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ALUMINIUM COATED COPPER BOND WIRE AND METHOD OF MAKING THE SAME

The invention relates to a wire, preferably for bonding in microelectronics, comprising a cop-
per corc with a surface and a coating layer, which coating layer is supcrimposcd over the sur-
face of the core, wherein the coating layer comprises aluminium, wherein in a cross-sectional
view of the wire the arca share of the coating layer is in the range of from 20 to 50 %, based on
the total area of the cross-section of the wire, and wherein the aspect ratio between the longest
path and thc shortcst path through the wire in any cross-scctional view is in the range of from
larger than 0.8 to 1.0, and wherein the wire has a diameter in the range of from 100 pm to 600
um. The invention further relates to a process for making a wire, to a wire obtainable by said
process, to an electric device comprising at least two elements and at least aforementioned
wire, to a propelled device comprising said electric device and to a process of connecting two

elements through aforementioned wire by wedge-bonding.

Bonding wires are used in the manufacture of semiconductor devices for clectrically intercon-
necting an integrated circuit and a printed circuit board during semiconductor device fabrica-
tion. Further, bonding wires are used in power electronic applications to electrically connect
transistors, diodes and the like with pads or pins of the housing. While bonding wires were
made from gold in the beginning, nowadays less expensive materials are used such as copper
or aluminium. While copper wire provides very good clectric and thermal conductivity,
wedge-bonding of copper wire has its challenges compared to wires made of aluminium.

Morcover, copper wires are susceptible to oxidation of the wire.

With respect to wire geometry, most common are bonding wires of circular cross-section and
bonding ribbons which have a more or less rectangular cross-section. Both types of wire ge-
ometries have their advantages making them useful for specific applications. Thus, both types
of geometry have their share in the market. For example, bonding ribbons have a larger contact

arca for a given cross-scctional area. However, bending of the ribbons is limited and orienta-

ol =




10

—
N

20

WO 2013 167003 PCT EP2013 n30309

tion ot the ribbon must be observed when bonding in order to arrive at acceptable clectrical
contact between the ribbon and the clement to which it is bonded. Turning to bonding wires,
these are more flexible to bending. However, bonding involves cither soldering or larger de-
formation ot the wire in the bonding process, which may causc harm or even destroy the bond-

ing pad and underlying electric stuctures of the element. which 1s bonded thereto.

Some reeent developments were directed to bonding wires having a core and a shetl, which s,
¢.g.. a coating layer. As core material, copper or gold may be chosen because of high electric
conductivity. With regard to the coating layer, aluminium is onc of the morc common choices.
‘These core=shell bonding wires combine some of the advantages of the copper wire and some
of the aluminium wire. Recent achievements make using standard wedge-bonding processes
for such aluminium coated copper wires possible. Nevertheless, there 1s an ongoing need for
further improving bonding wire technology with regard to the bonding wire itself and the

bonding processes.

Accordingly, it 18 an object of the invention to provide improved wires.

Thus, it is another object of the invention to provide wire, which has good processing proper-

tics and which has no specific needs when intcrconnecting. thus saving costs.

[t is also an object of the invention to provide wire which has excellent clectrical and thermal

conductivity.

It is a further object of the invention to provide wire which exhibits an improved reliability

IUis a further object of the invention to provide wire which exhibits excellent bondability

It is another object of the invention to provide wire which has improved resistance to corrosion

and/or oxidation.
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It is another object to provide a novel wire to be used with standard chip and bonding technol-

ogy which novel wire assures extended lifetime over conventional wirces.

It is a further object to provide improved clectrical devices, in particular for power clectronics,
which have an extended lifetime compared to conventional devices in which the electrical el-

ements are intcrconnccted by standard aluminium wires.

It 1s another object to provide improved clectrical devices, in particular for power clectronics,
which operatc at higher clectrical current flow than conventional devices in which bonding is

based on aluminium wircs.

It is another object of the invention to provide such improved clectrical devices which have the
samc dimensions and similar chip design as aforementioned conventional devices. It is another
object to provide mcans for manufacturing such improved clectrical devices on production
lincs originally designed for the manufacture of conventional electrical devices. This would

minimize cost for implementing the improved technology.

[t is a further object to provide improved electrical devices in which the probability of unin-
tended intemnal clectrical bridging 1s reduced compared to conventional clectrical devices. Fur-
ther, it is an object to simplify, or even to be able to omit, particular precautions with regard to

unintended internal bridging in electrical devices.

Surprisingly, wires of the present invention have been found to solve at least onc of the objects
mentioned above. Further, a process for manufacturing these wircs has been found which
overcomes at least one of the challenges of manufacturing wires. Further, semiconductors
comprising the wires of the invention were found to be more reliable at the interface between
the wire according to the invention and other clectrical elements, e.g., the printed circuit board,

the pad/pin ctc.

A contribution to the solution of at least one of the above objects is provided by the subject

matters of the category-forming claims, whereby the dependent sub-claims of the category-
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forming independent claims representing preferred aspects of the invention, the subject matter

of which likewise makes a contribution to solving at least one of the objects mentioned above.

