
METHOD FOR THE WAFER-LEVEL INTEGRATION OF SHAPE MEMORY ALLOY WIRES Field of
Invention        The present invention relates to a method to attach a
shape memory alloy wire to a substrate, and a device comprising a shape
memory alloy wire attached to a substrate. Description of background art
10Shape memory alloy (SMA) is an attractive actuator material to use in
croelectromechanical systems (MEMS) when high forces and work are needed_
SMA outperforms most other actuation principles at the microseate by more
than an order of magnitude because of the high work density that SMAs
offer, see M. Kohl et al.: "Shape memory mIcroactuatort, Springer, pp.
23-24. (2004). 15Traditionally there are mainly two ways of integrating SMA
materials into microsystems. The first approach Is a pick and place
approach where the SMA material and the microsystern is manufactured
separately and then combined in a subsequent step, see K. Skrobanek et al.:
'Stress-optimized shape memory miaovelves", MEMS Proc., pp. 256-261,
(1997), This approach has the advantage 20 of allowing integration of bulk
SIM materials, which are commercially available and offered in a wide
thickness range at comparably low 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
Nrri films directly onto the microstructure, see P. Krulevitch et al.:
'Thin film shape memory alloy mleroactuatorsa, Microelectromech. Syst, vet
5, no. 4, pp. 270 - 82 (1996), which has the benefit of allowing wafer
level processing. However, due to a difficult deposition controllability,
the process Is limited in reproducibility of transformation temperatures
and strains and Nrri sputter deposition is mostly feasible for thicknesses
of less than 10 um, see S. Miyazaki et al.: "Development 30 of high-speed
mieroactuators uthzing sputterdeposlted 11M-base shape memory alloy thin
films", Actuator Proc.. pp.372-377 (2008).        Wafer level integration
of SWk wires onto silicon mletostuctures, with the benefit of both wafer
level integration and the use of bulk SMA materials, has been shown for
microachiators with excellent performance, see D. Clausl at al.: 'Design  2
and wafer-level fabrication of SMA wire microactuators on silicon, JMEMS,
vol. 19, no. 4(2010). However, no standardized fabrication process has yet
been established or suggested. The placement of the wires requires
specially designed tools Mil manual wire handling, alignment and
Integration. in contrast, wire 



5 bonding is an extremely mature, cost-effective and broadly available
backend process for electricel interamnects, see W.I. Greig at al.:
integrated circuit packaging, assembly and interconnections, Springer,
pp.103428. (2007). It is very attractive to utilize this standard
technology due to its very good availability arid high performance in terms
of reliability, throughput and placement acarracy, to with speeds up to 22
bonds per second and plaiesment accuracies within 2 pm. However, direct
wire bonding of Mil SMA wires is not feasible due to the Vie.kere hardness
of the NM material, which Is one ceder of magnitude higher, see K. Gall et
al.: instrumented micrc-indentation of NM shape-memory alloys, Ada
Matedalla, vol. 49. no. 16, pp. 3205-3217 (2001), as compered to common
wire is bonding materials such as gold and aluminum. Summary of the present
Invention         The present invention presents the first wafer-level
integration concept for Hill SMA wires onto silicon substrates by using a
conventional wire bonding tool. 20Wafer level integraben of SW wires with a
wire bonder allows a fast placement and fixation of the wires. No
additional alignment seep is needed. Because of the hardness of NM 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 damping and anchor structures on 25 the wafer.
These mechanical fixation structures enable the inteeration of the Nrri
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. 30The peesent 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 damped in between silicon  cantilevers and finally cut off by
tiuncatlng the wire by the bond pillary and a high bond force. Advantages
5The advantages that foremost may be associated with a method and a 



device according to the present invention are that it provides the first
integration of SMA wires into sficon based MEMS structures using a standard
wire bonder. Thia approach allows fast and efficient placement, alignment
and mechanical attachment of NM-based SMA wires to silicon-teased MEMS. The
wires are io mechanically anchored and clamped into deep-etched silicon
structures on a wafer. The placement precision is high with an average
deviation of 4 pm and the mechanical clamping is strong, allowing
successful actuation of file SMA wires. 15 Brief description of the
drawings A method and a device according to the present invention will now
be described in detail with reference to the accompanying drawings. 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 image of an anchor structure, which was fabricated by combined
anleatropic and isotopic deep reactive ion etching in three steps, Figure 4
is a SEM image of a clamp fixation with a magrafied view on one damp
feature, 23Figure 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 illustrates a verification of the
mechanical stability of the presented wire fixation approach, where figure
7e is drawing of 30a cross-section, the red dashed outline representing the
chip In a hot state, figure lb shows an Image of an slightly actuated
device on a hotplate with a temperature of 70 C, and figure 7c shows an
image of a device with increased actuation at 90 *C,  4 



