METHOD FOR THE WAFER- LEVEL | NTEGRATI ON OF SHAPE MEMORY ALLOY W RES Fi el d of
I nvention The present invention relates to a nethod to attach a
shape nmenory alloy wire to a substrate, and a device conprising a shape
menory alloy wire attached to a substrate. Description of background art
10Shape nmenory alloy (SMA) is an attractive actuator material to use in
croel ectronechani cal systens (MEMS) when high forces and work are needed_
SMA out perfornms nost other actuation principles at the mcroseate by nore

oo "sCa S RS EOR SRR St s e RN PR B, e
23-24. (2004). 1MELQYMWIRESnally there are mainly two ways of integrating SVA
materials into mcrosystens. The first approach Is a pick and pl ace
approach where tlﬁé SMA material and the mcrosystern is manufactured

A

separately and t %4 in a subsequent step, see K Skrobanek et al.:
' Stress-optimszed shafhe presemtinventioa celatéste 8'methvEMStiBctos shapp memdhtaiidp 1,

SIM TR or a1 5. W Shoaval aAedR) APl Iined R WA, T P

SIM materi al s, are commrercl a In"a w de

t hi ckness range '3 SeRs¥B%8r ably | ow material cost. However, the SMA
integration is perfornmed on a per-device |level which results in high
assenbly cost. %cﬁﬁﬁﬁ%b rS\Huard S based on sputter deposition of thin
Nrri films directly onto the crostructure, see P. Krulevitch et al.:

"Thin fil mshpe nensiyPareBgysliey(8MaLisan eiradive Mt amataselioneedh. Syst, vet
5, no. 4, pp. 2THficroel8dtrombanical syhterad(MEMS)When Righofceé arf wok hreWesdbdnaf er

| evel processin L. L5 ntrollability,
the process Is % mie |Ir:'1“s_r'gf)gr?8%%cal%g’|g |"tp§'ﬁ%¥éﬁa?g§ﬁg§én°§{;ib§%°feeﬁﬁ%r atures
and strains and 3order siyoaaniydedepayse of temhighswarsdansiy that£MAs| offert sge Mhi cknesses
of less than 10 KoM et aEeSKape Merdaakicrogdtuzidrs”; SpringMEhr) PIRA (208@). of hi gh- speed

m er oact uat or g ut hzi utterde |t 11M base sha ry alloy thin
films", Actuator Pr OWB?'@%%%P?@%”N?‘“&%W“M egration
of SWk wires ontcrasysienisnlhelifiest aeareash isranick and! place 4nprdgeinetdre thefSMfot h waf er
l'evel integrati onaté@areridife MiRsptentdimandh¥lure®tdpaiztdiband dsh BRBRed@W for

and vafer -1 ovel “HRSAIaEFibe, S08 K Gtk S5 R RLRa Y con, IVENS,
vol . 19, no. 4( 2aeivesioMEVS Procapps2a6rata, (19978 Thabproschthesthe pdentge has yet
e S|t S5 A A i o iy bl
Integration. in aggﬂ err%lp ? wgéertg 9ss range at comparably material cost. However,
the SMA Integration is performed on a per-device level which results in high
assembly cost. The second approach is based on sputter deposition of thin NiTi
films directly onto the microstructure, see P. Krulevitch et al.: *Thin film shape
25 memory alloy microactuators”, J. Microelectromech. Syst., vol. 5, no. 4, pp. 270 -
82 (1996), which has the benefit of allowing wafer level processing. However, due
to a difficuit deposition controllabllity, the process is limited in reproducibility of
transformation temperatures and strains and NiTi sputter deposition is mostly
feasible for thicknesses of less than 10 pym, see S. Miyazaki et al.: "Development
30 of high-speed microactuators utilizing sputterdeposited TiNi-base shape memory
alloy thin films®, Actuator Proc., pp.372-377 (2008).
Wafer lavel integration of SMA wires onto silicon microstuctures, with the
benefit of both wafer level integration and the use of bulk SMA materials, has been
shown for microactuators with excellent performance, see D. Clausi et al.: "Design



5 bonding is an extrenely mature, cost-effective and broadly avail abl e
backend process for electricel interammects, see WI. Geig at al.:
integrated circuit packagi ng, assenbly and interconnections, Springer,

pp. 103428. (2007). It is very attractive to utilize this standard

technol ogy due to its very good availability arid high performance in terns
of reliability, throughput and pl acenent acarracy, to with speeds up to 22
bonds per second and pl ai esnent accuraciés within 2 pm However, direct
wire bonding of M|l SMA wires is not feasible due to the Vie.kere hardness
of the NM nat er i #1d wafgtileva! fabricalioa ot SMA wire micraagiiators @a sficophdMEMSewl K. Gal | et

zl\i/L t : dl Inlst r urrelnt eth, Rb. etr(zommdﬂ%@tlna@taagazr&lﬂ?éﬁmaammmgé has bénsgent Ada

edal l a, vo s conpered to comon
wire is bonding ?éﬂbgsp\eg ‘@E%ﬁedaﬁ‘edg‘l"amﬁﬁﬂ lﬁ?ﬂ%‘%‘ﬂﬁﬂi“ﬁﬁ?ﬁﬁ 33}’°8‘9“‘Edr1e present
| nventi on tool§ with pambwite handiipg! dlignment erskintegratidneln contrsist, wied er - | evel
integration C%ncﬁiﬁainéﬁran%m%tﬁkr&&éﬁg&ﬂeﬁhd &séum I%srerbgug@gby using a

conventional wire g qg 20Waf er | evel |nt eg wires with a
wire bonder all d?KB"’eés e @WB’PHE‘”érﬁ?eW‘Jca‘?'P@r‘P'B' 'f"ﬁ%’a‘ﬁ’l"@%"t No
additional ali gmasntgmeasembly aedolecionnBatbasiseprindert ppe1odcire(2o0g). @tfis NM Wi r es
the direct wire J@gjumaa uauiae&mmneﬁat&n@@ad@fo%ga&wavaﬁdsmynum pads |s

not feasible. The i nvention teach hat the wires are I'nstead
nmechanical ly fi M%P OrENARRS: ihigmas ] reliabilty thrayghpitand elacenentaccyraey, waf er .
These nmechani mal withispeddsap tG22 bt ie? Sed@n@bidpidcementrabaedori witfin Qfunt. he Nrri
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Is mechanically fixate ne anc

structure, wher daE0ess of theNiTigatasial, Y"'“F'%'sﬁl‘%le‘éﬁ %Wagﬁﬂ%'l"ﬂf@f §FQI'$SGQJI‘ t he
waf er edge. 30Tha apemstfiiented vifidhb-inGontitdA 6hiFI shBR-menbty hlﬁ:yé"SAcEiQ awre

bonder, a free 3,‘513 Ivoll 3o, qull%l”% §€os-%1f‘{ko&hfi%@b%w%‘ sch g"e(a t he ba! |

is then anchore 's ancho Woremme and gui ded
over the enti¥e ‘EemaﬁeE%ISWi%@'%é@cﬂW'Wf&atl on structure, and the SMA
wire |Is danped in between SI licon cantilevers and finally cut off by

tiuncatlng the V%%P& bond 5 ry and a high bond force. Advantages
ore peent ‘"B'é‘a

5The advant ages ®dssociated with a nethod and a
The prssent invention presents the first wafer-level integration concept for

NiTi SMA wires onto silicon substrates by using a conventional wire bonding tool.

20 Wafer level integration of SMA wires with a wire bonder allows a fast
placement and fixation of the wires. No additional alignment step is needed.
Because of the hardness of NiTi wires the direct wire bonding of these wires on
standard gold or aluminum pads is not feasible. The present invention teaches that
the wires are instead mechanically fixed by Si clamping and anchor structures on

25 the wafer. These mechanical fixation structures enable the integration of the NiTi
wires by using a standard and unmodified wire bonder.

The SMA wire is mechanically fixated with the help of one anchor and one
clamp structure, where each fixation pair is placed on opposite sides of the wafer
edge.

