or another metallized surface.

In further or alternative embodiments, the sealing concepts described in
U.S. Patent Application Publication No, 2002/0179921 Al to Cohn can be

adapted for use in the hermetic sealing of implantable drug delivery or analyte
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polysaccharides, cells, and polymers, as well as organic or inorganic molecules which can function as
a diagnostic agent. The drug or other molecules for release can be dispersed in a matrix material,
to control the rate of release. This matrix material can be a "release system," as described in U.S.
Patent No. 5,797,898, the degradation, dissolution, or diffusion properties of which can provide a
method for controllsigding reldase satel ofdhiecdhiemiocsd mhdideedess Moo By efpkitdisient, the drug
formulation within g.r, ircompyises layers of d non-, aterial. After the active release
mechanism has e%&%%ﬁéIﬁé)'srgrz\%%ll’%o%t%nniﬁ ?hé’%r%ﬁﬁg?é élf}g@ggp?)a\;f: é it ff)?él%rhlses of drug
release due to inteféningtilayétss 02 (Mbd Alg 88 uch 208 AERYI¢ambeangetl i/ Obtainscariplex release
profiles. See also U.S. PaJieﬁnt d%e&lég%téggﬁ u All\i-.%?é%%n N%ezgs%logt%@rz% Al }’}@%ﬁ {'gtgncorporated
herein by reference. Secondeary evices S useaaﬁereln, tintéss exp(ﬁ%my indicated otherwise, the
term "secondary devicetyinfldesanydedice iorgacorhjeonedicth eeotdhatcathbediocated in a
reservoir. In one erpbodiment, s sgeondany.deyice s, sensoror sensing component tereof. As
used herein, a -sensing tomponent- includes compoﬁenat%.l ilized'in measgrlng or ana?f/zing the
presence, absencegbwbivhnge dasardfvdmiddl oriateic sPecie 928Ky N @r6oitd B3 Md¥e. physical
properties (e.g., p e).at a,site. es af sepsors.include biosens ] sors,
physical sensors, E%?’g%?i’ca éé%‘svgeps?sslggg'r%da%r@e é\‘/[‘i?i? é?r%o%?tﬁrgﬁcsgggﬁ%%?ﬁw . a‘?eaﬁt No.
6,551,838. In one EYub3dieRl (#iEs shinsdpist 4 presStrwlsehsue. iSaepergsd h8eRPdignt No. 6,221,024,
and No. 6’237’3981@{@%%63.' Patent Application Publication No. 2004/0073137. Examples of sensing
components include components utilized in measuring or analyzing the presence, absence, or change
in a drug, chemical, or iontd épétidh;stntagyy ¢orsligfetiarabnecorahone phisibiat properties (e.g., pH,
pressure) at a site. ' i r S a canti - ensor, such as
those used for cher%quﬁl%lgﬁe%gt?}%&é%%%%égngp%%%%g %?%9 llég%&%%gpa%ﬁc%r%%ﬁﬁ%%@g%%n No.
2005/0005676, whigklitngcd?poratechbhiertirt Y keferspoeirs 404|l@¢refeiedesnimadiment, a device is
provided for mplaniglin @210 & A o AMHFaR A ARt MAMMal andde desgiyar contents

comprise at least one sensor indicative of a physiological condition in the patient. For example, the
sensor could monitsrsiesisoHBebiretiory of gaisotes. ulds, ealcikife, wradsorhbneuprosent®? the blood,

plasina, interstital lyldIgaue PHMAREQUETPOTILALIOL e AAlISBl o sfOne LiRRAImeNt, two

bonded substrates include at Teast one cavity, which may be defined in one or both substrate portions,

that contains a MEMQSQ@WC@WWQWEMSC‘WC@]Wb@%@?mfﬂimiﬁépW@@p@% in the sealed
cavity may be evacuateg Op Ry SORIRIR 304N§1H 08 9F S8 BUES %% gp&wgf(ﬂlnpel'um)' The

MEMS device may be one known in the art, such as a pressure sensor, an accelerometer, a
gyroscope, a resoridfaeturpahbinstidmpaanebio ke teagtcinandpstbeddd substrasdisgs formed of a

glass, and the cavily,GQpiRins 28 ORISE SERSY QiR MICElHAMP AT HRAkeaD Ae-aRHGRY

interrogated. . . . .
selecting an appropriate material. In this way the reservoir contents may be

optically probed. The two substrates are then joined together and cold welding
at the tongue and groove joint structures 414/412a and 412b creates hermetic
seals separating the individual reservoirs 404 from one another and from the
environment.

In some embodiments, the hermetically sealed device described herein is
a subcomponent of another device. For example, it may be part of an
implantable drug delivery device that further comprises a sensor indicative of a
physiological condition of a patient, an electrode for providing electrical
stimulation to the body of a patient, a pump, a catheter, or a combination

thereof. Examples of some of these are described in U.S. Patent Application
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Several options exist for receiving and analyzing data obtained with secondary devices located within
the primary device, which can be a microchip device or another device. The primary devices may be
controlled by local microprocessors or remote control. Biosensor information may provide input to the
controller to determine the time and type of activation automatically, with human intervention, or a
combination theredtFdrceiam ple, Hiedperation ot theldavied @l Ve Tonkolledlby &Son-board (i.e.,
within the packageg,mjcr ro or.or state machine. Th tput signal.from the device, after
conditioning by sui a%fgtﬁguﬁ%%ﬁ’ég%’d%%f: Wﬁf'%g%%gﬁfﬁe%(f?b&éﬂﬁlen% |€F0E)Tr%nc?&50r. After analysis and
processing, the outlectrinshGan Heistnsdloamentiesd d € igicipidad/blicgn be sent
(e.g., wirelessly) to a remote |O(%€.§i0£] awfa%from the microclili : F’1 wer. can be supplied to the microchip
system localy by a bater) o SABLER! by Wircloes FanehiQbioh Aag, & U BAEREApplcation
Publication No. 2002/6372%84apted Ite ormaternigbtimditle, devicesisprovidedrialingneseousir contents
that include drug molaerIar felease AR RAASRYSENSINGCOmPRRENl POL. SXATIIS, (he sensor or
sensing component can be located in a reservoir or can be attached to the device substrate. The
sensor can operabhypbwetimicatey with she:Hewioas . g ndwlougbebsavicroprotessos todccontrol or modify

the drug release variables..i i t and frequency, time of release, effective rate of
ac#, I%Poué‘d%% 108 gosrﬁﬂl%tﬂ{%%%

release, selection of drug or drug combination the like. The sensor or sensing component detects
(or not) the species or prd@eﬁy!@lwﬁ'er@meqffan Gli&mrim{btéﬁta@imwmwﬂwérsmmﬁﬁsignal to the
microprocessor used fof goatreling Jelpage JIoMREARYIGEs RHSP R ?‘&I%%h%?e‘!iﬁf’%‘(&d&feedba"k on
and/or finely control the release of a‘drug. In another embodiment, tﬁe device includes one or more
biosensors (which Wb@&_}é&_ié@f@ﬂtﬁtééeﬁ/ﬁﬁ@@dﬁﬂ@ﬁé}é@wf@@@fg@)ﬂmafaaﬁﬁﬁpébk@@ﬁcﬂet_ecting _
and/or measuring signals i tedofy R PHSAL-IGRS patationanRlaNiR Rl medical device