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 simplified illustration of a squeeze fit of a SW. wire lip,
Figure 10 is a schematic and simplified Illustration of a squeeze fa of a
SMA wire tip into a V-groove in a Oran substrate fabricated by enisotropic
etching, Figure 11 is a schematic and simplified illustralion of a squeeze
fit of a 10SMA wire tip into elastically deformable structures, Figure 12
is a schematic and simplified Mustration 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 15SMA 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 squeeze fit of a SMA wire tip
into elastically defomiable structures with metal liner on the substrate
for mechanical and electrical 20Interconnection, Figure 15 is a schematic
and simplified illustration of adhesive fixation of a free air ball, Figure
16 is a schematic and simplified illustration of adhesive fixation of a
free air ball into a V-groove, 25Figure 17 is a schematic and simplified
ilustration of a snap-fixation of a 



free air ball, Figure 18 is a schematic and simplified alma/anon 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 30SMA
wire, Figure 20 is a schematic and simplified Illustration of a squeeze fit
of a SIM wire Into a V-groove in a silicon substrate fabdcated by
anisotropic etching,  Figure 21 is a schematic and simplified illustration
of a squeeze fa of a SMA wire into elastically deformable structures.
Figure 22 is a schematic and simplified illustration of a squeeze fit of a
SMA wire with metal liner on the substrate for mechanical and electrical
interconnection, Figure 23 is a schematic and simplified Mimi:Mon of a
squeeze fit of a SMA wire Into a V-grocve with metal liner on the substrate
for mechanical and electrical interconnection, Figure 24 is a schematic and
simplified Illustration of a squeeze fit of a SMP. wire into elastically
deformable structures with metal liner on the substrate for mechanical and
electrical interconnection, 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, IsFigure 28 is a schematic and
simplified illustration of adhesive Station 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 20SME wire in a straight
(a) and v-shaped (6) trench with a second substrate as clamp support, 



Figure 29 is a schematic and simplified Illustration of a squeeze tit
structure with metal based bending of a second substrate as damp support,
25Figure 30 is a schematic and simplified illustration of a snap fixation
of a wire, Figure 31 is a schematic and simplified illustration 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 30wire 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 embodiments as
presently preferred  The present invention will now be described with
reference to figure 1 showing an Illustration of the wafer-level
integration concept. The SMA wire is mechanically fixated with the help of
one anchor and one clamp structure. Each fixation pair is placed on
opposite sides of the wafer edge, 5The basic Integration concept is
depicted in figure 1. The Integration of a SMA wire is separated Into
wafer- and chip-level integration, Wafer-level Integration combines
aligning and fixation of a SMA wire on a silicon wafer. The final
mechanical and electrical Integration can then be performed on chip-level
to form the actuator itself. 10Figure 2 shows 0 cross sectional view of the
integration flow. First, the free air ball is generated by an electrical
discharge (a). The bail is then anchored in its anchoring structure, The
SMA wire (37.5 pm diameter) Is fed and guided over the entire wafer area to
its second fixation structure (b). The SMA wire is damped in between
silicon cantilevers and finally cut off by truncating the wire by the bond
15 capillary and a high bond force (c). 