A first aspect of the invention is a wirc comprising:

a. a copper core with a surface; and

b. a coating layer superimposed over the surface of the copper core,
wherein the coating layer comprises aluminium,

wherein in a cross-scctional view of the wire the area share of the coating layer is in the
rangc of from 10 to 60 %, prcferably from 20 to 50 %, or 25 to 45 %, or 30 to 40 %,
each based on the total area of the cross-section of the wire, and

wherein the aspect ratio between the longest path and the shortest path through the wire in
a cross-sectional view is in the range of from larger than 0.8 to 1.0, preferably from 0.9
to 1.0, or from 0.9 to 0.99, or from 0.95 to 0.99, wherein the wire has a diameter in the
rangc of from 100 pm to 600 pum, preferably in the range of from 150 um to 550 um, or
from 230 pum to 500 pm.

The wire is preferably a bonding wire for bonding in microelectronics. The wire is preferably a
one-picce object. The criteria for aforementioned cross-sectional view and the diameter should

be met within at Icast 80 %, preferably 90 % of the longitudinal cxtension of the wirc.

The term ““a cross-sectional view” in the present context refers to a view of a cut through the
wire, wherein the plane of the cut is perpendicular to the longitudinal extension of the wire.

The cross-sectional view can be found at any position on the longitudinal extension of the wire

The “longest path” through the wire in a cross-section is the longest chord which can be laid

through the cross-section of the wire within the plane of the cross-sectional view.

The “shortest path” through the wire in a cross-section is the longest chord perpendicular to the

longest path within the planc of the cross-sectional view defined above.
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it the wire has a perfect circular cross-section, then the longest path and the shortest path be-

come indistinguishable and share the same valuc.

The term “diameter” is the arithmetic mcan of all gcometric diameters of any planc and in any

dircction, wherein all planes arc perpendicular to the longitudinal extension of the wire.

The term “superimposed” in the context of this invention is used to describe the relative posi-
tion of a first item, €.g. a copper core, with respect to a sccond itcm, ¢.g. a coating layer. Possi-
bly, further itcms, such as an intcrmediate laycr, may be arranged between the first and the
second item. Preferably, the second item is at lcast partially superimposed over the first item,
c.g. for at lcast 30 %, 50 %, 70 % or for at Icast 90 % with respect to the total surface of the

first item.

The term “thickness” in the context of this invention is used to define the size of a laycr in per-
pendicular direction to the longitudinal axis of the copper core, which layer is at least partially

supcrimposcd over the surface copper core.

The term “intermediate layer” in the context of this invention is a region of the wire, between
the copper core and the coating laycr. In this region, matcrial as in the corc as well as material
as in the coating layer is present in combination, for example, in form of at lcast one interme-

tallic phase.

The term “intermetallic phasc” in the context of this invention is used to define a phasc of two
or morc mgctals, wherein the different clements arc ordered into different sites in the structure,
which sites have distinct local environments and often a well-defined, fixed stoichiometry.
This is a difference with regard to alloys, in which the different clements are randomly distrib-

uted.

All of aforcmentioned dimensions of length, e.g. thickness, diameter, longest path, shortest

path arc determined in a cross-scctional view as defined above.
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The “surface” of the copper core of a uncoated copper wire is the wire/air interface

The “surface” of the copper core of a coated, possibly anncaled wire is defined to be the virtual
limit of the copper corc around its center, which virtual limit is wherce the concentration of Cu
deviates more than 9.9 %-wt. from the concentration of Cu at the center of the wire, which

center is dcfined by the interscction of the shortest and the longest path both as defined above.

Prcferably, the wire of the invention has a substantially circular area in a cross-sectional view

of the wirc.

The copper core according to the invention comprises at least 95 % by weight, preferably at
Icast 98 % by weight, each based on the total weight of the copper core, of elemental copper
(Cu) of a purity of at lcast 99.9 % Cu. Prcferably, the purity of the copper corc is at lcast 99.99
%, or 99.999 %, or 99.9999 %.

The coating layer comprising aluminium is preferably sclected from the group consisting of

aluminium, aluminium alloys or a combination of the two.

Preferred aluminium is clemental aluminium (Al) of a purity of at lcast 99.9 % Al, morc pref-
crable, the purity of aluminium 1s at least 99.99 % Al, or 99.999 % Al. Usually, such coating

layers form a thin layer of aluminium oxide at the aluminium-air interface.

Prefcrably, the coating layer comprises at least 80 % by weight, preferably at lcast 90 % by
wecight, cach based on the total weight of the coating layer, of aluminium of a purity 0f 99.9 %,

yet more preferable of a purity of 99.99 %.

Preferred examples of aluminium alloys are alloys with magnesium (AIMg) and alloys of alu-

minium with 1 %-wt. of silicon (AlSil), bascd on the total amount of the alloy.
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According to another aspect of the invention, the diameter of the copper core is in the range of
from 70 to 500 um, preferably from 150 to 400 um, or from 200 to 300 um, or from 230 to

250 pum, cach dctermined in a cross-sectional view of the wirc.