includes reservoirs comprising a sensor, sealed as described herein, and a signal from the sensor is
transmitted (by anywestigercetatseglesiiisel soirig o haiwae ohedlerharip) tovardedParadetrdgstelivery

device, which couI%%&m@pﬁﬁi‘.erhg&%gﬁﬁgmggq&%wmg,&? gkgﬂ)%%i_rgg used in the control

of the dosing of thé drug: As used herein, the term™biosensor” includes sensing devices that

transduce the cherrleeirpRirsiint sfch ellfardefsinerdseqtblayeemtiriddiestydd (8.4 bydonverting a
mechanical or thermal.efnefidy-inienat glectdcalisanalle 85 val as qlegradeshatgieagHig flectrical

signals directly or indirectly. For example, the biosensor may measure intrinsic electrical signals (EKG,

EEG, or other neural Sigreabyipyedus fd0 tbrapabatubairpe 084 iscbhanitabagiroauisbeistructures at
various in vivo '00%99%6-5'3? slastigal signal emtine RIGRENRRE GRAANRM PEReaSHred, for example

by a microprocessor/controller, which then can transmit the information to a remote controller, another

local controller, or BEIRCT8T Exapieiztheosiene Eaprpatadadateriel apbredissrsitiotation on the
patient's vital signs,geLhe; HNRIRRLBHVHANMANL ; SR ASHHLEs ANCEIIRIP . alighkd §igIed

embodiment, the device contains one or more sensors for use in glucose monitoring and insulin
control. Informatiort¥RsiripetdSrsst (B mcseuses teldesodig cirbrirBalipirledsterfenn the same

device or from a separale nskimaeivery S Virgif8 ur BLRNVRNHARA! DRI IBWHR efther an

resulting bond creates a low resistance electrical connection between the first

metal layer 602 and the second metal layer 606.

1t should be understood that this technique is not limited to an
electroplated ridge of a particular metal or alloy or shape. The ridge cross-
section in the plating direction may be rectangular (as shown), hemispherical,
triangular, trapezoidal — any shape appropriate to create a cold weld joint as
described herein. Any of the conductive materials described herein may be
considered for use as joining materials including metals or conductive polymers

with appropriate mechanical and electrical properties to create electrical
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externally worn version or an implanted version). A hermetically sealed reservoir device may be
provided in the form of an implantable multi-reservoir device storing an array of glucose sensors and
capable of transmitting (by wire or wirelessly) glucose readings to a handheld or worn glucose
meter-type device, which permits the patient to manually administer insulin to themselves (e.g., by
injection).Other embaoglimeits Lpulsksensm piheicanatitesanccorliveyiather typesoall gougsdn a similar
fashion. Reservoir Caps As,used herein, the term -reservoir cap” referrc, to a membrane, thin film,
or other structure sﬁﬁ‘g‘ﬁ%‘%}?@felﬂ)aé"r%ﬁﬁﬁrﬁw@a&dﬁ?e%rgj%?}g FREEN iFEf)?Bn?liﬁéeéﬁ\ﬂFcﬁ?njf fit outside of
the reservoir, but whighrisliafehegdiin peremavad didisinieg fated at deselbetagtinefte open the
reservoir and expose i%s contle(pts.klrfa IPreferr d embodiment, ?discgite reservoir ca Iompletely
covers one of the réSERBIIE Sp&RMEE T BRI EMBod RSHT A B EBIRURIF %Covers two or
more, but less than all, of Mie! fipseckait & sipeningsiokts piefarced acty ey caniiialled ¢evices, the
reservoir cap includes an ial that can be disintegrated. or perrneabilized in response to an
applied stimulus (e%aﬁhgl%}gcrg;ﬂf%@é oqlgﬁ%?%eﬁt?r%rﬁ?éoér%%% %‘?&% “ﬁé%sfﬁpﬁi]-tf,‘“ér tt?ﬁé?ﬂ?&# chemical,
electrochemical, orametharicalvine d@ns)dhxhenplesrofesuitdtiekesecubivaapcai étialsdnclude gold,

titanium, platinum, tin, silver coEEp er, zinc, alloys, and eutectic materials such as géo d-sigcon and

ol eutectics, ARFEBNURSI df At S T e B R g

device. In one emizadirhent; themesarvoicatap siang tetectikdaly: tothdbetivetangtsionkearous. In a

preferred embodiment, the reservoir caps are in the fo(irin of a thin metal film. In another embodiment,
. TWo rgr%)é)sm st %Irft S au%ﬁqm resse ()ﬁet €r. . .

the reservoir caps are e of multiple metal layers, suchras a multi-layer/laminate structure of

platinum/titanium/platinunin Ropé&xaempbe dthretopt aindy bettovalaygesisaulbadve detectedifor adhesion
layers on (typically gniy ayer &otion e (Isleseryql Gape 4o, snsure et e ans adhere torbonds
with both the substrate area around the Tesenvoir openings, reservolir cap supports, And a dielectric
overlayer. In one césefithigstrtictufie ésttitantmmplationermititanidngplatinumititanium; evHerd the top and
bottom layers serve,as, dResion & s A0 e RAITKM HerspIovide pxirasiabliyiostability and
protection to the main, central titanium layer. The thickness of theSe layers cou éll%e, r example,
about 300 nm for tireopentrak¢itahilopolatyen, thlbmghd 0t tim foa baleht6F the platinum layers, and between

about 10 and 15 nin for thgradhoNon SR RYRIS, GoRUOLMesnsdar Dislcoratna gy
Penneabilizing the Reservoir Cap e containment device includes control means that facilitates
and controls reservoisopakihy, @gpiosdisintehratidigor penneabilizing the reservoir caps at a select

fime following sealing of (s ESSSEAIER 3p desetheg barein: The canliohoenp compisesyhe
structural component(s) and electronics (e.qg., circuitry and power source) for powering and for
controlling the time2dt\which eatbatecadptiinc’8t tharedsdrolrdontdntsoisnieitiatéa traces

7044, T04h, respectively, on substrate 706. Each conductive lead 702a, 702b
has a diameter greater than joining surface widths 708a, 708b and are aligned
and pressed into seal features 710a, 710b. Seal features 710a, 710b may be
formed by etching trenches into substrate 706 and then depositing a metal layer
7042, 704b in them. The trenches are wider at one end, which provides space to
appropriately relieve strain in the conductive leads 702a, 702b using epoxy,
silicone, solder, or other polymeric material. The space also allows the leads to
lay parallel to the top surface of substrate 706 even though a smaller area of the
trench is used to create the cold weld to the conductive leads.