On water-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 baltwedge wire bonding process, a free air hall is
generated and subsequently anchored in the first integration structure, as
shown In figure la. 20 The SMA wire is fixed and can be guided across the
wafer towards the clamping structure, as shown in figure lb, where the SMA
wire is medienically 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. 25Using this integration concept, full wafers can be populated
with SMA wires at high placement accuracies. Furthermore using a wire
bonder offers high throughput and high reproducibility of the integration
process. The complete integration of SMA wires is done at room temperature,
thus avoiding the triggering of the SWt transformation, which occurs at
elevated temperatures of typically 90 'O. 30 Hence this enables Integration
of pnestrained SMA wires. In addition the integration concept is CMOS
compatible, offering the possibility for-integrating microelectronic
devices with rnicroactuaters.        As an example it is shown that the
wire hooking and damping structures can be fabricated on a 100 mm silicon
substrate. Publication by N. Roxhed et al,:  7 'A method for tapered deep
reactive Ion etching using a modified Bosch process',       vol. 17. pp.
1067-1092, (2007) shows that both types of structures can be realized by a
sequence of anisotropic and isotropic DRIE steps. Etching of both
integration structures were performed in a STS 1CP etch reactor. 5In this
example the fabricatbn of both fixation structures requires one lithography
and DRIE process each. The first lithography was performed with standard
photoresist, which was applied by spin-coaling. The second photoresist
application was performed by spray-coating of diluted resist in order to
ensure a full protection of the deep-etched structures, which were created
by the first DRIE le process. As a final step all photoresist residuals
were removed by plasma willing.         The present invention proposes an
anchor structure, which fixes the start of the wire, which is depicted in
figure Is and figure 3. It consists of two functional parts, the landing
zone and the anchor part. The landing zone enables lowering of the SMA ball
into the anchor structure and subsequently fixation into the adjacent 15
anchor pert. The etch geometry is crucial for a proper anchoring of the SMA
ball. The anchoring of the SMA ball Is achieved by a specific undercut etch
profile of the anchor structure itself. First an anisofropic trench was
etched, followed by a passivation of the vertical sidewalts. Subsequently
an isotropic etch creates an undercut underneath the anisotropic etch
profile. 



20The sMcon structure for the wire end combines two functional parts. It
the clamping structure and the cut off zone. Figure lb and figure 4 depicts
the clamping structure with a pair of facing vertical cantilevers. Two
pairs of facing vertical cantilevers damp 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 anisotropic etch profile of the
clamping structure contains a small chamfer in the upper section of the
cantilevers, which Is realized by a short isotropic etch. The chamfers
ensure a constant height of the Sty% wire In the damp, as depicted in
figure 4. It is possible to use a semi-automatic wire-bonder, such as
Delvotac 5410, 30 to integrate the wires. This can be used with a
commercially available pre-strained WiTi SMA wire, such as Flexinor, 37.5
pm in diameter, with a transformation temperature of 90 *C. Because the
wire was already prestralned, 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  8 melts
the wire on the tip of the bond capillary. The liquid metal at the end of
the SMA wire rolls up and forms a free air balk The Electrical Flame Off
(EFO) is performed in helium atmosphere, since the TiNi alloys tend to
oxidize in air during rapid melting by glow discharges, see T. Goryczka et
al: 'Characterization of 5 Melded/oxidized layers covering NM shape memory
alloy', Solid State Phenomena, vol. 64, pp. 151-164, (2007). The free air
bail is then lowered into the landing zone and subsequently hooked into its
adjacent anchoring part. By utilizing the wire bonder, the SMA wire is
placed over the wafer to the damping structure where it is pushed in
between pairs of facing cantilevers. Finally, the SPAA wire is w cut elf by
truncating the wire with the bond capillary and a high bond force,
This Integration approach for SMA wires opens a wide range of different
integrafion methods on chip level, which can then be used for manufacturing
of high performance actuators with for example polymer fixation, or by
using the clamp structures to fixate SMA wires also on individual chips.
15Figure 3 depicts an anchor structure that was fabricated by combined 



anktotnopic and isotropic deep reactive Ion 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 formed and/or sized free air
balls and thus ensures a rehabs anchoring zo of the SMA wire.
Figure 4 is a SEM image of a clamp fixation with a magnified view on one
damp 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 %cation of each wire. 25It has been found that clamping
structures with cantilever dimensions of 50x600420 pm, as depicted in
figure 4, fixed the SMA wire mechanically most stable. A force of xict inN
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
XXX mN 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.  9
The use of a high bond force end 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 shown in figure 5. The
presented wafeelevel integration method also comprises the 5 alignment of
the SMA wire on chip-level. The placement accuracy of this integration
method has been analysed with an optical ixefilometer, Wyko NT9300. As
depicted In figure 6, both the In-plane wire placement deviation from the
ideal geometrirael anchor-to-clamp center line and the distance from the
wire to the substrate, is. chip-level, was determined. The sample, a 75 mm
long SMA wire to with a diameter of 37.5 urn was integrated on a 100 mm
silicon substrate. The in-plane average deviation is 419  4.22 (a) pm with
a maximum of 13.9 pm. The out-of-plane distance of the SMA wire to the
substrate is in average 15.6  4.5 (a) pm and maximal 23.2 pm, as shown In
figure 6. This is an Important measure for the design at the chip-level
fixation of the SMA wire, which could e.g. be is performed with
NI-electroplating in a subsequent step, see 0 Clausi et al.: "Wafer-level
mechanical and electrical integration of SMA wires to Aeon MEMS using
electroplating, MEMS Proc. (2011). 



