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n the substrate (204), a trench (205) is formed with the draneter
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di aneter of the bond capillary, which allows to squeeze the Free A r Bal
into the trench in the substrate (Figures 5b,6b, 7b). During the squeezing,
the native oxide on the SMA is broken up and the SMA is in direct contact
with the netal on the substrate. Thereby, the SMA can be electrically
contacted (507, 607, 707) via the netal film (Figure Sc, 6¢c, 7c). |nstead
of using squeeze-fits with andior without netal liner as illustrated in
Figures 2 to 7, the trenches in the substrate can be filled wi th adhesive
to adhesively anchor the Free .Air Ball and the wire in the trenches.
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Besi des squeeze fit and adhesive anchoring, a snap-in structure can be
fabricated to snap the Free Air Ball in to. Figure 10 schematically
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(1004), a trench (10 ? .S formed and on top of the substrate a thinner
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smal l er than the dianeter of the SMA wire (Figures 15a, 16a, 17a), Figure
15 and«s26vid’Fastirat e squeeze fitting with straight and V-sh. arped trenches,
respectively. Figure 17 is based on the concept shown in Figures 4 andl4
and features deformabl e clanping structures (1707) in the substrate which
allow for variations in the SMA wire dianeter. The wire is squeezed into
the trenches and/or dethrinabl.e clanping structures using a piston (1505,
160.5. 1705), which for exanple could be a second substrate which is
pressed onto the wire and the second substrate in a wafer bonder (Figure
15b, 16b, 17b). During the squeezing, the native oxide on the SMA is broken
up and the SMA is in direct contact with the netal on the substrate.
Thereby, the SMA can be electrically contacted (1506, 1606, 1706) via the
metal film (Figure 15¢c, 16c¢c, 17c), The concept with nmetal liners on the
clanp structures shomn in Figures 15 to 17 can be enhanced mnth bal | bonds
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A variation of the concept schematically illustrated in Figure 23 is to
provide a spring in the trench which presses the wire agai nst the snap
struct ur esoiznizdieooBop | ayer. Figure 24 schematically il lPasiSEai1@9514he
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substralke,sur face. necessary, t hese Steps can repeated to integrate
nor e \%rres I f not, the wire is integrated and can be further processed.
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Schroger; w@h (5t emtahendhd sEbshiiik] Btseby, the SMA can be electrically contacted (1506, 1608,
1706} via the metal film Figure 18¢, 162, 1)

The concept with metal Hoers on the clamp structures shown in Figures 15 to 17 can be enhanced with
ball bonds as illustrated in Figure 18, Onto the metal on the final sfructores of Figures 15 to 17, seversl
Free Air Balls are bonded to mechanically support the clamping of the wires into the clamp structures.
The SMA wire (1801} s fed through the bond capillary (1802) and a Free Afr Ball (180%) is formed
{Figure 18 ab.c left). The Free Air Ball is bonded onto the clamped wire {1804} and the adjoining metal
liner {1805} on the substrate {1808} (Figure 18b). Then, the wire is cut using & high bond energy {1867)
{Figure 18¢).

Similar to the coneepts ilustrated in Figures 8 {0 9 the frenches in the substrate can be filled with
adbesive to adhesively anchor the wire in the wenches, Figures 19 and 20 schematically illustrate this
concept with Figure 19 for straight trenches and Figure 20 for Veshaped trenches. The SMA wire (1901,
2001} is placed above the trench/groove {1962, 2002) which is formed in the subsirate {1903, 2003) and
partialty filled with adhesive (1904, 2004} (Figures 19a, 20a). The wire is squeered into the adbesive in
the trenches using a piston (1908, 2003}, which for example could be a second substrate which is pressed
onto the wive and the second substrale in & wafer bonder (Figures 19h, 20b). Then the wire is embedded
in adhesive, which is cured (1906, 2006) and thereby anchors the wire (Figures 19¢, 20¢).
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al umi num This paper presents the first wafer-level integration concept for
Ni Ti SMA wires onto silicon substrates by using a conventional w re bonding
t ool , CONCEPT Wafer level integration of SMA wres with a wire bonder
allows a fast placenent and fixation of the wires, No additional alignnment
step is needed. Because- of the hardness of NNTi wires the direct wire
bond¥ngeef s¢’rese wires on standard gold or alum num pads is not feasible.
in this paper the wires are instead nechanically fixed by Si clanping and
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The flow in Figure 26 illustrates a process where the first fixation is provided by anchoring the Free Air
Ball. Then, the wire is spanned over all the clamping structures in the line and finally the wire is cot off
by a high energy wedge/stitch bond onto the substrate surface. If necessary, these steps can be repeated to