The leads are shown having a circular cross section; however, any cross-
section suitable to forming a cold weld or compressive seal as described herein

may be used. The cross section of the seal structures 719a, 710b through
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The control means can take a variety of forms. In one embodiment, the reservoir cap comprises a
metal film that is disintegrated by electrotherrnal ablation as described in U.S. Patent Application
Publication No. 2004/0121486 Al, and the control means includes the hardware, electrical
components, and software needed to control and deliver electric energy from a power source (e.g.,
battery, storage capégitei)tpithe sedbciechieseryois caps ionacwation .. ge Aepervpl @pening. For
instance, the device can include a source of electric power for a gl inﬁ%%rtm electric current through an
electrical input lead AT S RBIATOUTSLA IR RAG L R BIGHF S EONREE G Bhween n an
amount effective tonglisiniegrate dhesesenpoisicann Reme nadn ki sppli@dtettbecantth means of the
multi-cap reservoir.s¥stem locally by a battery, capacitor, (bio)fuel cell, or remotely by wireless
transmission, as déSttibed for example in U.S. Patent Application Publication No. 2002/0072784. A
capacitor can be charged lloeabynhy arcobkibakshbatlecyearenmnmiadyiofomexabpiecinvansikE signal or
ultrasound. In ope gmpodimen , the (%]ontrol ean inglude an input source, a mi(;{g%)rocessor, a
timer, a demultiplexé‘? oF muftip é:“%(é?f.afhéetﬁ%nerugﬁﬁe(ace mdftipféxer &?Euﬂ?ﬁ‘é%lr?)@ésdes 6’ned and
incorporated directfdhtaite sunfacentf thedbstiate pueisgifadrfeation. finapattier embodiment, some
of the components.of the control means are provided as a separate.comppnent, which.can be
tethered or unteth;gla o %%ggég\?g?r If)%ﬁ%r%% eés %f:%/iség.g%pol}al%g?égrﬁéggﬁl\%?%éarﬁ?éﬁI%r and/or power
source may be physiffathntematesfiommdiut @perdibhticemnietectdbiandAivinl comniunigdatiearwith, the
multi-cap reservoirldgvigu fIcr}e% e %%ngg]c_r)gitmgptgul{é 0 raeti n of the ) uIti-cg‘B res vojr system will be
controlled by an on-Boar Ce.g., Within an implanta jie dévice) i (‘:)rsgproecceosnsor(f heafidther embodiment,
a simple state machidens:udethdas i typicallyisidimplon sraalies, cvudvan isemtesispower than a
microprocessor. ~ Othey reservoir o 1%351%{%@ release contral methods are described in U.S.
Patents No. 5,797,898, No. %EJ?L?G . and 056121(5]18%8 B8 Patent ippﬁcsétsi%%lﬁﬁt%lication Nos.
2004/0121486, 2062101 0Mp7eeind (208210042784 Bd, 1 R0D 21Q1 3806(/mA{-2 0020 15 TG Aby
2002/0099359 Al, (%92/0%%&9)0 Aé’egqg”%?o%/ggl 808 A%E%Tewo @0044,0&203% Ar\lz;lfo T WO
2004/026281; and 'S Patents Nos. g, 9 ,898; 6, 1&@%8 ; and glgﬁ ,E?g%,’a of which are
incorporated by referastoechensir: bisingnthatituitithpRedervoir Systems/Devices The multi-cap

reservoir release/eig,cl)lcr)ﬁ%e eviges fat'fnd SIems {sats:r%bveg fein can be useq ina v_vlde variety of
applications. Prefe f a drug, biosensing, or a

combination thereof In a ffrelfetraid ambedinems the multi-cap reservoir system is part of an
implantable medical deviag. fhe implaniahiepedical deviea crn.tak a.wide yariety of forms and be
used in a variety of therapeutic and/or diaghostic app]illcatlons. In one embodimen , the réservoirs store
and release a drugifoirngidtitntoyvdramdutyded petiotkotsimnaits @notdaiemmbodiment, the store and
contain a sensor for selgelive RIRRSLIGIIIRIED INGIEREINAIR Ara.oReNPlAS Pardeg (depending, for
example, upon fouling of the sensor) or as dictated by a predetermined sc edule. ffor example, the
reservoirs could corfteimetipressurcsensal canthiemicdksentoe, orkadiolgdichilsensterin a particular
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dissolved materials (e.g., glucose) in a liquid phase. The substrate can be the

structural body (e.g., part of a device) in which the reservoirs are formed, e.g., it
contains the etched, machined, or molded reservoirs.

In preferred embodiments, the reservoirs are discrete, non-deformable,
and disposed in an array across one or more surfaces {or areas thereof) of the
device body. As used herein, the term “reservoir” means a well, a cavity, or a
hole suitable for storing, containing, and releasing/exposing a precise quantity of

a material, such as a drug formulation, or a secondary device, or subcomponent.
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lose its activity when exposed to the environment (e.g., the body) before its intended time of use, the
sealed reservoir serves to protect the enzyme until it s needed. In still other embodiments, the
multi-cap reservoir systems and devices described herein are incorporated into a variety of other
devices. For example, the hermetically sealed reservoirs could be integrated into other types and
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Hermetic Seal as LTCC (low temperature co-fired ceramics). The surface of the reservoir
optionally can be treated or coated to alter one or more properties of the surface.
Examples of such properties include hydrophilicity/ hyvdrophobicity, wetting
properties (surface energies, contact angles, etc.), surface roughness, electrical
charge, release characteristics, and the like. MEMS methods, micromolding,
micromachining, and microfabrication techniques known in the art can be used
to fabricate the substrate/reservoirs from a variety of materials. Numerous other
methods known in the art can also be used to form the reservoirs. See, for
example, U.S. Patent No. 6,123,861 and U.S. Patent No. 6,808,522, Various
polymer forming techniques known in the art also may be used, e.g., injection
molding, thermocompression molding, extrusion, and the like.

In various embodiments, the body portion of the containment device
comprises silicon, a metal, a ceramic, a polymer, or a combination thereof.
Examples of suitable substrate materials include metals (e.g., titanium, stainless
steel), ceramics (e.g., alumina, silicon nitride), semiconductors (¢.g., silicon),
glasses (e.g., Pyrex' ™, BPSG), and degradable and non-degradable polymers.
Where only fluid tightness is required, the substrate may be formed of a
polymeric material, rather than a metal or ceramic which would typically be
required for gas hermeticity.