In addition, a basic evaluation of the mechanical robustness of the anchor
and clamp structures was performed by Implementing a simple actuator. This
20 actuator Is based on a 300 pm thick silicon cantilever with a length of
100 mm and a width of 2 rnm as odd state reset and two parallel integrated
75 mm long SMA IlitfOS 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 end 2$ 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 SIOLA wires,
which is 200 mN according to the wire data sheet, see DYNALLOY, Inc.,
'Technical characteristics of &wind actuator wires",     Datasheet.
F1140Rev ti, pp. 6. The actuation was performed several hundred 30 times
without failure.        Figure 6 also shows White Light interferemetric
measurement data for the alignment accuracy of a SMA wire with a length of
75 mm and a diameter of 37$ pm. As indicated in the drawing, the
out-of-plane measurement (blue straight graph) determines the distance
between the vAre and the substrate, the in-plane  10 measurement (red
dashed graph) determines the lateral wire placement deviation from an ideal
geometrical anchoeto-clamp center line,        In order to verify the
mechanical stability of the presented wire fixation approach, two 75 mm
long SMA wires have been integrated in parallel on a silicon 5 chip with a
size of 3x100 mm, as illustrated in figure 7. Figure 7a la drawing of a
cross-section; the red dashed outline represents 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 7c shows a device with Increased
actuation at GO C. Wafer level integration of shape memory alloy wires
using standard wire to bonder equipment has been successfulty demonstrated.
Ever, though the SMA wee Integration was performed with a semi-automatic
wire bonder an excellent placement accuracy could be achieved in this work.
The usage of fully automated wire bonding equipment with optical pattern
recognition and alignment systems potentially further improve these results
and enables the implementation of this 



f 5 technique for mass production. The anchoring and damping of SMA wire
showed an excellent robustness, which indicates the applicability of this
integration concept also on chipactuatoelevel.        Different embodiments
will now be shown for mechanical fixation as well as for the electrical
connection of the Shape Memory 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 must be fixated on the substrata. In this concept, the tip of
the wire is deformed. so that the diameter of the wire-tip is larger than
the diameter 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 fanned in the
substrate, figure Be, then the Free Air Ball Is formed, figure 8b, which is
hooked Into the structure in the substrate, figure 8c, and allows to pull
the SMA wire through the bond capillary, figure 8d. so Another concept is
the anchoring using squeeze fit of the Free Aft Ball Into squeeze-fit
strusture 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 Bell (figure 9a). The
diameter of the Free Air Ball  11 Is larger than the diameter of the bond
capillary, which allows to squeeze the Free Air Ball into the trench in the
substrate (figure 9b). The tip of the SMA wire is anchored by the squeeze
fit of the Free Air Ball into the trench of the substrate (figure 9c). 5As
schematically illustrated in figure 10, the same concept Is suitable for
squeeze-frt of the Free Alt Ball Into a V formed trench as for example
obtained when etching a silicon substrate with special pmcesses. The SMA
wire (1001) is fed through the bond capillary (1002) and a Free Air Ball
(1003) is formed. In the substrate (1004), a V shaped french (1005) is
formed (figure 10a). The diameter of to the Free Air Ball is larger than
the diameter of the bond capillary, which allows to squeeze the Free Air
Ball into the french in the substrate (figure 10b). The tip of the SMA wire
is anchored by the squeeze fit of the Free Air Ball into the trench of the
substrate (figure -10c). Figure 11 schematically illustrates a further
variation of the squeeze-fit is concept, where deformable clamping
structures are formed in the substrate which allows for variations in the
SMA wire diameter. The SW wire (1101) is fed through She bond capillary
(1102) and a Free Air Ball (1103) is formed. In the substrate (1104),
deformable damp structures (1105) are formed (figure 11a). The diameter of
the Free Air Ball Is larger than the diameter of the bond capillary, which
allows 