30 The present invention teaches that, while using a wire bonder, a free air
ball is generated by an electrical discharge, the ball is then anchored in its
anchoring structure, the SMA wire is fed and guided over the entire wafer area to
its second fixation structure, and the SMA wire is clamped in between siticon



device according to the present invention are that it provides the first
integration of SMA wires into sficon based MEMS structures using a standard
wi re bonder. Thia approach allows fast and efficient placenent, alignnment
and nechani cal attachment of NM based SMA wires to silicon-teased MEMS. The
wires are i o nechanically anchored and cl anped i nto deep-etched silicon
structures on a wafer. The placenent precision is high with an average
deviation of 4 pm and the nechani caI clafping is strong, allow ng
successful actuation of file SMA wires. 15 Brief description of the

drawi ngs A met hoﬁ“gﬁ‘ﬁ’saa'ﬂé'v?'wéu'ég@éﬁmcﬁﬂ‘gttw ‘E"F‘Febyp}'f'%g%'ﬁ RilRRei%on wi Il now

be described in HdgHmint fontet h ref erence to the acconpanying drawi ngs. In
which: Figure 1 is en illustration of the wafer-|level Integration concept,
Figure 2 is a cross sectional view of the integration flow, 20Figure 3 is a
SEM i mage of an Adv@mMagesstructure, which was fabricated by combined

anl eatropic and isot %@d@kﬁ&gesma%rémesthﬂpbehssbhﬂgdwmmemdsﬁms Figure 4

is a SEMimge o ation. w Y/

feature, 23Fi urJe"'gel(é\;é"%aHio P res%"t(ﬂyé %ﬁ%é?glg%gm&'ﬂ&&e&%"dog 6is a
graph with V\hl t eSNIA yines lhhﬁ@?MGMEM%MwMHM%%PO@HeTHM gnment
accuracy of a SM?:pWaaeanoﬁkwrm%mbhtw@érﬁu@m@fwlmm of the

mechani cal stabi ], [.e f i ro ch where figure
7e is draw ng of® %ﬁ"{'}%‘ﬁ"eé’gﬁ%ﬁ ?1 "' é@ﬂ‘osﬁﬁﬁ ‘H'a resentl ng the
chip In a hot loStrmoé;-amwlgamoneuaedwmedmmmg@tqlwdahpoglsing:ms)nnaact uat ed
device on a hot piéreTHY didteMem@raRion isthigh with arl vdragecddUiafidn@e s Gm @hd #feOWs an

imge of a device w th i CIAMping I8 & CtlHo%IInlgg&] Zletul Sctustion of the SMA wires.

1s Brief description of the drawings
A method and a device according to the present invention will now be
dascribed in detail with reference to the accompanying drawings, in which:
Figure 1 is an illustration of the wafer-level integration concept,
Figure 2 is a cross sectional view of the integration flow,

20 Figure 3 is a SEM image of an anchor structure, which was fabricated by
combined anisotropic and isotrapic deep reactive ion etching in
three steps,

Figure 4 Is a SEM image of a clamp fixation with a magnified view on
one clamp feature,

25 Figure 5 is a SEM image of a truncated SMA wire,

Figure 6 is a graph with White Light Interferometric measurement data
for the alignment accuracy of a SMA wire,

Figure 7 lllustrates a verification of the mechanical stability of the
presented wire fixation approach, where figure T.a is drawing of

30 a cross-section, the red dashed outline representing the chip in
a hot state, figure 7b shows an image of an slightly actuated
device on a hotplate with a temperature of 70 °C, and figure 7¢
shows an image of a device with increased actuation at 90 °C,



Figure 8 is a schematic illustration of the concept of preparing a hook-in
structure on the substrate and for the hook-in of a SMA wire, Figure 9 is a
schematic and sinplified illustration of a squeeze fit of a SW wire |ip,
Figure 10 is a schematic and sinplified Illustration of a squeeze fa of a
SVA wire tipinto a V-groove in a Oran substrate fabricated by enisotropic
etching, Figure 11 is a schematic and sinplified illustralion of a squeeze
fit of a 10SMA wire tip into elastically deformable structures, Figure 12
is a schematic and sinplified Mustration of a squeeze fit of a SMAwire tip
with nmetal |iner on tfigure8bixa schemdtollusteativroofitheedoncaptiof eteparingi achwiok-in

I nt erconnection. Fi gure 135M$MMMQMO%MMMSMMMU on of a
squeeze fit of a158 e.tip.Into a V- hrretal ner on the
substrate for mechani d%H'e nf & %JCE‘E’P?W@E?S""R'E“@&%W Bﬁq"eﬁ%ﬁfﬁ’éa 14 is a
schematic and sinplified il iSMwiattipon of a squeeze f|t of a SMA wire tip

into elastically defom able structures with netal I iner on the substrate
for nmechani caI and el ectrl cal 20l nterconnection, ure 15 is a schematic
and sinplified illustfeHs & isgtschemticapdsimpliisy !"i'ﬁ‘fam“ apquegzeftof ) | | Figure
16 is a schematic and si npl iSMaadreitiplintiss vgtdoosinafsiiesi sabstute fobacatedop of a
free air ball into a V-grooygeot ?@eg%& 17 is a schematic and sinplified

ilustration of a snap-fixation o
Figure 11 is a schematic and simplified illustration of a squeeze fit of a

10 SMA wire tip into elastically deformable structures,
Figure 12 is a schematic and simplified illustration of a squeeze fit of a
SMA wire tip with metal liner on the substrate for mechanical
and electrical interconnection,
Figure 13 is a schematic and simplified illustration of a squeeze fit of a
15 SMA wire tip into a V-groove with metal liner on the substrate
for mechanical and electrical interconnection,
Figure 14 is a schematic and simplified illustration of a squesze fit of a
SMA wire tip into elastically deformable structures with metal
liner on the substrate for mechanical and electrical
20 interconnection,
Figure 15 is a schematic and simplified illustration of adhesive fixation of a
free air ball,
Figure 16 is a schematic and simplified Hlustration of adheslve fixation of a
free air ball into a V-groove,
25 Figure 17 is a schematic and simplified llustration of a snap-fixation of a
free air batl,
Figure 18 is a schematic and simplified illustration of a snap-fixation of a
free air ball with a spring load,
Figure 19 is a schematic and simplified illustration of a squeeze fit of a
30 SMA wire,

Figure 20 is a schematic and simplified illustration of a squeeze fitof a
SMA wire into a V-groove in a silicon substrate fabricated by

anisotropic etching,



free air ball, Figure 18 is a schematic and sinplified al ma/anon of a
snap-fixation of a free air ball with a spring | oad, Figure 19
is a schematic and sinplified illustration of a squeeze fit of a 30SMA
wire, Figure 20 is a schematic and sinplified Illustration of a squeeze fit
of a SSMwire Into a V-groove in a silicon substrate fabdcated by

ani sotropic etching, Figure 21 is a schematic and sinplified illustration
of a squeeze fa of a SMA wire into el astiScal |y defornmabl e structures.

Figure 22 is a schematic and sinplified illustration of a squeeze fit of a
SVA wire with netal |Fige2bi & srhenalip and simelifiediflusiration oh? saneezafii oka ect ri cal

i nterconnection, Figure 23 SMAwiIsGhesadicaly asldmbeptrudtires) M m : Mon of a
squeeze fit of a SMVA g t . it E@;ﬁﬁl L e substrate
for nechanical and ele tr%z%:a‘%aosl n %ﬁ%%ﬁf}%@?lﬁﬁu I gurog!I %Fgﬁgofs%hermti c and

sinmplified Illustration of &MAgtieats melaf lingtorngthesybstratp foempehapicaliandt i cal | y
def ormabl e structures wth gRtAtal iniengﬁqegﬁbn; he substrate for nmechanical and

el ectrical interconnection, .Figure 2 S_a.sche ic.and simpljfied
T ust rati on of an adde ahias erésate 8 SpfinsfifRnos E8etld Rata, 7 o
squeeze fit structures and SMBwiete @ V-graore witly metaldineronghessuhetrate foc  and
sinmplified illustration of adbebicMandbiaéticin@fcomneddn, W re in a straight

1 xatton of a SVE w PETEs We sheriad) Boled fisrated? s ilesnita oioe ¢ and
sinplified il®ustration of &Si¥Wedieido élastigally deforfable sTaBIES with retaliiner st r ai ght
(a) and v-shaped (6) trenchgirelutba® e nibchdnaldndeRctAsal MieRBRNSHAVOT T
Figure 25 is a schematic and simplified illustration of an additional fixation
with ball-bonds on a metal lied squeeze fit structures and a
SMA wire,
15 Figure 26 is a schematic and simplified illustration of adhesive fixation of a
SME wire in a straight trench,
Figure 27 is a schematic and simplified illustration of adhesive fixation of a
SME wire in a v-shaped groove,
Figure 28 is a schematic and simplified illustration of adhesive fixation of a
20 SME wire in a straight (a) and v-shaped (b) trench with a
second subsirate as clamp support,
Figure 29 is a schematic and simplified illustration of a squeeze fit
structure with metal based bonding of a second substrate as
clamp support,
25 Figure 30 is a schematic and simplified illustration of a snap fixation of a
wire,
Figure 31 is a schematic and simplified iliustration of a snap fixation of a
wire with a spring load,
Figure 32 is a process scheme for the integration of SMA wires using a
30 wire bonder, and
Figure 33 is a process scheme for the integration of SMA wires using a
wire bonder and squeeze in of wires with piston.