In one embodiment, each reservoir is formed of (i.e., defined in)

hermetic materials (e.g., metals, silicon, glasses, ceramics) and is hermetically
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A hermetic seal was made using a tongue and groove joint design. The seal was made by a
compression cold welding process. FIG. 3 shows an SEM of the seal. The substrates are silicon (top)
and alumina (bottom). The metals are gold (sputtered on silicon, sputtered then electroplated on
alumina). The parts were bonded on an FC-I50 flip chip aligner, which is a machine that provides
accurate alignmensinlsgybr anebqivolr, eail, drdivehly, Grecahiegansiwarbiabiresad)phiebiGuib0

compressed the parts fgasher, and e solfweld prRd AR Tmed, Fxamale & ariation of Feature

Sizes and Metal Thickness Impact on Hermeticity Several different joint designs were fabricated,
using different featthessixésiand vratatiayerthickiasdwsthe johtesaerd tompsgssionrcold welded,

and the sealed joints were fested for taaks usina.ithier, A dye pepelrantdeshor A kg leak detector

depending on the part geometry. As Shown m"l“able 1 below, the seal integrity was found to be
independent of feahgrersiizebinschypidi hetatieye (thicknesscovanitie titimges terddbc Ukdetectable leak

rates may leak be'%W&F@u'&%gﬁ-}ﬁ&%’éﬂfﬂ%ﬁa%191%{?&@58%1@&:1}%@5{@3%{&?5 1ayoBkR I

Comparison of Various Joint Seals - Leak Test Ridge
hermetic material. For example, a polymeric substrate could have a thin metal

coating. [f the substrate material is not biocompatible, then it can be coated
with, encapsulated, or otherwise contained in a biocompatible material, such as
poly(ethylene glycol), polytetrafiuoroethylene-like materials, diamond-like
carbon, silicon carbide, inert ceramics, alumina, titanium, and the like, before
use. In one embodiment, the substrate is hermetic, that 1s impermeable (at least
during the time of use of the reservoir device) to the molecules to be delivered
and to surrounding gases or fluids (e.g., water, blood, electrolytes or other
solutions).

The substrate can be formed into a range of shapes or shaped surfaces. It
can, for example, have a planar or curved surface, which for example could be
shaped to conform to an attachment surface. In various embodiments, the
substrate or the containment device is in the form of a planar chip, a circular or
ovoid disk, an elongated tube, a sphere, or a wire. The substrate can be flexible
or rigid. In various embodiments, the reservoirs are discrete, non-deformable,
and disposed in an array across one or more surfaces (or areas thereof) of an
implantable medical device.

The substrate may consist of only one material, or may be a composite or
multi-laminate material, that is, composed of several layers of the same or
different substrate materials that are bonded together. Substrate portions can be,
for example, silicon or another micromachined substrate or combination of
micromachined substrates such as silicon and glass, e.g., as described in U.S.
Patent Application Publication 2005/0149000 or U.S. Patent 6,527,762, In
another embodiment, the substrate comprises multiple silicon wafers bonded

together. In yet another embodiment, the substrate comprises a low-temperature
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co-fired ceramic (LTCC) or other ceramic such as alumina. In one embodiment,
the body portion is the support for a microchip device. In one example, this
substrate 1s formed of silicon.

In one embodiment, either or both substrates to be bonded may be
formed of one or more glasses, which may be particularly useful in
embodiments where it is desirable to view or interrogate an object or material
that 1s contained between the sealed substrates, e.g., in a cavity or reservoir.
'That is, where the substrate can serve as an fluid-tight window. Representative
examples of glasses include aluminosilicate glass, borosilicate glass, crystal
glasses, etc.

Total substrate thickness and reservoir volume can be increased by
bonding or attaching wafers or layers of substrate materials together. The
device thickness may affect the volume of each reservoir and/or may affect the
maximum number of reservoirs that can be incorporated onto a substrate. The
size and number of substrates and reservoirs can be sclected to accommodate the
quantity and volume of reservoir contents needed for a particular application,
manufacturing limitations, and/or total device size limitations to be suitable for
implantation into a patient, preferably using minimally invasive procedures.

In a preferred embodiment for an implantable sensor application using a
planar sensor, the substrate preferably is relatively thin, as noted above.

The substrate can have one, two, three or more reservolrs. In various
embodiments, tens, hundreds, or thousands of reservoirs are arrayed across the
substrate. For instance, one embodiment of an implantable drug delivery device
includes between 250 and 750 reservoirs, where each reservoir contains a single
dose of a drug for release. In one sensing embodiment, the number of reservoirs
in the device is determined by the operation life of the individual sensors. For
example, a one-year implantable glucose-monitoring device having individual
sensors that remain functional for 30 days after exposure to the body would
contain at least 12 reservoirs {assuming one sensor per reservoir). In another
sensor embodiment, the distance between the sensor surface and the reservoir

opening means is minimized, preferably approaching a few microns. In this
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case, the volume of the reservoir is primarily determined by the surface area of
the sensor. For example, the electrodes of a typical enzymatic glucose sensor
may occupy a space that is 400 um by 800 pm.

In one embodiment, the reservoirs are microreservoirs. The
“microreservoir’” is a reservoir suitable for storing and releasing/exposing a
microquantity of material, such as a drug formulation. In one embodiment, the
microreservoir has a volume equal to or less than 500 uL (e.g., less than 250 plL,
less than 100 pL, less than 50 uL, less than 25 pl., less than 10 ul., etc.) and
greater than about 1 nL (e.g., greater than 5 nL., greater than 10 nL., greater than
about 25 nL, greater than about 50 nL, greater than about 1 uL, etc.). The term
“microquantity” refers to volumes from 1 nL up to 500 pL.. In one embodiment,
the microquantity is between 1 nl. and 1 uL.. In another embodiment, the
microquantity is between 10 nL and 500 nL.. In still another embodiment, the
microquantity is between about 1 pL and 500 pL. The shape and dimensions of
the microreservoir can be selected to maximize or minimize contact area
between the drug material (or sensor or other reservoir contents) and the
surrounding surface of the microreservoir,

In one embediment, the reservoir is formed in a 200-micron thick
substrate and has dimensions of 1.5 mm by 0.83 mm, for a volume of about 250
nl., not counting the volume that would be taken up by the support structures,
which may be about 20 to about 50 microns thick.

In another embodiment, the reservoirs are macroreservoirs. The
“macroreservoir” is a reservoir suitable for storing and releasing/exposing a
quantity of material larger than a microquantity. In one embodiment, the
macroreservoir has a volume greater than 500 uL (e.g., greater than 600 pL,
greater than 750 pL, greater than 900 nL, greater than 1 mL, etc.) and less than
SmL (e.g., less than 4 mL, less than 3 mL, less than 2 mlL, less than 1 mL, etc.).

Unless explicitly indicated to be hmited to either micro- or macro-scale
volumes/quantities, the term “reservoir” is intended to encompass both.

In one embodiment, the device comprises a microchip chemical delivery
device. In another embodiment, the device includes polymeric chips or devices
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composed of non-silicon based materials that might not be referred to as
“microchips.” In one embodiment, the device comprises an osmotic pump, for
example, the DUROS™ osmotic pump technology (Alza Corporation) included

R™ implant (Bayer Healthcare

in commercial devices such as a VIADU
Pharmaceuticals and Alza Corporation).