20 to squeeze the Free Air Ball into the deformable structures In the
substrate (figure bib). The clamp structures elastically deform during the
squeeze of the Free At Ball (figure Jib) and thereby adapt to diameter
variations of the SMA wire and hold them In place (figure 11c). Al the
above described concepts schematically illustrated in figures 9 to 25 11
are adaptable to enable electrical contacting of the SMA wire at the same
time as the mechanical fixation Is performed. This allows fore simple
contacting and Joule heating of the SMA wire above the conversion
temperature. lapses 12 to 14 schematically Illustrates the concept. The SW%
wire (1201, 1301, 1401) Is fed through the bond capillary (1202, 1302,
1402) and a Free Air Bail (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 (1208, 1308, 1406) is deposited
crib 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 121>,
13b, 1db).  12  During the squeezing, the native oxide on the SMA is broken
up and the SMA Is in direct contact with the metal on the substrate
Thereby, the SMA can be electrically contacted (1207. 1307, 1407) via the
metal film (figure 12c, 13c, 14c). Instead of using squeeze-fits with
and/or without metal liner as illustrated 5 in figures 9 to 14, the
trenches in the substrate can be filled with adhesive to adhesively anchor
the Free Air Ball and the wire in the trenches. Figures 15 and le
schematically illustrate this concept with figure 15 for straight trenches
similar to figure 9 and figure 16 for V-shaped trenches similar to figure
10. The SMA wire (1501, 1601) is fed through the bond capillary (1602,
1602) and a Free Air Ball 10 (1503, 1803) is formed. In the substrate
(1504, 1604), straight (1505) or V-shaped trenches (1605) are formed, which
are then partially fined with adhesive (1506, 1606) (figures 15a, 16a). The
diameter of the Free Air Ball is larger than the diameter of the bond
capillary, which allows squeezing the Free Air Ban Into the adhesive in the
trenches in the substrate (figures 15b, 16b). The Free Air Bali is IS
embedded in adhesive, which is cured (1507, 1607) and thereby anchors the
Free Air Ball (figures 15c, 16c),        Besides squeeze fit and adhesive
anchoring, a snap-in structure can be fabricated In snap the Free Art Ball
in to. Figure 17 schematically illustrates this concept. The SMA wire
(1701) is fed through the bond capillary (1702) and a Free 



20 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
bench, thereby creating 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 17e). 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 with 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
(1706) is formed and on top of the substrate a thinner layer is formed
(1706) which partially aware the trenc:h (1705) but has an opening in the
canter of the trench, thereby creating snap-in structures  13 (1707)
(figure 18a). In the bottom of the trench (1705) a layer (1808) is formed
which is elastically deformable. After squeezing the Free Air Ball through
the snap-in structures, the Free Air Ball compresses the deformable layer
(1808) (figure I 8b). When removing the bond capillary, the elastically
deformed layer presses 5 the Free Air Ball into the snap-in structures,
which are strong enough to withstand the forces generated by the
elastically deformed layer (fIgure 18c).         After fixing the lip of
the wire with the Free Air Ball, the wire is pulled through the bond
capillary and spanned across the substrate to the next clamp structure. In
this damp structure, the wire is clamped and therefore all the in concepts
shown in figures 9 to 18 are adaptable.         Figures 19 to 21
schematically Illustrate the squeeze ra schemes adapted for squeeze fitting
of SMA wires. Using the wire-bonder, the SMA wire (1901, 2001, 2101) is
placed above the trench (1902, 2002, 2102) which Is formed in the substrate
(1903, 2003, 2103) with the diameter smaller than the diameter of the 