According to another aspcct of the invention, the ratio of the standard deviation of the diameter
of the copper corc and the diamcter of the copper core is less than 0.1, preferably less than

0.05, or less than 0.03, or from 0.03 to 0.001.

According to anothcer aspect of the invention, the thickness of the coating layer is in the range
of from 10 to 60 um, preferably from 20 to 50 um, preferably from 20 to 40 um, or from 25 to
35 um, cach dctermined in a cross-scctional view of the wire. The aforementioned criteria for
thickness of the coating layer should be met within at lcast 80 %, preferably 90 % of the longi-

tudinal extension of the wire.

According to another aspect of the invention, the ratio of the standard deviation of the thick-
ness of the coating laycr and the thickness of the coating laycr is in the range of from 0.05 to

0.5, preferably from 0.1 to 0.3.

According to another aspect of the invention, an intermediate layer is arranged between the
corc and the coating layer. The intermediate layer preferably comprises at least onc intcrmetal-
lic phase comprising material of the core and material of the coating layer. The intcrmediate
layer usually shows concentration gradients for each of the matcrials involved. An intermetal-

lic phase is formed if both materials arc mctals.

According to a preferred aspect of the invention, the intermediate layer is arranged betwceen the
corc and the coating layer, wherein the intermediate layer is adjacent to the copper core and

adjacent to the coating layer.

The intermediate layer of the wire is defined to be the region of the wire between the copper
corc and the coating layer in which the concentration of Cu deviates more than 5 %-wt., based

on the total weight of the intermediate layer, from the concentration of Cu in the copper core,

-3
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based on the total weight of the copper core, and in which the concentration of Al deviates
morc than 5 %- wt., bascd on the total weight of the intermediate layer, from the concentration

of Al in the coating laycr, based on the total weight of the coating layer.

Aforementioned dimensions, i.c. the thickness of the coating layer, the thickness of the inter-
mediate layer and the diameter of the copper core can be determined in a cross-sectional view
of the wire, c.g. using light microscopy or scanning clectron microscopy. In light microscopy,
the copper core is coloured in copper red, the coating layer is silvery and the intcrmediate layer
is grey. The concentrations of copper and aluminium which were described above, can be de-
termined using combined SEM/EDX. (Scanning elcctron microscopy / encrgy dispersive X-ray

spectroscopy).

According to another aspcct of the invention, the area share of the intcrmediate layer in any
cross-scctional view of the wire is in the range of from 0.4 to 15 %, prcferably from 0.8 to

8.5 %, cach based on the total area of the cross-section of the wire.

According to another aspect of the invention, the thickness of the intermediate layer is in the
range of from 0.1 to 5 um, prcferably from 0.5 to 3 pm. The aforementioned criteria for thick-
ness of the intcrmediate layer should be met within at Icast 80 %, preferably 90 % of the longi-
tudinal cxtension of the wire. Sometimes, deviations in the thickness of the intcrmediate layer

may occur duc to imperfections of the intermediate layer, e.g. pores.

According to another aspect of the invention, the standard dcviation of the thickness of the
intcrmediate layer is in the range of from 0.1 to 5 um, preferably from 0.4 to 4 um, or from 0.5

to 3 um.

According to anothcr aspect of the invention, the dissipated work is at lcast 2, preferably at
lcast 3 times as high for a wire according to the invention than the dissipated work for a refer-
cnce wire made from purc Al Preferably the dissipated work is at Icast 2, preferably at least 3
times as high a the wire according to the invention than the dissipated work for a reference

wirc made [rom purc Al in a testing cycle in the range of from 20000 to 120000 testing cycles.



10

15

20

WO 2013/167603 PCT/EPZU13/05954049

More preferably the dissipated work is at lecast 2, preferably at least 3 times as high for a wire
according to the invention than the dissipated work for a reference wire made from purc Al in
all testing cycles in the range of from 20000 to 120000 testing cycles. In some cascs, however,
the dissipated work is not morc than 10 times as high as for a wire according to the invention
than the dissipated work of a reference wire made from pure Al This reference wire is an alu-
minium wire made from aluminium of a purity 0£ 99.999 % which is doted with 50 ppm nickel
(sold by Hcraeus/Germany under “AL-H11 CR”) and which has the same cross-scctional area

as the wire of the invention.

According to another aspect of the invention, the maximum strain is at least 1.5, preferably at
lcast 2 times as high for a wirc according to the invention than the maximum strain for a refer-
ence wirc made from purc Al. Preferably, the maximum strain is at lcast 1.5, preferably at Icast
2 times as high for a wire according to the invention than the maximum strain from a refcrence
wirc madc from purc Al in a testing cycle in the range of from 20000 to 120000 testing cycles.
More preferably, the maximum strain is at lcast 1.5, preferably at lcast 2 times as high for a
wire according to the invention than the maximum strain for a reference wirc made from pure
Al in all testing cycles in the range of from 20000 to 120000 testing cycles. In some cascs,
however, the maximum strain is not more than 10 times as high than the maximum strain of a
reference wire made from purc Al This reference wire is an aluminium wirc made from alu-
minium of a purity 0f 99.999 % which is doted with 50 ppm nickel (sold by Heracus/Germany

under “AL-H11 CR”) and which has the same cross-sectional area as the wire of the invention.