Description of embediments as presently preferred



Figure 29 is a schematic and sinplified Illustration of a squeeze tit
structure with netal based bending of a second substrate as danp support,

25Figure 30 is a schematic and sinplified illustration of a snap fixation
of a wire, Figure 31 is a schematic and sinplified illustration of a snap
fixation of a wire with a spring | oad, Figure 32 is a process

schene for the integration of SMA wires using a 30wire bonder, and Figure
33 is a process schenme for the Integratidgh of SMA wires using a wire bonder
and squeeze in of wires with piston. Description of enbodi nents as
presently preferred Thespreneadrventionwilbnowi berdesdribed withreferencistodigirbdd wi t h

reference to fi giHoRing af NB¥EARGN SFithd WdrstidvbBhtbGrBtidRicohdapt. YW Sia Wiy &
I nt egr atl1 on conce

t. The SVMA wire | chanical Ly fixated with the hel p of
one anchor and oﬁg"'@f“ﬁl’l'ﬂ f@tﬁwee'?e?‘ii‘ggﬂe ?’?"bﬁ'ﬁ"ﬂﬁ“ﬁ)ﬁ?’l’p %WF%E@ on
opposi te sides ofixatidrepaivdd macee do eppoSilesidel abthe watfat efge.at i on concept is
depicted in figure 1. et b.%?d? s VHalirB 11 RB4HS Into
waf er - and chi%-l evelhm%gigr atl_g?]r? efrsﬂggi\%n\l“ﬁg%ig}teﬁon c@qr?%?ﬁes
al i gning and fi xZsffe rseparaippiniy walernppd chiprievelipigargligneVaterriguelt j g
mechani cal and ehtegialiorcaimblings alghiad aadfixetdun df b ShAlverepe mfsticorewkfernTiehi p- | evel
to formthe act i i tggréti ﬁn%ﬁ@t- i ew of the
integration fl ov%&ﬁ?@%ﬁ'%l%gd %?@ecgg{‘r &ﬁ:&gﬁegg%éér}gt e ydh@ﬂédeelﬁe‘ct rical
di scharge (a). Thantaiertuaterispén anchored in its anchoring structure, The
SMA wire (37.® pm di aFgireR shdves d cesbs3adioal viewe df thy ntegtakien fioal Fikst, thedke area to

Its second fixat Al%ﬂ?&%ﬂgﬁl&%y (apzalafﬂ:[&ﬁé%{ﬁg%{)ﬁﬂe%aﬁji@mﬁgn&ﬂreg% een
silicon cantilevers and Tinalfy cut o y _uncat.lr;g the wre by the bond
15 capi | | ary andanghefing i§trisdier The SMA vite)(37.5 pm diameter) is fed and guided over the

entire wafer area to its second fixation structure (b). The SMA wire is clamped in

between silicon cantilevers and finally cut off by truncating the wire by the bond

15 capillary and a high bond force (c).

On wafer-level, the SMA wire is attached using two different mechanical
structures in a defined position with high placement accuracy across the entire
wafer, Based on a ballwedge wire bonding process, a free air ball is generated
and subsequently anchored in the first integration structure, as shown in figure 1a.

20 The SMA wire is fixed and can be guided across the wafer towards the clamping
structure, as shown in figure 1b, where the SMA wire is mechanically attached.
This wafer-level integration allows in a second step a further attachment also on
chip-level. However, the focus of the present invention lies on the design and
development of the wafer-level integration.

25 Using this integration concept, full wafers can be populated with SMA
wires at high placement accuracles. Furthermore using a wire bonder offers high
throughput and high reproducibility of the integration process. The complete inte-
gration of SMA wires is done at room temperature, thus avoiding the triggering of
the SMA transformation, which occurs at elevated temperatures of typically 80 °C.

30 Hence this enables integration of prestrained SMA wires. In addition this
integration concept is CMOS compatible, offering the possibility for jntegrating
microelectronic devices with microactuators.

As an example it is shown that the wire hooking and ¢lamping structures
can be fabricated on a 100 mm silicon substrate. Publication by N. Roxhed et al.:



On water-level, the SMA wire is attached using two different nmechani cal
structures In a defined position with high placenent accuracy across the
entire wafer. Based on a baltwedge wi re bonding process, a free air hall is
gener ated and subsequently anchored in the first integration structure, as
shown In figure la. 20 The SMA wre is fixed and can be guided across the
waf er towards the clanping structure, as shown in figure | b, where the SVA
wire is nedienically attached. This waferZlevel integration allows in a
second step a further attachment also on chip-|evel However, the focus of

t he present |nvefﬁWWW’éﬁW%@'ﬂ?@ﬁ’Pm%lﬂg&@mG‘BWtB%?" RPRES§laf er - | evel
integration. 25Umgot. h7,Dpi 1082008, (2007)Ghsvastbal both tipbs viafredtsresedn Hee popul at ed

with SMA wires re& ,USi Wre
bonder offers hﬁ%ﬁ't}%ﬁ%EL%’%&%&@W@SA&%EgPBE&% o?h"f%°2g?tﬁt egration
process. The coniplegmtion ﬂv@m%memfmsﬂmwﬁﬁégple@hmf at room t enper at ure,
tlhus ?VS' fll ng st he trllﬁ@%é}d&ﬂlpl@ftl?altf%cﬁi\%ofﬁmwﬁmq[:tﬂésre&ﬁfe%fénOCfU[S att

el evat ed tenperature ca e this.en s In egra ion
of pnestrained %Mphﬁgndtq{'ﬁkgﬁ’ﬁf%ea%‘t %ﬂ'i"ﬁ'fh@g'gé'f”@rﬁ P8'69¥E‘8€

conpati bl e, of f estandgrd phetoresist which wasappliad-yspipgpating.ige mmmemssm c

devi Cﬁs \limth rnlﬁpm&mwﬂwbym (fﬂiﬂmrﬁs{léﬂndr&rMetahat lthe

wi re hooking an in ctur ricate silicon
substrate. Publ ?’Eg?'"%ﬁ“"gﬁh d ‘gﬁdé{ﬁ‘ Wﬁ&wﬁeﬁ@gﬁgg\’ﬁ'ﬁi"?% ed deep
reactive | on ®t citosegs. tmlarfgalatamﬂphotwdsmwﬁualpwemewmvpd by plasma/ashingl7. pp.
Sequence of ani squropr e Pta o apKPERath fih ShElRIamaruE A 200 O 2
integration str Lfgtulﬁ"@ qb'sﬂ ?ﬁﬁ@%""? 2 ﬁ‘dg}%‘p d5°‘E'F'8ﬁ E‘QJ‘EW““SI nthis
exanpl e t he f abrpataithelandingzmné afid tha emahor mntatlandmsmrtecgnableslomloft hogr aphy
and DRI E. processng afk bal W ihd irtho Jsh&a&eaa@gxsmém B Secon}a%&eﬁé andar d

phot or esi st was a p I ed by spin-coa toresi st
appl i cation wHs F¥EPerFEfeldesieh 9peagiy isvgiahfp ’BPWBP’H',?F@H"Q@@ MABalbr der to
ensure a full priHeanthosing offthd $MA dalbip ahievad by S épedifd undersyt otdhipedfilastr e cr eat ed

by e f1r St DRliho bienff @553 1sdP i Lt BB tordh Lol @bl o] 651 012

were renpved by plasma w resen I nven Foposes an
anchor structur d’asﬁh’ﬁ‘@h%ﬂ@(&‘%ﬁ?ﬁéﬂ%ﬁ% §“Q§qu{eﬂ@%i$°€°P“v‘\HF'bﬁ9?‘ss #epicted in
figure I's and figdéreutdindérheattPiE aaisdropit efchprofilenct i onal parts, the | anding