Is Sft4A wire (figures 19a, 20a, 21a). Figure 19 and 20 illustrate squeeze
fitting with straight and V-shaped benches, respectively. Figure 21 is
based on the concept shown in figure 11 and features deformable damping
structures (2105) In the substrate which allow for variations in the SMA
wire diameter. The wire is squeezed into the tenches and/or deformable
clamping stuctures 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 19c, 20c, 21c) following
the same principles as in the concepts shown In figures 9, 10 and 11, 25The
concepts schematically Illustrated in figures 19 to 21 are adaptable to
enable electrical contacting of the SMA wire at the same time as the
mechanical fixation is perfomed. 'This allows Ma 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 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  14 clamping
structures (2407) In the substrate which allow for variations in the SMA
wire diameter, The wire is squeezed into the trenches and/or deformable
clamping structures using a piston (2205, 2305, 2405), which for example
could be a second substrate with is pressed only the wire and the second
substrate In a wafer 5 bonder (figure 22b, 23b, 24b). During the squeezing,
the native oxide on the SMA is broken up and the SMA is in direct contact
with the metal on the substrata. Thereby, the SIVIA can be electrically
contacted (2206, 2306. 2406) vla the metal film (figure 22c, 23c, 24c). The
concept with metal liners on the damp structures shown in figures 22 ic to
24 can be enhanced with ball bonds as illustrated in figure 25. Onto the
metal on the final structures of figures 22 to 24, several Free Air Balls
are bonded to mechanically support the clamping of the wires Into the clamp
structures, The SMA wire (2501) Is fed through the bond capillary (2502)
and a Free Air Ball (2503) is formed (figure 25 a, b, c left). The Free Air
Ball is bonded onto the 15 clamped wire (2504) and the adjoining metal
liner (2505) on the substrate (2506) (figure 25b). Then, the wire is cut
using a high bond energy (2507) (figure 25c),        Similar to the
concepts nustrated in figures 15 to 16 the trenches in the substrate can be
filled with adhesive to adhesively anchor the wire in the trenches. Figures
26 and 27 schematically Illustrate this concept with figure 26 for straight
20 trenches and figure 27 for V-shaped benches, The WA Wife (2601, 2701) is
placed above the trench/groove (2602, 2702) which is formed in the
substrate (2003, 2703) and partally filled with adhesive (2804, 2704)
(figures 26a, 27a). The wire Is squeezed into the adhesive In the trenches
using a piston (2605, 2705), which for example could be a second substrate
which Is pressed onto the wire and 25 the second substrate in a wafer
bonder (figures 26b, 27b). Then the wire is embedded in adhesive, which is
cured (2606, 2706) and thereby anchors the wire (figures 26c, 27c).
The adhesive anchoring concept illustrated in figures 26 and 27 can be
combined with adhesive wafer bonding to support the damping of the wire.
Figure 



30 28 illustrates the concept, which is similar for both straight and
V-shaped trenches. The SMA wire (2801) is placed above the trench/groove
(2802, 2803) which is formed in the substrate (2804) and partially filled
with 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 is anchored both by the adhesive and
the second substrate on top. Such an approach is feasible also for the
squeeze-fit with metal lined damp structures. Figure 29 Illustrates the
concept The wire (2901) is placed above the metal lined (2902) trench
(2963) in the first s substrate (2904). The wire is squeezed into the metal
lined trenches using a second substrate (2905) which is covered with metal
(2906) and pressed onto the wire and the first substrate (2904). Then, the
second substrate Is bonded with its metal to the metal on the first
substrate. Thereby, the SMA can be electrically contacted via the metal
film and the clamping is supported by the bonded second to substrate.
Similar to the concepts illustrated In figures 17 and 18, a snap-In
structure can be fabricated to snap the wire In to. Figure 30 schematically
illustrates this concept. In the substrate (3001), a trench (3002) is
formed and on top of the substrate a thinner layer is formed (3003) which
partially covers the trench but has 15 an opening in the center of the
trench, thereby coaling snap-in structures (3004). The SMA wire (3005) Is
placed above the snap-in structures (figure 30a). The wile is squeezed
through the opening of the top layer into the trench in the substrate using
a piston (3006), which for example could be a second substrate which is
pressed onto the wire and the second substrate in a wafer bonder (figure
30b). 20 The top layer snaps back (3007) and holds the wire in place
(figure 30c).        A variation of the concept schematically Illustrated
In figure 30 is to provide a spring in the trench which presses the wire
against the snap structures In the top layer. Figure 31 schematically
illustrates the concept In the substrate (3101), a trench (3102) is formed
and on top of the substrate a thinner layer is formed 25 (3103) which
partially covers the trench but has an opening in the center of the trench,
thereby creating snap-in structures (3104). In the bottom of the trench a
106) is formed which is elastically deformable (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 stnictures, 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  16 fixation is provided by anchoring the Free Air Bali. Then, all
the blowing fixations required are performed by clamping the wire with the
wire-bonder into clamping structures. After the last clamping 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
more wires. If not the wire is integrated and can be further processed.
The flow in figure 33 iUustrales a process where the first fixation Is
provided by anchoring the Free Air Bait Then, the wire is spanned over all
the clamping structures in the line and finally the wire Is cut off by a
high energy to wedge/stitch bond onto the substrate surface, if necessary,
these steps can be repeated to place more wires. If ail wires are in place,
they are squeezed into the underlying damping structures using a piston. If
the clamping is strong enough, the substrate can be further processed. If
not, additional ball bonds can be placed on the wire in the damp structures
or during the squeezing a second substrate can is be bonded onto the wires
and the first substrate. It will be understood that the invention Is not
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  17 CLAIMS  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 5 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 tree 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 been
mechanically fixated with the help of said anchor and said clamp structure.
20 