Reservoir Cap Supports

Reservoir cap supports can comprise substrate material, structural
material, or coating material, or combinations thereof. Reservoir cap supports
comprising substrate material may be formed in the same step as the reservoirs.
The MEMS methods, microfabrication, micromolding, and micromachining
techniques mentioned above could be used to fabricate the substrate/reservoirs,
as well as reservoir cap supports, from a variety of substrate materials.
Reservoir cap supports comprising structural material may also be formed by
deposition techniques onto the substrate and then MEMS methods,
microfabrication, micromolding, and micromachining techniques. Reservoir cap
supports formed from coating material may be formed using known coating
processes and tape masking, shadow masking, selective laser removal
techniques, or other selective methods.

A reservoir may have several reservoir cap supports in various
configurations over its reservoir contents. For example, one reservoir cap
support may span from one side of the reservoir to the opposite side; another
reservoir cap support may cross the first reservoir cap support and span the two
other sides of the reservoir. In such an example, four reservoir caps could be
supported over the reservoir.

In one embodiment for a sensor application (e.g., a glucose sensor), the
reservoir {of a device, which can include only one or which may include two or
more reservoirs) has three or more reservoir openings and corresponding
TeServoir caps.

The dimensions and geometry of the support structure can be varied
depending upon the particular requirements of a specific application. For

instance, the thickness, width, and cross-sectional shape (e.g., square,
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rectangular, triangular) of the support structures may be tailored for a particular
drug release kinetics for a certain drug formulation or implantation site, etc.

Reservorr Contents

The reservoir contents are essentially any object or material that needs to
be isolated (e.g., protected from) the environment outside of the reservoir until a
selected point in time, when its release or exposure is desired. In various
embodiments, the reservoir contents comprise (a quantity of) chemical
molecules, a secondary device, or a combination thereof.

Proper functioning of certain reservoir contents, such as a catalyst or
sensor, generally does not require release from the reservoir; rather their
intended function, e.g., catalysis or sensing, occurs upon exposure of the
reservoir contents to the environment outside of the reservoir after opening of
the reservoir cap. Thus, the catalyst molecules or sensing component can be
released or can remain immobilized within the open reservoir. Other reservoir
contents such as drug molecules often may need to be released from the
reservoir in order to pass from the device and be delivered to a site in vivo to
exert a therapeutic effect on a patient. However, the drug molecules may be
retained within the reservoirs for certain in vitro applications.

In several embodiments, hermeticity, which is typically defined as a
maximum allowable transport rate of a particular molecule (such as helium or
water) for a particular application, of the sealed reservoirs is required. That is,
whether a reservoir is considered hermetic can vary among different applications
of the device depending upon the particular demands of the application. '

Chemical Molecules

The reservoir contents can include essentially any natural or synthetic,
organic or inorganic molecules or mixtures thereof. The molecules may be in
essentially any form, such as a pure solid or liguid, a gel or hydrogel, a solution,
an emulsion, a slurry, a tyophilized powder, or a suspension. The molecules of
interest may be mixed with other materials to control or enhance the rate and/or

time of release from an opened reservoir.
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In a preferred embodiment, the reservoir contents comprise a drug
formulation. The drug formulation is a composition that comprises a drug. As
used herein, the term “drug” includes any therapeutic or prophylactic agent (e.g.,
an active pharmaceutical ingredient or API). In one embodiment, the drug is
provided in a solid form, particularly for purposes of maintaining or extending
the stability of the drug over a commercially and medically useful time, e.g.,
during storage in a drug delivery device until the drug needs to be administered.
The solid drug matrix may be in pure form or in the form of solid particles of
another material in which the drug is contained, suspended, or dispersed. In one
embodiment, the drug is a protein or a peptide. Examples include glycoproteins,
enzymes (e.g., proteolytic enzymes), hormones or other analogs antibodies (e.g.,
anti-VEGF antibodies, tumor necrosis factor inhibitors), cytokines (e.g., o~ -,
or y-interferons), interleukins (e.g., [L-2, IL-10), and diabetes/obesity-related
therapeutics (e.g., insulin, exenatide, PYY, GLP-1 and its analogs). The
reservoirs in one device can include a single drug or a combination of two or
more drug formulations. Different formulations can be stored together and
released from the same one or more reservoirs or they can each be stored in and
released from different reservoirs.

For in vitro applications, the chemical molecules can be any of a wide
range of molecules where the controlled release of a small (milligram to
nanogram) amount of one or more molecules is required, for example, in the
fields of analytic chemistry or medical diagnostics. Molecules can be effective
as pH buffering agents, diagnostic reagents, and reagents in complex reactions
such as the polymerase chain reaction or other nucleic acid amplification
procedures. In other embodiments, the molecules to be released are fragrances
or scents, dyes or other coloring agents, sweeteners or other concentrated
flavoring agents, or a variety of other compounds. In yet other embodiments,
the reservoirs contain immobilized molecules. Examples include any chemical
species which can be involved in a reaction, including reagents, catalysts (e.g.,

enzymes, metals, and zeolites), proteins (¢.g., antibodies), nucleic acids,

47



21 Dye penetrant Leak Tight 50 50 Silicon 7

polysaccharides, cells, and polymers, as well as organic or inorganic molecules
which can function as a diagnostic agent.

The drug or other molecules for release can be dispersed in a matrix
material, to control the rate of release. This matrix material can be a “release
system,” as described in U.S. Patent No. 5,797,898, the degradation, dissolution,
or diffusion properties of which can provide a method for controlling the release
rate of the chemical molecules. In one embodiment, the drug formulation within
a reservoir comprises layers of drug and non-drug material. After the active
release mechanism has exposed the reservoir contents, the multiple layers
provide multiple pulses of drug release due to intervening layers of non-drug.
Such a strategy can be used to obtain complex release profiles. See also U.S,
Patent Application Publication No. 2004/0247671 Al, which is incorporated
herein by reference.

Secondary Devices

As used herein, unless explicitly indicated otherwise, the term
“secondary device” includes any device or a component thereof that can be
located in a reservoir. In one embodiment, the secondary device is a sensor or
sensing component thereof. As used herein, a “sensing component” includes a
component utilized in measuring or analyzing the presence, absence, or change
in a chemical or ionic species, energy, or one or more physical properties (e.g.,
pH., pressure) at a site. Types of sensors include biosensors, chemical sensors,
physical sensors, or optical sensors. Secondary devices are further described in
U.S. Patent No. 6,551,838. In one embodiment, the sensor is a pressure sensor.
See, e.g., U.S. Patent No. 6,221,024, and No. 6,237,398, and U.S. Patent
Application Publication No. 2004/0073137. Examples of sensing components
include components utilized in measuring or analyzing the presence, absence, or
change in a drug, chemical, or tonic species, energy (or light), or one or more
physical properties (e.g., pH, pressure) at a site. In still another embodiment, the
sensor includes a cantilever-type sensor, such as those used for chemical
detection. For example, see U.S. Patent Application Publication No.

2005/0005676, which is incorporated herein by reference.
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In a preferred embodiment, a device is provided for implantation in a
patient (e.g., a human or other mammal) and the reservoir contents comprise at
least one sensor indicative of a physiological condition in the patient. For
example, the sensor could monitor the concentration of glucose, urea, calcium,
or a hormone present in the blood, plasma, interstitial fluid, vitreous humor, or
other bodily fluid of the patient.