zone and the 2zi‘;’nchor PAl ts"m‘l;li’%u %’%ﬁ%]%dw*émﬁﬁ&%{iﬁ‘&f t he SVA bal |

into the anchor structdre an se uent t1on %ﬁacent 15
anchor pert. Théh%tﬂé'npig@ﬁﬂ@luwﬂidﬁhecqumﬂ@FH@“’%‘W@@Wéﬁem@ﬂhﬁg of the SMA

bal :c I Thef anﬁhordldhﬁ)ir@‘stﬁ%e%aw b thingde i \caslildN¥rs TwWalpa ks 6ﬂf£cirl¢ndeLCUt etch
B ched: fol | ovied By SR P die S7A bire mabieed e ram PR kBl cquont |y
an isotropic et cﬁiiglmth%\SMé wire. Thesesopd paiustabiizesthe ﬁme@tlﬂmumqmn. et ch
profile. 25 The anisotropic etch profile of the clamping structure contains a small chamfer in
the upper section of the cantilevers, which Is realized by a short isofropic etch. The
chamfers ensure a constant height of the SMA wire in the clamp, as depicted in
figure 4.
1t is possible to use a semi-automatic wire-bonder, such as Delvotec 5410,
30 to integrate the wires. This can be used with a commercially available pre-strained
NiTi SMA wire, such as Flexinol®, 37.5 pm in diameter, with a transformation
temperature of 80 °C. Because the wire was already prestrained, no special tool
for prestraining the wires was needed. The wire integration, depicted in figure 2,
starts with forming a free air ball caused by an electrical discharge, which locally



20The sMcon structure for the wire end conbines two functional parts. It
the clanmping structure and the cut off zone. Figure Ib and figure 4 depicts
the clanping structure with a pair of facing vertical cantilevers. Two
pairs of facing vertical cantilevers danp the SMA wire in between them The
first pair fixes and aligns the SMA wire. The second pair stabilizes the
SMA wire for the truncation. 25 The ani s%troplc etch profile of the

cl anping structure contains a small chanfer in the upper section of the

et ot B!t iU Rt I thebol el ol frofl & eg.B%f gipant er s

ensure a constant din
figure 4. It is %é‘f’ﬁ S%amaé@ﬁ?"aﬂk Shaflpetricg) Fr"i‘é“%% )'ssuch as
Del votac 5410, 3Jfbrfoonddih beliumtagndshitora)isinésthe Titi sllogstendie ouidize! invdirtdarity

comercially av T. " inor, 37.5
o di aeter. apaneingbEaSy bR thd 1, MR LB PhidRatenBtL 100
wire was al reddynitfdeckexidized layers pryesnsd¥iTisharegmemanpeliog’s 8afidiStatei ng t he wi res
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15Fi gure 3 depicts an anchor structure that nmbi ned
unequally formed and/or sized free air balls and thus ensures a reliable anchoring

20 of the SMA wire.

Figure 4 is a SEM image of a clamp fixation with a magnified view on one
clamp feature. It is proposed that the wire Is pushed in between the facing pair of
cantilevers with the help of the wire bonder. Four similar clamps can be used for
the fixation of each wire.

25 it has been found that clamping structures with cantilever dimensions of
50x500x220 pym, as depicted in figure 4, fixed the SMA wire mechanically most
stable. A force of xoxx mN was necessary to snap the wire into the clamp structure.

The final step of the wire integration is the wire truncation, which can be
performed analog to a stitch bond. However, the use of a very high bond force of

30 oo MmN and ultrasonics result in a straight cut of the wire and in contrast to
conventional wire bonding not in a deformation and micro weld of the wire to the
surface, as depicted in figure 5. This indicates also that it is not feasible to fix SMA
wires by the means of traditional wire bonding.



ankt ot nopi ¢ and isotropic deep reactive lon etching In three subsequent
steps. Both the undenatched (out of plane) sidewall structure and the
tapered (in-plane) design safely fixes the SMA wire with its anchor. This
design Is very forgiving towards unequally fornmed and/or sized free air
ball s and thus ensures a rehabs anchoring zo of the SVA wire.

Figure 4 is a SEMimge of a clanp fixation with a magnified view on one
danp feature. It is proposed that the wir®e is pushed In between the facing

pair of cantilevers th th e bonder. Four simlar clanps
can be used for the ¢ qsgﬂlﬁ%q@btg;gﬁ%agd% ich, rsulljp 8 stpight et 4T % 1 anpi ng
struct ures w th weand ircatrasl im@neintors| wife Ho0diadiix4 0 qeformationada midred i n
figure 4, fixed ,;,Q@O%m&%ergaﬁ;@né;ﬂbwwqﬁggﬁtabI e. Aforce of xict inN

was necessary to snap _the wire 1nto Sstructure. The fi nal
step of the wire int eHPea‘l'?sGPﬁe‘F!’afFHGVWWaP?MH%%??WW%“Gan be per for ned
anal og to a stsi taligniben df théiSMAwWre on thipleuslcThafplagerant yccoragyofiiied f orce of 30

XXX mN and ul tr i in contrast
to conventi onal qﬁ@%ﬁﬁoﬁﬁﬁwﬂaﬁg&%ﬁ%@%gﬁgwmﬁ Hﬁ-%\“‘él?@ ‘m?abd(;f t he

wire to the surf%@l’&saddéfﬂ"&%othﬁheﬂ@ gafewits plapamentidavitienfrem the ideal t hat it is
not feasible to daomeivil anthosm-daynptdesterimansd thé distaach fiomth@wirk\orthe bondi ng. 9

The use of a hi i I | s i ght cut of
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and mcro wel @ otithatiarppterof 355 umavas intsosated on@wgmmhqonswusgmeﬂ@ in"The
present ed waf ee|méfﬁ|avbtﬂbeﬂb’v&'tlbrﬁ94ﬁ§'&h(2d (@Immmsﬂ.msom@;ﬁnaihbgnﬁent of

the SMA wire on e t of _thi ration
met hod has been % cfﬂvtﬁt %190%%& g{& |xe"§g'f‘?en'éf"ear mﬁi%é 3% g
depicted In figumea mmmaﬂ 28 2¢im, a5 ghown i figime . 'ﬂiiab@nﬁmoﬂQGmeasweforf r om t he
i deal geonetri raaédéawb@metcﬁ ervalrmatraeahﬁésmmemhtcbﬁddlgsseance fromthe

wire to the sybs sde rmn The. s a 75 mm
| ong SMA wi rellgt ogevm t megﬁﬁ?@Pla '%%s'\éxa N f?ﬁ&!"&?’ &alotmﬁ'eﬁoo nm
silicon substr atlevel mn@annalph@elm%mmtm@SM&ms losiliarOVEMS 8@ing a) pmwi t h
a maxi mum of 13.dfcEpiatihge MENis Mbe. P2odfe di stance of the SMA wire to the

B e b v bt B S SEA T s o o
fixation of the aBNamiprstyctutes wis pedaimed by gnpldmenting psmple acteatonTtih
NI - el ectropl g rwuafa,r R @mwahmaﬁia&mﬁ&nﬁe%ma |e‘ﬁgn%l‘ 1Wf - evel
mechani cal and eﬂ\ﬁ%rg inte ratlona'c‘)éml\/A \'/'\élres t‘g)d?5 usi ng
el ectropl ati ng, Bn asoolg pigfe reset paraliel integrated 75 mm long SMA
wires as actuation. The energy input is provided by a hotplate on which the
actuator is fixed on one side to enhance the thermal contact.
Figure 7a illustrates the cross section of the actuator both in actuated and
25 idle position. Figure 7b depicts the actuator in a semi and figure 7c in fully
actuated state. It reveals that both SMA wire fixation elements withstand the force
that is generated by the SMA wires, which is 200 mN according to the wire data
sheet, see DYNALLOY, Inc., "Technical characteristics of flexinol actuator wires”,
Datasheet, F1140Rev H, pp. 6. The actuation was performed several hundred
30 times without failure.
Figure 6 also shows White Light Interferometric measurement data for the
alignment accuracy of a SMA wire with a length of 75 mm and a diameter of 37.5
pm. As indicated in the drawing, the out-of-plane measurement (blue straight
graph) determines the distance between the wire and the substrate, the in-plane