The basic integration concept is depicted in Fig. | . The integration of a
-SMA wire is separated into wafer- and chip-level integration. 'Wafer-I|evel
i nt egr at iwo 20tniitoees al i gni ng and fixation of a SMA W r @COISE2013/05146DN

waf er. The final nmechani cal and el ect8ical integration can then be
perforned on chi Ievel to f? the actuator itse
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i n i thendmichbribngyist puthufis! safeasSMA wire (37.5 ton dianeter) is freded and
gui ded over the entire wafer area to its secondfixation structure (b). The
a4;4 wire is clanped in between silicon cantilevers and finally cat off by
truncating the wire by the bond capillary and a high band force On
wafer-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 ball-wedge wire bonding process, a free air bal

is generated and subsequently anchored in the first integration structure
(Fig. In). The SMA wire is .fixed and can be gui ded across the wafer
towards the clanping structure (Fig. Ib), where the SMA wre is
mechani cal ly attached. This wafer-level integration allows in a second step
a further attachnent al so on chip-Ilevel. However, the focus of this paper
lies on the design and devel opnent of the wafer-Ilevel integration.



Using this integration concept full wafers can be populated with SMA wi res
at high placenent accuracies. Furthernore using a wire bonder offers high

t hr oughpuwoantk/dtigb reproducability of the integration pcocessl/oIiiesd
conplete integration of SMA wires is 6one at roomtenperature, thus
avoiding the triggering of the SMA transformation, which occurs at el evated
tenperatures of typi cal ly 90 " C. Hence this enables integrati on of
presual ed SMA wires, In addition this i ration concept is
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structures to fixate SMA wires also on individual chips. EXPER MENTAL
RESULTS Fig. 3 depicts an anchor structure, that was fabricated by
conbi ned ani sotropic and isotropic deep reactive ion etching in three
subsequent steps. Both the undere.tched (out of plane) sidewall structure
and the tapered (in-plane) design safely fixes the SMAwire with its
anchor. This design is very forgiving towards unequally forned and/or sized
free air halls and thus ensures a reliable anchoring of the SVMA wire,



Figure 3: SEMinmage of' an anchor structure, that was fabricated by

conbi ned ani sotropic and isotropic deep reactive ion etching in three
steps. Fiworei2n71®EM i nage of a clanp fixation with a magmsiEtiiedsMoew on
one clanmp feature, The wire is .pashed in between the facing pair of
cantilevers with the help of the wire berrider rtiur simlar clanps are
used for the .fixation of each wire. Clanping structures with cantil ever

di mension%}of X. 500 x 220 pm as depicted in Fig. 4, fixed the SMA wire
mechani call 4 0R t stable. A force of xxx mN was necessary to snap the wire
[ \ 5%e final step of the wire integration is the
' ; analog to a stitch boff wever, the
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enabics Iuiegration of prestrained SMA wires, In addition this
integration concept is CMOS compatible, offering the possi-
hility for integrating microglectronic devices with microactn-
ators.

FABRICATION

The wire hooking and clamping stractures weve fabai-
sased o 4 100 mm siloon substrate, Both types of structures
are realized by a ssquence of anksotropie and isotropic DRIB
steps [8]. Eiching of both integration struchures were per-
formed in a 8T8 1P s1eh wsactor,

The fzbrication of both fxation strgctures requires one
Hthography and DRIE process each. The first Hthography
was performed with standand photoresist, which was applied
by spin-coating. The second photoresist application was per-
formed by spray-costing of diluted resist in order to ensure a
full protection of the deep-etebed stractures, which were cre-
ated by the first DRIE process. As a finsd stop all photoresist
residuals were removed by plasme ashing.