In one embodiment, two bonded substrates include at least one cavity,
which may be defined in one or both substrate portions, that contains a MEMS
device. The MEMS device may be on a third substrate. The space in the sealed
cavity may be evacuated or may contain an inert gas or gas mixture (e.g.,
nitrogen, helium). The MEMS device may be one known in the art, such as a
pressure sensor, an accelerometer, a gyroscope, a resonator. In another
embodiment, at least one of the bonded substrates is formed of a glass, and the
cavity contains an optical sensor or chemical compound that can be optically
interrogated.

Several options exist for receiving and analyzing data obtained with
secondary devices located within the primary device, which can be a microchip
device or another device. The primary devices may be controlled by local
microprocessors or remote control. Biosensor information may provide input to
the controller to determine the time and type of activation automatically, with
human intervention, or a combination thereof. For example, the operation of the
device can be controlled by an on-board (i.e., within the package)
microprocessor or state machine. The output signal from the device, after
conditioning by suitable circuitry if needed, will be acquired by the
microprocessor. After analysis and processing, the output signal can be stored
in a writeable computer memory chip, and/or can be sent (e.g., wirelessly) to a
remote location away from the microchip. Power can be supplied to the
microchip system locally by a battery or remotely by wireless transmission.
See, e.g., U.S. Patent Application Publication No. 2002/0072784.

In one embodiment, a device is provided having reservoir contents that

include drug molecules for release and a sensor/sensing component. For
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example, the sensor or sensing component can be located in a reservoir or can be
attached to the device substrate. The sensor can operably communicate with the
device, e.g., through a microprocessor, to control or modify the drug relcase
variables, including dosage amount and frequency, time of release, effective rate
of release, selection of drug or drug combination, and the like. The sensor or
sensing component detects (or not) the species or property at the site of in vivo
implantation and further may relay a signal to the microprocessor used for
controlling release from the device. Such a signal could provide feedback on
and/or finely control the release of a drug. In another embodiment, the device
includes one or more biosensors (which may be sealed in reservoirs until needed
for use) that are capable of detecting and/or measuring signals within the body
of a patient. In one variation, an implantable medical device includes reservoirs
comprising a sensor, sealed as described herein, and a signal from the sensor is
transmitted (by any number of means, including hardwire or telemetry) to a
separate drug delivery device, which could be a wearable (i.¢., external) or
internal pump, the signal being used in the control of the dosing of the drug.

As used herein, the term “biosensor” includes sensing devices that
transduce the chemical potential of an analyte of interest into an electrical signal
(e.g., by converting a mechanical or thermal energy into an electrical signal), as
well as electrodes that measure electrical signals directly or indirectly. For
example, the biosensor may measure intrinsic electrical signals (EKG, EEG, or
other neural signals), pressure, temperature, pH, or mechanical loads on tissue
structures at various /n vivo locations. The electrical signal from the biosensor
can then be measured, for example by a microprocessor/controller, which then
can transmit the information to a remote controller, another local controller, or
both. For example, the system can be used to relay or record information on the
patient’s vital signs or the implant environment, such as drug concentration.

In a preferred embodiment, the device contains one or more sensors for
use in glucose monitoring and insulin control. Information from the sensor
could be used to actively control insulin release from the same device or from a

separate insulin delivery device {e.g., a conventional insulin pump, either an
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externally worn version or an implanted version). A hermetically sealed
reservoir device may be provided in the form of an implantable multi-reservoir
device storing an array of glucose sensors and capable of transmitting (by wire
or wirelessly) glucose readings to a handheld or worn ghicose meter-type
device, which permits the patient to manually administer insulin to themselves
(e.g., by injection).Other embodiments could sense other analytes and delivery
other types of drugs in a similar fashion.

Reservoir Caps

As used herein, the term “reservoir cap” refers to a membrane, thin film,
or other structure suitable for separating the contents of a reservoir from the
environment outside of the reservoir, but which is intended to be removed or
disintegrated at a selected time to open the reservoir and expose its contents. In
a preferred embodiment, a discrete reservoir cap compietely covers one of the
reservoir’s openings. In another embodiment, a discrete reservoir cap covers
two or more, but less than all, of the reservoir’s openings. In preferred actively
controlled devices, the reservoir cap includes any material that can be
disintegrated or permeabilized in response to an applied stimulus {e.g., electric
field or current, magnetic field, change in pH, or by thermal, chemical,
electrochemical, or mechanical means). Examples of suitable reservoir cap
materials include gold, titanium, platinum, tin, silver, copper, zine, alloys, and
eutectic materials such as gold-silicon and gold-tin eutectics. Any combination
of passive or active barrier layers can be present in a single device.

In one embodiment, the reservoir caps are electrically conductive and
non-porous. In a preferred embodiment, the reservoir caps are in the form of a
thin metal film. In another embodiment, the reservoir caps are made of multiple
metal layers, such as a multi-layer/laminate structure of
platinum/titanium/platinum. For example, the top and bottom layers could be
selected for adhesion layers on (typically only over a portion of) the reservoir
caps to ensure that the caps adhere to/bonds with both the substrate area around
the reservoir openings, reservoir cap supports, and a dielectric overlayer. In one

case, the structure is titantum/platinum/titanium/platinum/titanium, where the
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top and bottom layers serve as adhesion layers, and the platinum layers provide
extra stability/biostability and protection to the main, central titanium layer. The
thickness of these layers could be, for example, about 300 nm for the central
titanium layer, about 40 nm for each of the platinum layers, and between about
10 and 15 nm for the adhesion titanium layers.

Control Means for Disintegrating or Permeabilizing the Reservoir Cap

The containment device includes control means that facilitates and
controls reservoir opening, e.g., for disintegrating or permeabilizing the
reservoir caps at a select time following sealing of the reservoirs as described
herein. The control means comprises the structural component(s) and
electronics (e.g., circuitry and power source) for powering and for controlling
the time at which release or exposure of the reservoir contents is initiated.

The control means can take a variety of forms. In one embodiment, the
reservoir cap comprises a metal film that is disintegrated by electrothermal
ablation as described in U.S. Patent Application Publication No. 2004/0121486
Al, and the control means includes the hardware, electrical components, and
software needed to control and deliver electric energy from a power source (e.g.,
battery, storage capacitor) to the selected reservoir caps for actuation, e.g.,
reservoir opening. For instance, the device can include a source of electric
power for applying an electric current through an elecirical input lead, an
electrical output lead, and a reservoir cap connected therebetween in an amount
effective to disintegrate the reservoir cap. Power can be supplied to the control
means of the multi-cap reservoir system locally by a battery, capacitor, (bio)fuel
cell, or remotely by wireless transmisston, as described for example in U.S.
Patent Application Publication No. 2002/0072784. A capacitor can be charged
locally by an on-board battery or remotely, for example by an RF signal or
ultrasound.