According to anothcr aspect of the invention the number of cycles under same conditions in
the power cycling test is at lcast 3, preferably at lcast 4 times as high for a wirc according to
the invention than the power cycling test for a reference wire made from pure Al in a testing
cycle in the range of from 20000 to 120000 testing cycles. Morc prefcrably, the number of
cycles under same conditions in the power cycling test is at lcast 3, preferably at [cast 4 times
as high for a wire according to the invention than the power cycling test for a reference wire
madc from purc Al in all testing cycles in the range of from 20000 to 120000 testing cyclces. In
some cascs, however, the number of cycles under same conditions in the power cycling test is

not morc than 50 times as high for a wire according to the invention than the dissipated work

L
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of a reference wire made from purc Al. This reference wire is an aluminium wire made from
aluminium of a purity of 99.999 % which is doted with 50 ppm nickel (sold by Herac-
us/Germany under “AL-HI11 CR”) and which has the same cross-sectional arca as the wire of

the invention.

According to another aspect of the invention, the wire bond shcar of the wire (1) is at lcast as
high for the wirc (1) as for a reference wire made from purc Al This test is described below.
This reference wire is an aluminium wire made from aluminium of a purity of 99.999 % which
is doted with 50 ppm nickel (sold by Heracus/Germany under “AL-H11 CR”) and which has

the same cross-scctional arca as the wire of the invention.

According to another aspcct of the invention, the wire pull of the wire (1) is at lcast 10 %
higher, preferably at least 20 % higher for the wire (1) than for a reference wirc made from
purc Al. This reference wire is an aluminium wirc made from aluminium of a purity of 99.999
% which 1s doted with 50 ppm nickel (sold by Heracus/Germany under “AL-H11 CR”) and

which has the same cross-sectional arca as the wire of the invention.

According to another aspect of the invention, the wire of this invention meets at lcast two or
cven all of the aforementioned test conditions, i.c. dissipatcd work, maximum strain, power

cycling test, wire bond shear and wedge pull.

Another aspect of the invention is a process for manufacturing a wire, comprising at least the
following steps:

a. providing a wirc precursor comprising a copper corc with a surface and a coat-
ing layer, which coating layer is superimposed over the surface of the copper
corc, wherein the coating layer comprises aluminium,

wherein in a cross-scctional view of the wire precursor the arca sharc of
the coating layer is in the range of from 20 to 50 %, bascd on the total

arca of the cross-scction of the wirc precursor, and

- 10 -
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wherein the aspect ratio between the longest path and the shortest path
through thc wire precursor in a cross-scctional view is in the range of
from larger than 0.8 to 1.0,
wherein the wire precursor has a diameter in the range of from 0.5 to 5
mm, preferably of from 0.75 to 3 mm, or from 0.75 to 2 mm,
b. shaping the wire precursor,
c. annealing the shaped wire precursor,

whereby the wire is obtained.

The wire preferably has a diameter in the range of from 100 to 600 pm, or from 150 to 550
pum, or from 230 to 500 um.

A wire precursor as in step a. can be obtained by forming an aluminium coating laycr on at
lcast part of the surfacc of the copper wire. Preferably the aluminium laycr is formed on
100 %, or from 80 to 100 %, or from 60 to 80 %, of the surface of the copper wirc, cach with
respect to the total surface arca of the copper wire. Numerous techniques for forming an alu-
minium layer on a copper surfacc and in particular on copper wire are known. Preferred tech-
niqucs arc plating, such as clectroplating and clectroless plating, deposition of aluminium from
the gas phasc such as sputtering, ion plating, vacuum cvaporation and chemical vapor deposi-

tion, and decposition of aluminium from the melt.

Pretreatment of the copper wire can be employed to adapt the surface roughness and/or to add
a pattern to the surface of the copper wire. Numerous techniques arc known to adapt the sur-
facc of the copper wire. Preferred techniques arc cold roll forming, grinding and clectrochemi-

cal grinding.

Numcrous techniques arc known to shape the wire precursor. Preferred techniques arc rolling,
swagging, dic drawing or the like, of which dic drawing is particularly preferred. More prefer-
ably, the wire precursor is drawn in 3 to 20 steps, wherein in each step an clongation of the
wire precursor of from 6 to 18 % in length 1s performed. A slipping agent may be employed.

Suitable slipping agents are numerous and known to the skilled person.

11 -
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Numerous procedurcs are known in the art to anncal a wire, ¢.g. anncaling of wire can be per-
formed in both, a continuous or in a discontinuous process. In special applications, continuous

and discontinuous processcs may cven be combined.

According to a preferred aspect of the invention, the anncaling is performed by heating the
wire precursor to a temperature in the range of from 140 to 400 °C, preferably from 160 to 350
°C, or from 200 to 300 °C, or from 220 to 280 °C and the temperature is maintained for 30
minutes to 5 hours, preferably from 30 minutes to 3 hours. Then, the wirc obtained by anncal-
ing the wirc precursor is cooled to room temperature. The cooling can be performed in various
ways. Onc suitablc way is to cxposc the wire to ambient air at ambient temperature upon lcav-
ing the heating zone. The cooling of the wire to room temperature (T = 20 °C) according to
aforementioned procedurc can be usually achicved within 24 hours. A quenching of the wirce
should be avoided, ¢.g. by immersion in cold water and the like. Accordingly, another aspect is
a proccss in which the cooling of the wire upon leaving the heating zone is not performed by

quenching of the wire.