The anchor structure, which fixes the starf of the wire, ig
depicted in Fig. Ia and Fig. 3. It consists of two functional

shott isotropic efch. The chamfers ensure 2 constant height
of the SMA wire in the clamp, as depicted in Fg. 4,

A semi-aniomatic wire-bonder (Delvoter 3410) was used
1o integrate the wires. A commercially available pre-strained
NiTi SMA wire Flexinei®, 37.5 um o diameter) with 2
mansformation temperatare of 90 °C was used. Becanse the
wive was alrcady presvained, no special fool for prestraining
the wires was needed [3]. The wire integration, depicied in
Fig. 4, starts with forraing 2 free air ball caused by an elec-
trical discharge, which locally melis the wire on the tip of
the bond capillary, The liguid metal at the end of the SMA
wire rofls up and forms a free air ball. The Electrical Flame
Gf (BFQG) 1s performed n belivm stmosphers, since the TiNi
alloys tend to oxidize in air during rapid melting by glow dis-~
chaeges [1(3]. The free abr ball is then lowered into the land-
ing zone and subsequently hooked into ks adjacent anchonng
pant. By otilizing the wire bonder, the SMA wire is placed
over the wafer to the clamping siracture whess it s pushed
in between pairs of facing cantifevers. Finally, the SMA wire
18 out off by trencating the wire with the bond capillary and
& high bond force. This irgepration spproach for SMA wirss



WO 2012/ 071003PCT/ SE2011/ 051404 9 section of the actuator both in actuated
and idle position, 7h) depict the actuator in a sem and Fig. 7c) in fully
act uat ed woane/o7143r eveal s t hat bosh SVMA wire fixation ecCemsenis/osisvhst and
the force that is generated by the SMA wires, which is 200 anN according to
the wire data sheet [111. The actuation was perforned several hundred tines
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Figure 5: SEM mage of o truncated SMA wire, The use of
a high bond force and witrasonics result in a straight cut of
the wire and in contrast to conventional wive bonding not in
a deformation and micee weld of the wive 1o the surface.
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The presented wafer-level integration method also com-
prices the aligomsent of the SMA wire on chip-level. The
placement accuracy of this mlegration method was snalysed
with an optical profilometer {Wyko NTO30U). As depicted
in Fig. 6, both the in-plase wite placement deviation from
the ideal geometrical anchor-to-clamp conter Haoe and the dis-
tance from the wim o the substrate (i, chip-level} was deter-
moined. The sample, 2 75 num long SMA wire with a diameter
of 37.5 ym was integrated on a 100 mum silioon substrste. The
in-plane average deviation 84,19 4:4.22 (o) ym with 32 max-
fum of 13.9 pm. The eut-of-plase distance of the SMA wire
to the subsirate Is in average 15.6 £4.5 {o} um and maximal
23.2 pm (Big. &) Thie is an impociant measure for the design
of the chip-level fixation of the SMA wire, which couli e
bie performed with Ni-electroplating in » subsequent step {91
In addition, a basic evaluation of the wmechandoal robusiness
of the anchor and clamp siructures was performed by imple-
menting a simple actuator. This acivator is based on a 300 um
thick silicon cantifover with a length of 100 mm and a width

Figure 3 SEM image of an anchior structure, that was fab-
ricated by combined anisptropic and isotropic deep reactive

N

Figure 4: SEM image of » clowp fivarion witk g mopuified
view on one clamp featwre. The wire is pushed in berween
the facing pair of cantievers with the help of the wire bongder:
Four stmilar clamps are used for the fixation of cach wire,

of 2 mm as cold state reset and two parailel integrated 73 ram
fong SMA wires as actuation. The encrgy input is provided
by a hotplaie on which the actuator i fixed on one side o
snhance the thermal contact. Fig. Ta) llustrates the crogs-
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Figure 8 White Light Interferomerric measurement data for
the aiigrenent accuracy of u SMA wire with ¢ length of 75 ram
and a Jiometer of 37.5 wm. As indicated in the drawing, the
opt-of-plane menrurernent (blus straight graph} determines
the disiznce between the wire and the substrate, the in-plane
mearurement {ved dashed graph} determines the lateral wire
plucement deviation from an ideal geometrical anchor-so-
clasnp center fine,
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Figure 7: In order 1o verify the mechasical stabilty of the
presepied wire fixation appreack, two 75 mm long SM4 wives
have been integraied in pareliel on a silcon chip with a size
aof 3 7 W00 mm. g} drawing of a cross-gection, the red dashed
autline represenis the chip in g kot siate. b} shows an imags of
an slightly actwated device on g hotplate with o rempervature
af TR0, o) device with increased aoiwation ar 90 °C.
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