In one embodiment, the control means includes an input source, a
microprocessor, a timer, a demultiplexer (or multiplexer). The timer and
{de)multiplexer circuitry can be designed and incorporated directly onto the

surface of the substrate during fabrication. In another embodiment, some of the
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Features Two silicon substrates were provided made with complementary cavities and seal
features for compression cold welding. The seal features included ridges that were microfabricated

onto/into one substrate, and matching grooves
components of the control means are provided as a separate component, which

can be tethered or untethered to the reservoir portion of the device. For instance,
the controller and/or power source may be physically remote from, but operably
connected to and/or in communication with, the multi-cap reservoir device. In
one embodiment, the operation of the multi-cap reservoir system will be
controlled by an on-board (e.g., within an implantable device) microprocessor.
In another embodiment, a simple state machine is used, as it typically is simpler,
smaller, and/or uses less power than a microprocessor.

Other reservoir opening and release control methods are described in
U.S, Patents No. 5,797,898, No. 6,527,762, and No. 6,491,666, U.S. Patent
Application Publication Nos. 2004/0121486, 2002/0107470 A1, 2002/0072784
A1, 2002/0138067 Al, 2002/0151776 A1, 2002/0099359 A1, 2002/0187260
Al, and 2003/0010808 Al; PCT WO 2004/022033 A2; PCT WO 2004/026281;
and U.S. Patents Nos. 5,797,898; 6,123,861; and 6,527,762, all of which are
incorporated by reference herein.

Using the Multi-cap Reservoir Systems/Devices

The multi-cap reservoir release/exposure devices and systems described
herein can be used in a wide variety of applications. Preferred applications
include the controlled delivery of a drug, biosensing, or a combination thereof.
In a preferred embodiment, the multi-cap reservoir system is part of an
implantable medical device. The implantable medical device can take a wide
variety of forms and be used in a variety of therapeutic and/or diagnostic
applications. In one embodiment, the reservoirs store and release a drug
formulation over an extended period of time. In another embodiment, the store
and contain a sensor for selective exposure, wherein the reservoirs are opened as
needed (depending, for example, upon fouling of the sensor) or as dictated by a
predetermined schedule. For example, the reservoirs could contain a pressure
sensor, a chemical sensor, or a biological sensor. In a particular embodiment,
the reservoirs comprise a glucose sensor, which may, for instance, comprise
glucose oxidase immobilized on an electrode in the reservoir and coated with

one or more permeable/semi-permeable membranes. Because the enzyme could
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that were microfabricated onto/into the other substrate. A shallow, wide cavity was formed inside each
groove and inside each ridge. FIGS. 27A-B show the resulting substrates and seal features.
Publications cited herein are incorporated by reference. Modifications and variations of the methods
and devices described herein will be obvious to those skilled in the art from the foregoing detailed
description. Such mwdifisationsyantarasiations @rthintendediientdene, whthimdiye lsdopetisf the appended

claims. CLAIMS 111@‘(3%{% gd of ;ourmlrtllgean ?é ctrical via connection cqr&pnsm?q: nﬁf%\ndlng a first

. e 01 115C sCa TESCIVOII SErve ?O DFOTEC CIZVimne s . .
non-conductive substr aving an éperture theret I’OUQ%, W%er In '[?16 Interior surrace O% said first

substrate defining saidajperture comprises a layer of a first electrically conductive material;

providing a second ”°“‘WP%?%Y%?%%%&%%B%X}Qﬁe%%igl%%@l%s@%mpgs?éﬁ%%%i@ge@%@sa surface of

said second substrate, wherein sal
described herein are incorporated into a variety of other devices. For example,

the hermetically sealed reservoirs could be integrated into other types and
designs of implantable medical devices, such as the catheters and electrodes
described in U.S. Patent Application Publication No. 2002/0111601. In another
example, it could be incorporated into another medical device, in which the
present devices and systems release drug into a carrier fluid that then flows to a
destred site of administration, as illustrated for example in U.S. Patent No.
6,491,666, The hermetically sealed reservoirs also could be incorporated into a
drug pump, an inhaler or other pulmonary drug delivery device.

The sealed devices described herein also have numerous in vitro and
commercial diagnostic applications. The devices are capable of delivering
precisely metered quantities of molecules and thus are useful for in vitro
applications, such as analytical chemistry and medical diagnostics, as well as
biological applications such as the delivery of factors to cell cultures. In still
other non-medical applications, the devices are used to control release of
fragrances, dyes, or other useful chemicals.

Stiil other applications are described in U.S. Patents 5,797,898;
6,527,762; 6,491,666; and 6,551,838, and U.S. Patent Application Publications
2002/0183721, 2003/0100865, 2002/0099359, 2004/0082937, 2004/0127942,
2004/0121486, 2004/0106914, and 2004/0106953, all of which are incorporated
by reference herein.

Embodiments of the invention can further be understood with reference
to the following non-limiting examples.

Example I: Tongue and Groove Hermetic Seal

A hermetic seal was made using a tongue and groove joint design. The

seal was made by a compression cold welding process. FIG. 3 shows an SEM

of the seal. The substrates are silicon (top) and alumina (bottom). The metals

54



projecting member is fanned of or coated with a second electrically conductive material; and
compressing the projecting member of said second substrate into the aperture of said first substrate,
to locally defonn the first and second electrically conductive layers, in an amount effective to form a
cold weld and electrical connection between the first and second electrically conductive layers. 2. The
method of claim 1, frided ceomipeisihgn silidoaformitisecdtdgrotbotmmessing, aligrimg. tHdprojecting

member of said seqand SUbSHAIR FEIATNEFO 19 3eTHIE.A5RIC IRL SRRSO, A to impart one or

more overlaps of the projecting member relative to'the aperture. 3. The method of claim 2, wherein the
one or more overlap®oftheodetitigrmenioerselaivé rottheraferddedvav&aowitithpbetween 1 um

and 50 um. 4. The method of £ainye. YRR NG SIER Of SOMBESHRIPG. GUMPHESAGaly,deforming

and shearing the projecting member at one ormore interfaces created by the one or more overlaps in
an amount effectivé’e fsieseéally deform at least a portion of the projecting member into a space
between the first substrate and the second substrate outside the aperture.

Example 2: Variation of Feature Sizes and Metal Thickness
Impact on Hermeticity

Several different joint designs were fabricated, using different feature
sizes and metal layer thicknesses. The joints were compression cold welded,
and the sealed joints were tested for leaks using either a dye penetrant test or a
He leak detector depending on the part geometry. As shown in Table 1 below,
the seal integrity was found to be independent of feature size and gold metal
layer thickness over the ranges tested. Undetectable leak rates may leak below

the leak detectors lower mit or less than 5e-11 atm*cc/sec.