According to another aspcct of the invention the anncaling is performed in a continuous pro-
cess, morc preferably in a tube furnace. Even more preferred the wire is drawn from the step of

providing a wire precursor and the shaping and the anncaling by a single drawing machinc.

Drawing speed during anncaling in a tube furnace depends on the length of the tube of the tube
furnacc. As longer the tube, as higher drawing speeds are feasible in order to obtain a certain
cxposurc of cnergy to a picce of wirc. Preferred lengths of tubes of tube furnaces arc in the

range of from 0.8 to 2.5 m, or from 1 to 2 m, or from 1.5 to 2.5 m.

The temperature in the tube of the furnace can be adjusted to the drawing speed, or cvaluated
independently. Preferred temperatures in the tube are in the range of from 150 to 600 °C, or
from 200 to 600 °C, or from 250 to 550 °C. In gencral, the temperature is selected to be lower
than the temperature at which at lcast onc of the components or a mixture of at least two com-

ponents present in the wire liquelies. For cxample, if partially soluble or insoluble two- or mul-

S 12-
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ti-componcnts alloys arc anncaled, the cutectic temperature of the alloy should not be exceed-

cd by the temperature in the oven.

According to anothcr aspcct of the invention, the temperature in the furnacc is chosen to be at
least 30 °C, or 50 °C, or 80 °C lower than the temperaturc at which at least onc of the compo-

nents or a mixture of at least two components of the wirc liqucfics.

According to another aspect of the invention the anncaling speed is chosen in the range of

from 1 to 20 m/min., or from | to 16 m/min., or from 2 to 18 m/min.

According to another aspect of the invention, the anncaling in the tube furnace may be per-
formed in an incrt atmosphere or a reducing atmospherc. This applics to both anncaling in con-
tinuous as well as discontinuous processing. Numerous inert atmospherc as well as reducing
atmosphcres arc known in the art. Of the known inert atmospheres, nitrogen is preferred. Of
the known reducing atmospheres, the hydrogen is preferred. Further, preferred reducing at-
mospheres arc mixtures of nitrogen and hydrogen. Preferably, mixtures of nitrogen and hydro-
gen arc preferred which are in the range of from 90 to 98 %-Vol. nitrogen and of from 10 to 2
Vol-% hydrogen, each referring to the total volume of the mixture. Preferred mixturcs of ni-
trogen/hydrogen arc cqual to 93/7, 95/5 and 97/3 Vol-&/Vol-%, cach bascd on the total vol-
umc of the mixture. Applying reducing atmospheres in anncaling is particularly preferred, if
some parts of the surface of the wire are sensitive to oxidation by oxygen of the air, e.g. if

copper of the wire is exposced to its surfacc.

According to anothcr aspect of the tnvention, an intermediate layer is formed during anncaling.
Another aspect of the invention is a wire obtainable by a process defined above

According to another aspect of the invention, the wire is characterized by at lcast one of the
following features:

a. the dissipated work is at least 2 times as high for the wire according to the in-

vention than the dissipated work for a reference wire made from pure Al,
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b. the maximum strain in a uniaxial cyclic test is at lcast 2 times as high for the
wire according to the invention than the maximum strain for a reference wire
made from purc Al,

¢. the number of cycles under same conditions in the power cycling test is at Icast
3 times as high for the wire according to the invention than for a reference wire
made from purc Al;

d. the wirc bond shear of the wire according to the invention is as high for the wire
according to the invention as for a reference wirc madc from purc Al

c. the wire pull of thc wirc according to thc invention is at least at lcast 10 %,
preferably at least 20 % higher for the wirc according to the invention than for a
rcference wire made from purc Al

f. the clectrical conductivity of the wire according to the invention is in the range
of from 20 % to 55 % higher than the clectrical conductivity of a refercnce

wirc made from purc Al

The refercnce wire made from purc Al mentioned above is an aluminium wire made from alu-
minium of a purity of 99.999 % which is doted with 50 ppm nickel (sold by Heracus/Germany

under “AL-H11 CR”) and which has the samc cross-scctional arca as the wire of the invention.

Another aspect of the invention i$ an clectric device comprising two elements and at lcast a

wire as defined above or a wire manufactured as described above.

According to another aspcct of the invention, at least one wire in the clectric device is conncct-
cd to another clement of the clectric device by wedge bonding, preferably by ultrasonic wedge

wedge bonding.
According to anothcer aspect of the invention, at lcast one of the elements is sclected from the

group consisting of a substrate, an IGBT (i.c.: a insulated gatc bipolar transistor), an integrated

circuit, a transistor, a diode, such as a light cmitting diode, a photo diode.

.14 -
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Another aspect of the invention is a use of the wire described above or of wire manufactured
according to a process as described above in wedge-wedge bonding interconnections between

a control unit and a controlled device.