In addition, a basic evaluation of the nmechanical robustness of the anchor
and clanp structures was perforned by Inplenenting a sinple actuator. This
20 actuator |Is based on a 300 pmthick silicon cantilever with a | ength of
100 mmand a width of 2 rnmas odd state reset and two parallel integrated
75 mmlong SMA IlitfOS as actuation. The energy input is provided by a

hot pl ate on which the actuator is fixed on one side to enhance the thernal
cont act Figure 7a Illustrates1®he cross section of the actuator
both In actuated end 2% idle position. Figure 7b depicts the actuator in a
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dashed graph) deter m‘@F's | ateral wire placenent deviation froman ideal
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size of 3x100 mm as Tl lustrated ure /. ure of a
cross-secti on; Wﬁmﬁﬂﬁh?ﬁ'@vﬂb’ﬂ%ﬂ f fyity; gytosn st at e.
Figure 7b shows wire bomgg:eqﬁpn&nt\athloghﬁal yatbairuabﬁthmuaﬁgammsgrstbmspl ate with

a tenperature of 7 sed
et uati on at g0 RNy kRy ﬁ?%: @z@%%%@bﬂﬁ%‘%@%%%#ﬁﬁ*@% i res
usi ng st andard VpFEiquefosassRrodustn MAyrire\shemadonst r at ed.

Ever, though thm%lmﬁmm%mndmwaﬁm@m&m@mm automati c

W re bonder an uracy could be achieved in this work.
The usage of fully zfll?&;na'fe WI rge?&'b'%%gl ng equi pment with optical pattern
&

recogni ti on and al i griPféefent smbediments)uil aew beyshoyn fof mephanicalfisatiopaswalbse resul ts
and enabl es t he dsip thadiadtithi ddhnefion dTtte Shape Memory Alloy wire.

20 The wire is fed through the bond-capillary of a wire bonder. To allow the
pulling of the wire, the tip of the wire must be fixated on the substrate. In this
concept, the tip of the wire is deformed, so that the diameter of the wire-tip is
larger than the dlameter of the remaining wire and the bond capillary. This allows
to hook-in the wire tip or to squeeze the wire into squeeze-fit structures in the

25 substrate.

Figure 8 illustrates one concept already shown in relation to figures 1, 2
and 3. A hook-in structure is formed in the substrate, figure 8a, then the Free Air
Ball is formed, figure 8b, which is hooked into the structure in the substrate, figure
8¢, and allows to pull the SMA wire through the bond capillary, figure 8d.

30 Another concept is the anchoring using squeeze fit of the Free Alr Ball into
squeeze-fit structure on the substrate, as schematically illustrated in figure 9. The
SMA wire (901) is fed through the bond capillary (902) and a Free Air Ball (903) is
formed. In the substrate (904), a trench (905) is formed with the diameter smaller
than the diameter of the Free Air Ball (figure 9a). The diameter of the Free Air Ball



f 5 technique for mass production. The anchoring and danping of SVMA wire
showed an excel |l ent robustness, which indicates the applicability of this

i ntegration concept also on chi pact uat oel evel . D fferent enbodi nments
wi Il now be shown for nechanical fixation as well as for the electrical
connection of the Shape Menory Alloy wire. 20The wire is fed through the
bond-capillary of a wire bonder. To allow the pulling of the wire, the tip
of the wire nust be fixated on the substrata. In this concept, the tip of
the wire is deforned. so that the diameter of the wire-tip is larger than

t he di anet er of Isiiregerdhanite diameisriottha hehdtcapilldnn mdlich alpws kesqueezZBtihesFrab | ows t o

hook-1n the wi reAraeuIﬁrotﬁéheaauﬁ%esuséaetewueemtﬁeﬁauﬁﬁgmngm&tructures in

the 25 substrate | ustrates one conce ready shown in

relation to figuff¥borgd b&‘“&ﬁg"e\?zeﬁ°ﬁ%ﬁreleﬁ"§?“ \'}E’tt‘lﬁ'@“!’% e Foerate t he
substrate, figur@gtBe,Qc)then the Free Air Ball Is fornmed, frgure 8b which is

hooked Into t struc nd ﬁ! to pull
the SMA wire Pﬁr ou h %‘ on l %'“ﬁ'HQ"?r'ﬁﬁé‘?r 2;(”% eﬁ((;"ce‘%no er concept is
t he anchoring usfige QEE%F*PN’ F" 'E’tﬁé“:fP@?dMeFd‘Eﬁlf‘PreP‘ﬁ‘WWS'é}ﬂB%dze fit

strusture on thewwbemhir@taesﬂimswsthwmmsaeé:&lprucbdsusn'hasmunra(fuog)jse 9. The

SMA wire (901) 'fédﬁ#&l.h «r;%pﬂﬁry?gigg %@#Myﬁéu?ﬂ%é -@ﬂﬂn?doﬁ fg A r Ball

(903) is forned with the
di aneter snal | erSubslEate (W@“dﬂéﬁﬁl’e‘i‘ "?510'1(1985)#@6“95&@9“531 ). (The diametegel) . The
di aneter of the ﬁae&em.rraaﬁad largertHanltite didthgl6rof the @bnd daplildh, amhallowdftot he bond

capill ary, which e.trench in the
substrate (fi gure rge?gﬁglﬁﬁign%%gﬁkﬁﬁeggﬁﬁ%é@w&btrﬁeu?ﬂﬁ squeeze
fit of the Free the8 -reI$mcbore-¢1@rm¢eqreﬁzedrofttheFrsabsaalbrmetr(eftreggtnef 9c). 5As
schematical ly |I&,us.1‘.trsaﬁteqlngufé1bb)gure 10, the sanme concept |Is suitable for

squeeze-frt of the Fr d trench, as for exanple
obt ai ned when et chi ng guﬁ\ht‘ls oerrlnag'ffg’éﬁus% ?l‘l'ﬁgrsvarectig'é 3’@4& The SMA
wire (1001) i¥ f@amquwmmmwmma(em malmsn&stﬁtwhim r Ball
(1003) is for nmedalloldfor GtiateHaH the BRIAWKE Qihineted THe SHARAE (f108)) Gh;d(t I's

formed (figure The, di 0 e al | rger t han
the di aneter of ltgﬁé‘) B"'%@W#’éf‘?“%ﬁ%&'@ﬁrfé@é @%“egq Fr ee Air

Bal | into the fr{@Hd deformahie dmmuaMQS(ﬂlOglmefOM(ﬁQUThﬂab iThe dlamistee SMVA Wi r e
substrate (f .byJﬁ“‘ﬁ%ﬁfﬁ?fﬁﬁﬁmﬁgﬁﬁ%ﬁ‘rﬁm“ﬁé‘;r rﬂé‘é{ u??hgi e
variation of Phdsyireesthef aisatis)

structures are f‘db)re'ﬂierclamprwumrbsﬂaskcaﬂydbfomhdmhbdmsqdmeufatreErboAlns in the
SMA wire di anet g R ORI tha ¥MA pillary
(1102) and a Fre ﬂa& ﬁ“f %1103 ]ag;atfﬁotrﬁarr'éﬂg”;laﬁéthe gﬁbstrg?% I?“11104),

def or mabl e danp ?,'f' Rlace(figusshichr e £ or med (figure 1l1a). The di aneter of

the Free Air Ball |s Aldhgyabové tesoritiol eorteptssttematidally ihatritedin figarps Y kear y, whi ch

al | ows 25 11 are adaptable to enable electrical contacting of the SMA wire at the same time
as the mechanical fixation is performed. This allows for a simple contacting and
Joule heating of the SMA wire above the converslon temperature. Figures 12 to 14
schematically illustrates the concept. The SMA wire (1201, 1301, 1401) is fed
through the bond capillary (1202, 1302, 1402) and a Free Air Ball (1203, 1303,

30 1403)is formed. On the substrate (1204, 1304, 1404) trenches (1205, 1305) or

deformable clamp structures (1405) are formed. Finally, a metal film (1206, 1306,
1406) is deposited onto the substrate (figures 12a, 13a, 14a). The diameter of the
Free Air Ball is larger than the diameter of the bond capillary, which allows to
squeeze the Free Air Ball into the trench in the substrate (figures 12b, 13b, 14b).