TABLE 1: Comparison of Various Joint Seals - Leak Test

. ) . Joint
R1§ge quge Jomt Surface | Groove | Groove Groove Leak
Width | Height | structure : Metal | Overlap Results
. . Metal Width | Depth . Test
(188) | (190) | Material ) Thickness
Thickness
pim Lm - pm [m pim fm {m - -
Dye
145 50 Gold - 135 50 10 21 Leak Tight
penetrant
- Dye
50 30 Sificon 7 80 50 7 2 Leak Tight
penetrant
60 50 Gold - 46 50 1 14 He Leak | Undetectable
60 50 Gold - 53 50 10 7 He Leak | Undetectable
60 50 Gold - 50 50 1 10 He Leak | Undetectable

Example 3: Array of Microfabricated Cavities Having Individual Seal
Features

Two silicon substrates were provided made with complementary cavities
and seal features for compression cold welding. The seal features included

ridges that were microfabricated onto/into one substrate, and matching grooves
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5. The method of claim 4, wherein the cold weld is in the space between the first substrate and the
second substrate outside the aperture. 6. The method of claim 1, wherein the first non-conductive
substrate, the second non-conductive substrate, or both first and second non-conductive substrates
comprise silicon. 7. The method of claim 1, wherein the first electrically conductive material, the

second electrically tbhdgetivacieibrieatesh e ehiele shsciliy conatieive nshidieals v grg&/gold, indium,
aluminum, copper, Jeaqo Al iBL@!f@ha%kkvg%mlmiqma&@Qmm,g@taﬁi@& unggenotin,and

combinations thereof 8. The method of claim |, wherein the first non-conductive substrate is rigid. 9.
The ethod of claimreswliirgsHPsHat e 8kt prtHiBer is cylindrical. 10. A device including at least one

electrical via connection comprising: a first non-conductive substrate having an aperture

therethrough, where_in th@%ﬁ@&[&fér&ﬁg H_’ér%ﬁ{%fg s Pskale E‘@ﬁéﬁ&%xﬁ@dﬁ%ﬁ@ﬁiwpmes a
layer of a first electrically conductive material; a second non-conductive substrate having a

projecting membera8gtENaMIg TForhtedpfaedsorshigdeenirrsiprdgecivierdin QRyirHdmber is formed
of or coated with a ggcond elac igrllycondustivematelaleBndd description. Such

modifications and variations are mntended to come within the scope of the

appended claims.
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wherein the projecting member of said second substrate is compressed into the aperture of said first
substrate such that the first and second electrically conductive layers are cold welded and electrically
connected. 11. The device of claim 10, which is made by a process that comprises: aligning the
projecting member of the second substrate relative to the aperture of the first substrate so as to impart
one or more overlagyd oA 1 $rojecting member relative to the aperture; and then locally deforming
and shearing the projecting member at one or more interfaces created by the one or more overlaps in
an amount effective to plastically defoini at least a portion of the projecting member into a space

between the first substrateyapgihe @p@ﬁ@%@@&gﬁtﬂﬁgc@@w%ﬂ%ﬁ@e device of claim 11,

wherein the one or more overlaps of the projecting member relative to the aperture have a width
between 1 um and 50 um. 13. TRECYE RS ICARARTEIE R TFtedHy BEBrPBIRE ically

conductive layers are coldyyelgeeuismthensrasenkannern terfirstsubstiate anddhe sesangd substrate
outside the aperture. 14. The device of claim 10, wherein the first non-conductive substrate, the

second non-conductive suBSARETHESORMIE S LEritHs ettt ecsdpetraeatgiabrise silicon.

providing a second non-conductive substrate having a projecting
member extending from a surface of said second substrate, wherein said
projecting member is formed of or coated with a second electrically
conductive material; and

compressing the projecting member of said second substrate into
the aperture of said first substrate, to locally deform the first and second
electrically conductive layers, in an amount effective to form a cold weld
and electrical connection between the first and second electrically

conductive layers.

2, The method of claim 1, further comprising:
before the step of compressing, aligning the projecting member of
said second substrate relative to the aperture of said first substrate so as to
impart one or more overlaps of the projecting member relative to the

aperture.

3. The method of claim 2, wherein the one or more overlaps of the projecting

member relative to the aperture have a width between 1 um and 50 pm.

4, The method of claim 2, wherein the step of compressing comprises locally
deforming and shearing the projecting member at one or more interfaces
created by the one or more overlaps in an amount effective to plastically
deform at least a portion of the projecting member into a space between

the first substrate and the second substrate outside the aperture.
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15. The device of claim 10, wherein the first electrically conductive material, the second electrically
conductive material, or both electrically conductive materials comprise gold, indium, aluminum, copper,
lead, zinc, nickel, silver, palladium, cadmium, titanium, tungsten, tin, and combinations thereof. 16.
The device of claim 10, wherein the first non-conductive substrate is rigid. 17.The device of claim 10,
wherein the projecting meftisenishogivitrieah 4, wherein the cold weld is in the space between the

first substrate and the second substrate outside the aperture.

6. The method of claim 1, wherein the first non-conductive substrate, the
second non-conductive substrate, or both first and second non-conductive

substrates comprise silicon.

7. The method of claim 1, wherein the first electrically conductive material,
the second electrically conductive material, or both electrically conductive
materials comprise gold, indium, aluminum, copper, lead, zinc, nickel,

silver, palladium, cadmium, titanium, tungsten, tin, and combinations

thereof.
8. The method of claim 1, wherein the first non-conductive substrate is rigid.
9. The method of claim 1, wherein the projecting member is cylindrical.
10. A device including at Jeast one electrical via connection comprising:

a first non-conductive substrate having an aperture therethrough,
wherein the interior surface of said first substrate defining said aperture
comprises a layer of a first electrically conductive material;

a second non-conductive substrate having a projecting member
extending from a surface of said second substrate, wherein said member is
formed of or coated with a second electrically conductive material; and

wherein the projecting member of said second substrate is
compressed into the aperture of said first substrate such that the first and
second electrically conductive layers are cold welded and electrically

connected.
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11.

12,

13.

14.

I5.

10.

17.

The device of claim 10, which is made by a process that comprises:

aligning the projecting member of the second substrate relative to
the aperture of the first substrate so as to impart one or more overlaps of
the projecting member relative to the aperture; and then

locally deforming and shearing the projecting member at one or
more interfaces created by the one or more overlaps in an amount effective
to plastically deform at least a portion of the projecting member into a
space between the first substrate and the second substrate outside the

aperture.

The device of claim 11, wherein the one or more overlaps of the projecting

member relative to the aperture have a width between 1 pm and 50 pm.

The device of claim 11, wherein the first and second electrically
conductive layers are cold welded in the space between the first substrate

and the second substrate outside the aperture.

The device of claim 10, wherein the first non-conductive substrate, the
second non-conductive substrate, or both first and second non-conductive

substrates comprise silicon.

The device of claim 10, wherein the first electrically conductive material,
the second electrically conductive material, or both electrically conductive
materials comprise gold, indium, aluminum, copper, lead, zinc, nickel,
silver, palladium, cadmium, titanium, tungsten, tin, and combinations
thereof.

The device of claim 10, wherein the first non-conductive substrate is rigid.

The device of claim 10, wherein the projecting member is cylindrical.
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