Another aspect of the invention is a propelled device, preferably a propelled vehicle, a solar
cell or a wind turbine, which propelled device comprises at least onc electric device as de-

scribed above.

Another aspect of the invention is a proccss for making an clectric device comprising the steps
of

a. providing at least two elements;

b. connecting the two elements through a wire as described above, wherein at least

onc of said connections is performed by wedge bonding.

Wedge bonding technology is known in the art and extensively described in the literature, e.g.
in Shankara K. Prasad, “Advanced Wircbond Interconnection Technology”, Kluwer Academic
Publishers, 2004, ISBN 1-4020-7762-9, in particular chapter T (introduction) and chapter 1V

(process technology).

Description of the figures

The subject matter of the invention is exemplified in the figures. The figures, however, are not

intended to limit the scope of the invention or the claims in any way.

In Figure 1, a wire ] is depicted.

Figure 2 shows a cross sectional view of wire 1. In the cross sectional view, a copper core 2 is
in the middle of the cross sectional view. The copper core 2 is encompassed by a coating layer
3. On the limit of copper wire 2, a surface 15 of the copper core is located. On a line L through
the center 23 of wire 1 the diameter of copper core 2 is shown as the end to end distance be-

tween the intersections of line L with the surface 15. The diameter of wire 1 is the end-to-end
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distancc between the intersections of line L through the center 23 and the outer limit of wire 1

Besides, the thickness of coating layer 3 is depicted.

In Figurc 3, a wirc 1 having a copper corc 2, an intermediate layer 7 and a coating layer 3 18
depicted. In addition to the items described for Figure 2, the thickness of the intermediate layer
7 18 shown.

Figure 4 shows a proccss according to the invention.

Figure 5 depicts an clectric device comprising two clements 11 and a wire 1. The wire | elec-

trical connccts the two clements 11.

Figurc 6 depicts another electric device 10. Four clements 11 arc clectrically connected by

three wires 1.

Figure 7 depicts a propelled device 16, in this casc a car, which comprises an clectric dcvice

10.

In Figurc 8 a cross scctional view of a picce of wire according to the invention is shown.

In Figurc 9, a longitudinal cut through a picce of wirc according to the invention is shown.
Figure 10 depicts a magnification of a wire 1. From bottom to top is shown a section of a cop-
per core 2 followed by an intermediate layer 7, between both the surface of the copper core 15.
On top of the intermediate layer 7 1s a coating layer 3. The black area on top, which is adjacent
lo coating layer 3, is background and not part of the example.

Figurc 11 depicts an exemplifying chart of the strain-uniaxial cyclic test. On x axis, the clonga-

tion is shown in %. On y axis, stress [MPa] is shown. The resulting curve from the experiment

1$ a historesis loop. The curve marked with A was recorded by a wire according to the inven-
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tion, curve B was recorded with a veference wire made fiom pure aluminium. Agy and Aw are

determined as described in the test method.

Figurc 12 and Figurc 13 show a plurality of mcasurcments as described for Figure 11 collect-
ing the resulting for dissipated work in a chart in Figure 12 and for plastic strain in Figure 13.
Values marked with round dots were rccorded by a wire according to the invention, values

marked with rectangular dots was recorded with a reference wire made from pure aluminium.

Figurc 14 shows a chart collecting the results of power cycling tests. On the x axis the AT,
which is the difference between the temperature at start of a cycle and at stop of a cycle is
shown. On y axis the number of cycles until failure is shown. In this chart, a curve for a sam-
ple of pure aluminum is shown (curve fit through light rectangular dots). Further, a curve for
wirc according to the invention is shown (curvc fit through dark rectangular dots). According
to the chart the number of cycles to failurc is for the wirc of the invention at Icast three times

as high as for a reference of purc aluminum.

Figure 15 shows a sketch of a wire pull test. To a substrate 20, a wire 1 is bonded in bonds 21
at an angle 19 of 45°. A pull hook 17 pulls wirc 1. The angle 32, which is formed when the
pull hook 17 pulls wirc 1, is 90°C.

Test Mcthods

All tests and measurements were conducted at T =20 °C and a rclative humidity of 50 %

Elcctrical Conductivity

Both ends of a test specimen, i.c. a wire of 1.0 m in length, were connected to a power source
providing a constant current of 1 = 10 mA. The voltage was recorded with a device for measur-
ing voltage. This set-up was repeated with at least 4 test specimens. The arithmetic mean of the

four measurements was used for the calculations given below.

The resistance R was caleulated according to R = U /1
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The specific resistivity p was calculated according to p = (R x A)/ |, whercin A is the mean
cross-scctional arca of the wire and | the length of the wire between the two measuring points

of'the device for measuring voltage.

The specific conductivity 6 was calculated according to 6= 1/ p.

Layer Thickness

For determining the thickness of the coating layer, the thickness of the intcrmediate layer and
the diamcter of the core, the wirc was cut perpendicular to the maximum clongation of the
wire. The cut was carefully grinded and polished to avoid smcaring of soft materials, e.g. Al. A
picture was recorded through an optical microscope or a scanning clcctron microscope (SEM),

wherein the magnification is chosen so that the full cross-section of the wirc is shown.