20 to squeeze the Free Air Ball into the deformable structures In the
substrate (figure bib). The clanp structures elastically deformduring the
squeeze of the Free At Ball (figure Jib) and thereby adapt to di aneter
variations of the SMA wire and hold themIn place (figure 11c). A the
above descri bed concepts schematically illustrated in figures 9 to 25 11
are adaptable to enable electrical contacting of the SMA wre at the sane
tinme as the nmechanical fixation |Is perfoflfed. This allows fore sinple
contacting and Joule heating of the SMA wire above the conversion

tenperature. |apBwingihesq gtbaestiue pxide anyhe SMA istyokerup enddhe BMAdpIN. The SWh
wre (1201, 1301d.mm&thalmnﬁr@dné:£|roﬁwisusdﬁetebm amd SMAGHn kel 202, 1302,

(1208, 1508, 1205t opustebf (g 10 1agiPd Oﬁe&lﬁm R Mt ures ¢
(1405) are forned. Fi 'ﬂﬂP#@fuﬁWMW(ﬂmﬂm%m!I!megl"llstrat#dposited
crib the substs &h‘ﬂgt(réé Qﬁrﬁsthéaéhchés?lﬁMejsﬂﬁs\ratewﬁbdﬁlmﬁﬁédh%wé foe Free Air

Ball is larger th anet f the allows to
squeeze the Free® C%F?' %’a?’]d’? rr‘fledpe??fg' ?“é‘?ﬂﬁ’elwel"ﬁ@ L?ﬂ?g%/ﬁ‘gﬂé’eﬁ? 8t es 121>,
13b, 1db). 12 mﬁdwrgatbﬂiyil@MIsmgicepﬂmmmawrev&fooatmbbtmcbéaesirﬁlm i s broken
up and the SVA |6 sisite iah urd 1oL habd Py 1 1) @

Ther eby, the Sl\/ﬁ g&n goe el ect}l all‘emont act ed 120 1307 1407 via the
metal film(fig Aa0h 3¢01) ipfed tcé%{'l?nb(fw%l?p&)%’lﬁ?e%!%? 5" wi th

and/ or w t houto nf@6Gd, 1603m$rforaed itn the stbstbte (11554, 1604)] gvaigbﬁ(ﬁbstm-wéhapédne
trenches in the §ABsds t rﬁgﬂm vel y anchor
the Free Air Bali %(m)ﬁrmafbghgdﬁt’h&g'grﬁgﬁcdﬁes agi‘ur es 15 *l‘i*?e
schematically il g@‘ﬂ%‘ 158; 16a). She. diametes of herFren Aits BS'F'EP"QQWtBtht trenches
simlar to fi gurdiarﬂatermdthblbgnu@pm&yfmich‘dnahaqneebﬂngMnﬂasAnsBzmiidnathet o figure
10. The SMA w r%d"l;é@]mtém@h %@n{l}ﬁp q;p%e&ié% 1602,

1602) and a Free A r Ball rate
(1504, 1604),'3stgmhegerd 'Qi%s Wl%%eﬂé 1&9&?@9 MSychaﬁéher Breeed, which
are then parti alAiyBdlli{figaees\Wse, hse)dhe3| ve (1506, 1606) (figures 15a, 16a) The

di amst er of the, Fr o diskioPabbeds LR ABGhAE < ShAR LRl ol DON

capillary, which allows squ e &dhesive in the

trenches in the %‘EIE@'PFS’csé‘aleﬁpﬁtﬁeﬁ‘aﬂlﬁ‘mf&'fe17[#?@°'P?W'VAIUF"%FIWS| s IS
embedded i n adheshsept. wsmw.rs(mn)aglfeew&%hmmzawﬁwt(hm #Medors the

L TR it let o e ke e S
in to. Figure 17omefitessubstralg 3 thinpenlayer is farmed (170 u@bheepaﬂy clitees VA Wi r e
(1701) is fed thieRsttf1768)Butthadn StRink irAthel cdnlef BFthe BéHEh AndTbIRRireating
snap-in structures (1707) (figure 17a). The diameter of the Free Air Ball is larger
than the diameter of the bond capillary, which allows to push the Free Air Ball
25 through the opening of the top layer (1705) into the trench in the substrate (figure
17b). The top layer snaps back (1707) and holds the Free Air Ball in place (figure
17c).
A variation of the concept schematically illustrated in figure 17 is to provide
a spring in the trench which presses the Free Air Ball against the snap structures
30 in the top layer. Figure 18 schematically illustrates the concept. The SMA wire
(1701) is fed through the bond capillary (1702) and a Free Air Ball (1703) is
formed. In the substrate (1704), a trench (1705) is formed and on top of the
substrate a thinner layer is formed (1706) which partially covers the trench (1705)
but has an opening in the center of the trench, thereby creating snap-in structures



20 Air Ball (1703) is forned. In the substrate (1704), a trench (1705) is
formed and on top of the substrate a thinner layer is fornmed (1706) which
partially covers the trench (1705) but has an opening in the center of the
bench, thereby creating snap-In structures (1707) (figure 17a). The

di aneter of the Free Air Ball Is larger than the dianeter of the bond
capillary, which allows to push the Free Air Ball 25 through the opening of
the top layer (1705) into the trench in tiBe substrate (figure 17e). The top
| ayer snaps back (1707) and holds the Free Air Ball In place (figure 17c).
A variation of t{Hg0Dd¢igrept8ap titberixitiomal the triehdhy$705p4 leyer (1808) igtrreedl7 |s to

provide a spr i nowheh b Uk \ERihid ARGR85&SnG 16 FF0 Bl infighindigabnot the

snap structures 30 In the to ure 18 schematic Strates

the concept. ThelnSfuehps. @“’("Jﬁq‘i)‘ii gﬂ“@'i"‘é’&“@ﬁ?’@d’@ﬁ"’c‘%'%ﬁGBE%Mﬁ”!’%ry (1702)
and a Free Air Bétgb). WHeqGanovirg thetione dapillary, th elastichiyidefvirsed 1dyébdnessed t r ench

(1706) is for fgedtthela e Bl h&#&?uﬁ%&# %&ggﬁnﬁan& Mforw.thétawf med

(1706) which par y awar e n opening in the
canter of the triBpéicesigararalpd by-the glestisellysatepoaddaver figwe 18xs 13 (1707)

\(AL! glrJlr_e 18|61) I'n tlhe hﬁrhﬁﬁ@ﬁ&uﬁ&%&ﬁﬁ%ﬁﬁﬂﬁ%r%lﬁﬂﬁﬁm@pﬁm is fgr rredh
ichis elasticg t hrou
the snap-in struc%o Q,% Jf;fir&ghgg ﬁérp%&ﬁ%q' C%ﬁ%?%gﬂg@%g@:ﬁ?ﬁé?ﬁ bl e IayegrJ

(1808) (figure IS‘EB‘I§‘}1re W‘Fb‘ﬁdﬁ@nﬁ‘wm@e theavirgdselarerediand tekgforg glthe:| astical |y
defornmed | ayefo PghesSshowh ifighies® mbqgargﬁaagptdbﬁt o the snap in structures,
whi ch are strong enou hrg&wf’tr,llﬁgéh%%d |ﬁqu8a:8?hes9A§L§£e sf(gl % na%%lﬁe lip of

el astically defor ned yer ure

the wire with thfersnueezemtﬁngstaﬂi Awmuwg@ew&pm%mmgﬁ{mﬂe bond
capillary and Smﬁeﬂl@ﬁéﬁﬁ&dtd&&m%@ﬁédbﬁl @oﬁ@o@mmmcwgme&mﬁ@ture I'n

oD S0 LAt B el O Bt e’ o
schemati cal | y15I | $MA wira (figutsh 49& G0 @28). Figure d!hendw ilugiate @q!leémﬁttmqwhze fitting
of SMA wires. tdihht 4 vk agem r:?@w% ifdrs 81 6 b@6kH on i bncept 01) IS
pl aced above the tren 9 2002 10 ls for in the substrate
(1903, 2003, 210§)°WW'I'R? §°n’é a9f! fares: ?H)'ee‘i'a'?w"t‘ﬁﬂ‘ﬁ@ﬁ@t"b?‘e of the
substrate which allow for variations in the SMA wire diameter. The wire is
squeezed into the frenches and/or deformable clamping structures using a piston
20 (1904, 2004, 2104), which for example could be a second substrate which is
pressed onto the wire and the second substrate in a wafer bonder (figure 19b,
20b, 21b). The piston is then removed and the wire remains in the trench (figure
19¢, 20c¢, 21¢) following the same principles as in the concepts shown in figures 9,
10 and 11.
25 The concepts schematically lllustrated in figures 19 to 21 are adapiable to
enable electrical contacting of the SMA wire at the same time as the mechanical
fixation is performed. This allows for a simple contacting and Joule heating of the
SMA wire above the conversion temperature. Figures 22 to 24 schematically
illustrate the concept. The SMA wire (2201, 2301, 2401) is placed above the
30 trench (2202, 2302, 2402) which is formed in the substrate (2203, 2303, 2403) and
covered with a metal liner (2204, 2304, 2404). The trench diameter is smaller than
the diameter of the SMA wire (figures 22a, 23a, 24a). Figure 22 and 23 illustrate
squeeze fitting with straight and V-shaped trenches, respectively. Figure 24 is
based on the concept shown in figures 11 and 21 and features deformable