This proccdure was repeated at lcast 15 times. All values arc provided as arithmetic mean of

the at least 15 measurements.
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Wedge-wedge bonding — Paramcter definition

Bonding of a wire to a substratc made of CuSn6 plated with AlSil (available from Hcrae-
us/Germany) was performed at 20°C, wherein the bonding was applicd to the AlSil surface.
After forming a first wedge bond with an anglc of 45° between the wire and the substrate, the
wirc was wedged with its second end to the substrate. The distance of the bonds between the
two cnds of the wirc was in the range of from 5 to 20 mm. This distance was sclected in order
to assurc the angle of 45° between the wire and the substrate. During wedge bonding, ultrason-
ic sound of a frequency in the range of 60 — 120 kHz was applicd to the bondtool for 40 to 500

milliscconds.

Then, reference samples of standard wire made from aluminium ALHI1-CR were wedge
bonded as described above. The extent of wirc deformation of the bonded wirc was evaluated

by dctermining the area of the contact of the wirc on the substrate (Ac,ep).

Regarding the samples to be tested which are madce using a wire according to the invention, the
wedge bonding parameters, i.c. applied force, frequency and time of exposure to ultrasonic
sound, must be adapted to achicve an arca of contact of the wire according to the invention on
the substratc (Acinv), Wherein A «r equals A¢ i, . With regard to copper wire having a coating
layer comprising aluminium, the applicd energy must be increased, i.c. onc of the parameters:
applied force, frequency of ultrasonic sound and length of exposure to ultrasonic sound must

be increased.

Wire Pull

Wire pull tests were conducted according to MIL-STD-883G Mcthod 2011.7 (1989), Condi-
tion D on a XYZTEC Condor 150 machinc. The wire was bonded onto an aluminium substrate
made of CuSné plated with AISil (available from Heracus/Germany) at an angle of 45°,
wherein the bonding was applicd to the AlSil surface. The distance of the bonds between the
two ends of the wire were in the range of from S to 20 mm. This distance was sclected in order
to assure the angle of 45° between the wire and the substrate. The loop was pulled in the mid-
dlc of the loop at a pull speed of 2500 umv/s. The diamcter of the pull hook was at lcast twice

the diameter of the wire.

- 19-
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Wirc bond shear test

Wire bond shcar tests were conducted according to AEC-Q101-003 Rev-A (07.2005) on a
XYZTEC Condor 150 machinc. The wire was bonded to an aluminium substratc madc of
CuSn6 plated with AlISil (available from Heracus/Germany) at an angle of 45°, whercein the
bonding was applicd to the AlSil surfacc. Then, the shear tool was lowered to the substrate at
a spced of 50 pm/s to define zcro height. Next, the shear tool was retracted from the substrate
to a distance of 10 % of the diameter of the bonded wire. Then, shearing was conducted at a
ratc of 250 pm/s. The bond shear failurc mode was also rccorded: (1) bond lifting; (2) bond
shearing; (3) cratering; (4) bonding surface lifting (separation of the bonding surface from its

underlying substrate).

Strain and dissipatcd work— uniaxial cyclic test

A sample of straight wirc was clamped in a machinc to apply mecchanical strain (tcnsion and
compression). The length of wire exposed to mcchanical testing is 1.0 mm. Cycling of the
sample was performed at a strain rate of 1 %/s until failurc of thc sample (breakage of wire).
The machine recorded the force transmitted by the sample. The plastic strain amplitude (Agp)

and the dissipatcd work (Aw) arc cach plotted versus number of cycles (N) until failure.

Agp 1s defined as strain difference at zero stress of increasing and decreasing branches of hys-

teresis loop.

Aw is defined as the integral of one hysteresis loop

Power cycling test

Samples were produced by wedge bonding a diode EMCON 4 High Power Chip (available
from INFINEON Technologies AG, Munich, Germany) to a base plate using the wire to be
tested. As described above, wedge bonding parameters were chosen in a suitable way, assuring
that all bonded wires show the same area of contact between the wire and the base plate (A
ief). Of the commercially available base plates, a basce plate was chosen that will retain the dic

attached (the diode) during the test. All samples were prepared using identical base plates.

-20-
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Power cycling tests were conducted on a ITC5230 supplied from Intcgrated Technology Cor-
poration, Tcmpe, AZ85281, USA. For testing, a sample was mounted on a cooling pad through
which the sample was permancntly cooled at constant flow rate using a fluid having a tempera-
turc 20°C at the inlet of the cooling pad. To assurc a defined transfer of heat dissipated by the
sample, a hcat conducting film was arranged between the sample and the cooling pad. The

electrodes of ITC5230 were contacted to the diode and to the base plate.

Prior to thc power cycling test, the amount of clectrical current (Ig) at a presct voltage (Vo) and
the time was evaluated which are necessary to effect an increase in temperature to 175 °C of
the sample from a starting tempcraturc of 40 °C. This time is the ON-time of a cycle. After
that, thc cooling time of the sample to cool down from 175 °C to 40 °C was cvaluated, whilc
no clectrical current was applicd to the sample. This time is the OFF-time. A scquence of one

ON-time followed by onc OFF-time dcfines onc power cycle.