Is SFt4A wire (figures 19a, 20a, 2la). Figure 19 and 20 illustrate squeeze
fitting wwth straight and V-shaped benches, respectively. Figure 21 is
based on the concept shown in figure 11 and features defornmabl e danpi ng
structures (2105) In the substrate which allow for variations in the SVA
wire diameter. The wire is squeezed into the tenches and/ or deformabl e

cl anpi ng stuctures using a piston 20 (1904, 2004, 2104), which for exanple
could be a second substrate which Is predéed onto the wire and the second
substrate in a wafer bonder & 9ure 19b, 20b, 21b), The piston_Is then
removed and the GPPEING SvaiHes (249 l'ﬂ@etsp%ﬁtreﬁ“(hfchgwq\@eaﬂozw the§MA f ol | owi ng
the same princi pliesdiasetem Thdweireds squepicd |m&mWeﬂme§al@w0§orﬂlableIa&1ngl 25The

et S SCreITal hihtas sk USiioR 2! o ) Shich Yol Serie B0, AlPRLBR] © L ©

enabl e el ectri ca cont act e at the same

nmechani cal fi xat Pubstrate whigh is grasepd onteHhe wisg ang\ke W@lsﬁkﬁ‘@md@ﬁtﬂa@h ng and
Joulzi heﬁtl ng of bcltrher(%mbrzsbabm;mdnh@:heeﬁmeﬁﬁg Mnhmmmabugﬁsr%glir 624(2)%
to schemati ca :

| s placed above {byok?“nc'}%j%% 5@5&2&"8%8‘ tn\?ﬁ%'%h%os&éé@ 'n the
substrate (2203, Trzey, m?ﬁ@éﬁaahﬂe'emﬂwnmﬁ(zaoﬁrﬁ%ﬁ 2406y vip theaeyal, 2304,
2404) . The trenclimdfigifei®| 2324l | er than the dianeter of the SVMA wire

(figures 22a, 23a, 24a), Fiqure 2 nd 23 illustrate s ueez fitting with
strai ght and V-shaped °r°8n‘?ﬁ§‘§'ﬁ”t’é§'38?!f?k‘/@?§' amg- g@ﬁ%n t he
concept shown?d ntofZ4gpan baenhanced avith balbbonds ascilugtrated id@ﬁm RRl§Ingo thd hetal anpi ng

structures (2407)y 48 ﬁﬁd?@m:‘éhbha%to?ﬁéﬁes\’ﬁ't&m 3bJeRiiFiee ir Bals #6 boHasd iod t he SMA
wire dianeter, The w r i's Sgg?t“?ﬂ‘f‘ %@ t he trenches and/ or deformabl e

cl anpi ng st ruct u?‘gg'aﬂ'ﬁlﬁju"? e wie%iBto he/AeyP SUAbER T8r exanpl e
could be a seconSMAu\lismSal)dsfndttmougbUprbe@wllleml(mmd\mﬁmsanﬂaﬂt he second

substrate In a wmmwnre@wurae@zmm.r%@maumahe squeezi ng,

th t d d t t act
W th Che. met al* cHOTRRd WERRA0ALA et el s GE0Ren st (B0 ol |

contacted (2206, (ig8e@5b)2ees,)thewiee it et usieg ahigh bbn enbiog (R507)16gure 258y, 24c). The
concept with netal Iigﬁ,ﬁ%,ﬁ; E&Eﬁ&é f l*pﬁg\dregqsm Hhcﬁésggﬁﬁs 22 ic to
a bon as |

24 can be enhanced wt lustrated in ure t he

nmetal on the fin '&t‘?%‘t'ﬁrﬁﬁ%"‘ﬁ?‘@PW&%“YW@&““M@&!““PP@@“)&N Bal | s
are bonded to neﬁyaasmaéridwsummauytnestmleaﬁpcomemwmmrwsmsn:amm Ehe cl) anp
structures, The mgy ry (2502
and a Free A|£r}’ Ba“ %2{?@ 971%) rV3ng FL qﬁ%émwﬁgw?aﬁm léaThe Free Air
ol | i 5 bonded oA RS e RanshlgEae 92, {ISBDMYORFlamiaskn e sUbsTERG et o
l'i ner (Zﬁ_OS)h gn (2bes, amshmﬁiaﬂiz Oaﬁy?ﬁﬁﬁ)vm( ﬁdr@swea(zwmzoﬂ(ﬁﬁtﬁesz&ezm)mﬁl s cut
using a hig o] en ur r t he
concepts nustra{\g'(rf "%Xff&rm %g%esg'féﬁ"%g&im%sn sH\gsaplisﬁm{PﬁéD% %@g{r ate can be
filled with adhe\!ﬁl'ﬂefotvamdlﬂégﬂld'b# § seponteubsirayewhich is pregsedipatotthewicend. Fi gur es
20 (1 enches and § e B o e (e (2601, 2701) i

renches an | e or e is
pl aced above the T%ﬂ%?@?%\%‘ “f'fg(ﬁgw eﬁg%% %’cﬂ‘m@e’?tﬁ tﬁ
substrate (2003,(fiares36eadvd)- partally filled with adhesive (2804, 2704)
(figures 26a, 27a). Tﬂﬂdﬂhés?celaﬁch%ﬂwIIIGJtheHE}ﬁigﬁQQQ@hH@Zﬂ&ntbge trenches
using a piston (2?}}0?f 705%e "Hh or e I d. be %seco}pd substrate
which I's pressed™ pie W ﬁ'&f AMRNG oL fng Wirg. FIgYR f o
bonder (fi gur®s ZAdlystr@@bithe caricept, witieh lnsmﬂanfabeubkddmdndw-shabw&emﬁsmhi ch is
cured (2606, 27 ﬂ#ﬁm&ﬁ“
The adhesi ve angﬁ)arl ng cglggdgg%él ust rayggr og(gvé %sdﬁ%goé lcS?can be
conbi ned with adRErgdjathasyhsrats it agd ?B%Uﬁmmﬁqﬁeﬂfaﬂﬁoﬁbwwﬁé wire.
Fi gure squeezed into the adhesive in the trenches using a second substrate (2805) which

is covered with adhesive (2806) and pressed onto the wire and the first substrate



30 28 illustrates the concept, which is simlar for both straight and
V-shaped trenches. The SMA wire (2801) is placed above the trench/groove
(2802, 2803) which is forned in the substrate (2804) and partially filled
wi th adhesive (2804). The wire is squeezed into the adhesive in the
trenches using a second substrate (2805) which is covered with adhesive
(2806) and pressed onto the wire and the first substrate 15 (2803). Then,
all the adhesive is cured and the wire i ¥ anchored both by the adhesive and

t he second substr uch an approach. is f e also for the
squeeze-fit witH2 Maﬁew-ﬁﬁ@aa@?ﬁw ?ﬁﬁgﬁﬁé)@gm’ﬂs@ﬂ 3’°h|qyﬁ'éﬁ rates the
concept The w r edb@iVelnd ihe spioad eabstaifite ve taphSuchah approadch Bdedsb®algo for ench

(2963) in the f|tﬁ§§qu§ezgthb§.w@$@ ué&?&a‘lﬂps\%%ﬁ%éfghﬁ@gﬁg%ﬁg rdé'g’g the net al

lined trenches using a secon net al
(2906) and pr ess'd8 WIR{4901)ivplaged @bewqdhe melalingd 2902y anch (A8A3) iy the Airst Then t he
second substrat esubarahqwmjmwe is sGuedRddihto the rﬁdﬁthrﬁﬁﬁrﬁhdﬂﬂuﬁﬁ‘@af irst

Fi T and the ol Sobend BRI S ELEEN IRl GO Bl fitkell Byt s, 101 ©
Simlar to the M¥Respths first Wﬁ?@%ﬂ 'H‘eﬂqtb%l?@%"dlsf"bﬁﬁ& 'a_laondad witale | n
structure can benétﬁlwhéﬁhﬁ[brimeﬁrﬁt&ﬂb&h& Theréby) the SMA chri ww«:u?&n;scherrati cally

illustrates thi [ n e ate (300 nc 3002) is
fornmed and on t%g&%ﬁ&fﬁéemg%ﬁﬁlg %"WW@ 936?"?%'5‘?5?'?@8(5 €3) whi ch
partially couér subsiatet rench but has 15 an opem ng in the center of the
trench, thereby coal ismasmmﬁ&donc@tsrm&sté&ﬁfﬁﬁw@am%@ﬁ%\immau{e%%) I's

pl aced above th Spé ructures Ie LS squeezed
through the ope%?nge%b ﬁ’étt HMF('"{? o'g‘frﬁg‘?f%'g'ﬁ usFaesBst r at e usi ng
a piston (3006) congept Hn mesutsmmoemeumhwoa)-sm@ngabmmm which is
pressed onto thguwitar mﬂnérmeﬁ@fam {vhigd rﬁanyaw&ai&rtrehan@lﬁhaifl gure

30b 20 Th ]

CTohr 20500y 1 OnloBailg i 8 .%?‘?f&ﬁb'aﬁfef'%e%ﬁ%moﬁngewm%éfﬁskgqq% Ustrat ed
In figure 30 i sTheSmmedmoé)isplaoedgpbnvemhmwﬂmmhtUWA(fahrepaOe)smWMe wire
agai nst the Sna@séqh&é&%&%&@hhﬂ &’ﬁhdt@ﬂﬁ ﬂy&&,cﬁi’mﬁ&?%g%cally

illustrates the conce %8% rate renc is fornmed
and on top of tHé'"QBBEPP& )aw'P'Fﬂ h%’?a"]p V' aﬁ?ﬁ" tHbsteate whighls” \whi ch
partial |y cover preshel dntecthe Wirdarid thesecand supstrateniq aiwafer banderg{figues 3aH). t he trench,
thereby creatjn f the trench a
106) is for nté{)j \?‘\Ré%ﬁafepsr?gésﬁ%% Héﬁgﬂ%‘:@%&g? After
squeezing the wire (21g63togpithe W@%F@Pﬂﬁ"‘?@l‘ ‘P‘ﬂi"@%’ﬁ:‘f’ﬁé"gﬁwﬂal n
structures, thea\dprig ictereassichiphssekcthewirddamst thy evap 6BudBYs i6 tHegop € 31b) .

unen 1 o, 0 WP Rl b e e Ao L
forces generat e&‘e (B1R2) ie fosmed 2ns) anyorielitesr Svbeiraben binngriayguis fomeedt) | Fi gures 32
and 33 show ps 0(393) iidhpaRaEly vert B tleRdHtEk Rds dalbperiinghe \bbiiteSof the
trench, thereby creating snap-in structures (3104). In the bottom of the trench a
layer (3106) is formed which is elastically deformabile (figure 31a). After squeezing
the wire (3106) with the piston (3107) through the snap-in structures, the wire
compresses the deformable layer (3108) (figure 31b). When removing the piston,
30 the elastically deformed layer presses the wire into the snap-in structures, which
are strong enough to withstand the forces generated by the elastically deformed
layer (figure 31c).
Figures 32 and 33 show process schemes for the integration of SMA wires
using a wire-bonder. The flow in figure 32 illustrates a process where the first




using a wire-bonder. The flowin figure 32 Illustrates a process where the
first 16 fixation is provided by anchoring the Free Air Bali. Then, all
the blowi ng fixations required are perforned by clanping the wire with the
Wi re-bonder into clanping structures. After the last clanping structure in
one line, the wire is cut off by a high energy wedge/stitch bond onto the
substrate surface. If necessary, these steps 5 can be repeated to integrate
nore wires. If not the wire is integratedsand can be further processed.
The flowin figure 33 iUustrales a process where the first fixation Is
provi ded by anch8xatingisipravidey BieancharingthietFrephiirBallt Then sl the folowipdinatiads over al |
the clanping str psgkédse paHokre B 'cl%ﬁ\pﬁﬂa%ef\kiﬁfﬂilh}hetvhr%-b\%d'e?inkosclﬁﬂéin%?ff by a
hi gh energy to We‘g-%f/StééCH‘ t?ong onto the substrate surface, It hecessary,
these steps can BETEPeRtEI et FPRYRI FyFUra/p pesdine, the wire is Gutofidy ahighi n pl ace,
t hey are squeezeéndrgy wedgbletitchisbad byto thg sibswatersgriser fmdcessary, Mséd@epg pi Ston. | f
the clanping is sid e %&qn Lhe essed. |f
not, additional E"Ztgl b%%%gl*gglneg e pﬁgggéigh&fﬁguﬁséxtﬁétgﬁén%ﬁp%estructur es
or during the sq iﬁpﬁ‘?j’e%?"g-econd substrate can is be bonded onto the wires
and the first substr aTie flowtin figurd 33imustades proeRd whéra thetfi® fitafyeigt i on |'s not
scribed and |11 ugkliadhs RERPRS hb ¥rda A 'qfrﬁq; t t hat
nodi ficati ons caﬁ ble_ ma(fgn W t#h% 't%elscog@bo' tﬂ?'?%ﬁﬁ%%ﬁp%"ﬁ%efi ned by
t he acconpanyi ngS@Peinggructies imthe tinemang@inally thedre irgyt eftby.a highveneraywi re to a
substrate, char awedyelstieldbord dnfdake Sibbtehte\burfacd. F nedesiny) tiead btipsidahashed into a
3D structure on i i i i i S nechani cal |y fixated
with the help of %@hﬂeﬁtﬁ?ﬁ%ﬁi ﬁ'g%d" %%’g{ac“ﬁ@%ar\s%r{ﬁ%ﬁeuwgyaéﬁs%ugfﬁdém rate, and
that each fi xat i Bifepurg clamping siueyres usingrrigon. i the clpmpingfis stronaeegugbdge.

the substrate can be further processed. if not, additional ball bonds can be placed

on the wire in the clamp structures or during the squeezing a second substrate can

15 be bonded onto the wires and the first substrate.
it will be understood that the invention is not restricted to the aforede-
scribed and illustrated exemplifying embodiments thereof and that modifications

can be made within the scope of the invention as defined by the accompanying
Claims.
20




2. Method according to claim1, characterized in that, while using a
W rebonder, a tree air ball is generated at the end of said wire by an
el ectrical 10 discharge, that said ball is anchored in said anchor
structure, that said wire is fed and gui ded over the entire wafer area to
said clanp structure, and that said wire is clanped in between silicon
cantilevers and finally cut off by truncating the wire by the bond
capillary and a high bond force. 15 3.Device conprising a wire attached to
a substrate, characterized in that said wire has been nechanically attached
into a 3D structure on said substrate, that said substrate conprises at
| east one anchor and one clanp structurgyplaced on opposite sides of a
waf er edge formng a fixation pair, and that said wire has been
nmechani cal ly fi x@itadsSwi th the hel p of said anchor and said clanp structure.
20

1. Method to attach a wire to a substrate, characterized in that said wire is

mechanically attached into a 3D structure on said substrate, that said wire is

s mechanically fixated with the help of one anchor and one clamp structure on said

substrate, and that each fixation pair is placed on opposite sides of a wafer edge.

2. Method according to claim 1, characterized in that, while using a
wirebonder, a free air ball is generated at the end of said wire by an electrical

10 discharge, that said ball is anchored in said anchor structure, that said wire is fed
and guided over the entire wafer area to said clamp structure, and that said wire is
clamped in between silicon cantilevers and finally cut off by truncating the wire by
the bond capillary and a high bond force.

15 3. Device comprising a wire attached to a substrate, characterized in that
said wire has been mechanically attached into a 3D structure on said substrate,
that said substrate comprises at least one anchor and one clamp structure placed
on opposite sides of a wafer edge forming a fixation pair, and that said wire has
heen mechanically fixated with the help of said anchor and said clamp structure.

20