Then, the power cycling test performed by continuously applying aforementioned power cy-
cles. At presct clectrical current Iy, the voltage (Vi) during ON-time of a power cycle was rce-
orded. The power cycling test was finished, when the voltage V, during an ON-time period

cxcceded the voltage Vi V= (Vg + 10 %).

Elcctrical defects after bonding

A set of 150 samples made under identical conditions according to the wedge-wedge bonding
proccdure described above were cvaluated for clectrical defects. Each of the samples has 9
bonds which sums up to 1350 bonds in total. Depending on the number of defects, each set is

flagged with ++, +, 0, - or — in Table 2.
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Examplcs
The invention is further exemplified by examples. These cxamples serve for exemplary cluci-
dation of the invention and arc not intended to limit the scope of the invention or the claims in

any way.

Examples 1 — 15

A wirc of overall diamcter 1 mm wire having an aluminium coating of thickness 115 um and a
diameter of the copper core 770 um was elongated using 22 drawing dies, each providing an
elongation of 12 % to obtain a wire of the wire diameter detailed in Example 2, Table 1. Then,
the elongated wire was put on a roll and annealed in an oven for 1 hour at the annealing tem-
perature T detailed in Table 1. After the anncaling, the wire was cooled to ambicnt temperature
was within 24 hours. The propertics of these wires and the processing parameters of the wire
treatment are collected in Table 1, the experimental data in Table 2 below. Examples 1, 3-15

were prepared using wires with Cu diamcter and overall wire diameter as shown in Tablc 1.



Table 1: Physical properties and process parameters

Example Precursor Al [area-%] | Cu [area-%]
No. Aoiealiins Thickness intermediate layer | Thickness coating layer | Cu diameter? | wire diam. | calculated . measured
copper Overall
core wire TemTp[?g’lture
diameter | diameter
[um] [um] mean [um] stddev [um] mean {um] ‘ stddev [um] | mean [um] mean [pum]
1 758 1000 180 1.9 2.4 34.1 4.5 225.5 297.% 40.6 57.4
2 770 1000 220 2.1 2.5 32.1 5.1 2294 298.1 38.5 59.2
3 780 1000 280 1.9 2.3 30.8 4.8 232.1 297.4 37.1 60.9
4 755 1000 360 4.7 2.2 31.8 3.9 224.7 297.6 38.2 57.0
5 829 1000 180 1.3 1.4 25.0 6.8 248.4 299.7 30.6 68.7
6 815 1000 220 1.9 1.8 26.1 ‘ 5.0 244.5 300.0 31.8 66.4
iz 813 1000 280 2.4 3.0 255 ' 4.7 243.3 299.1 31.2 66.2
8 811 1000 360 3.8 2.6 246 | 4.6 242.8 299.5 30.2 65.7
9 816 1000 180 0.2 0.7 27.5 3.5 245.3 300.7 33.3 66.6
10 813 1000 220 0.1 0.5 28.1 | 3.7 245.2 301.7 33.8 66.1
11 809 1000 280 2.0 1.9 28.9 \ 4.7 245.1 302.8 34.5 65.5
12 791 1000 360 2.8 0.7 28.8 2.9 238.9 302.1 34.5 62.6
13 612 1000 220 2.0 2.3 57.4 4.8 184.2 300.8 61.7 37.5
14 676 1000 220 2.0 2.5 47.3 5.1 202.8 300.1 53.1 45.7
15 966 1000 220 2.1 1.8 4.8 2.4 289.1 299.3 6.3 93.3
16 903 1000 220 2.0 2.1 13,9 3.8 270.0 299.1 17.8 81.5

] . -
Annealing Time: | hour

* diameter of the copper core

~9% .
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’ 1A1|(-ZR3 180 300 100.0 |
Al-H11 150 300 100 |
Table 2
Example No. | Specific uniaxial uniaxial uniaxial cy- Electrical
con- . ’ cyclin clin clin Power Cycling | Power Cyclin defects of
ductivi- | Wire pull bolnS(; :;:rle“ bjrr:: Sv;/]l;:r4 plasric st%ain pla(s:zic st%ain plastic sgtrain deltaT =Y7OKg deltaT =y135§ chips after
ty [eN] 0.25% 0.20% 0.15% [Cycles to [Cycles to bonding
[m/Q L Len] [Cycles to [Cycles to [Cycles to failure] failure]
*mm2] failure] failure] failure]
il 48.0 1394.0 1107.4 1135.7 *
2 48.2 1342.1 1270.0 1415.9 +
-3 480 | 1293.1 | 13542 1472.4 0
4 46.9 1038.3 1031.1 1104.5 +
5 49.2 1225.5 739.5 1042.9 >
6 49.6 1309.4 1153.0 1345.8 +
7 49.3 1192.4 1223.3 1300.4 0
8 48.5 1143.7 1087.4 1103.2 0
\ 9 51.6 1558.3 1411.5 1397.6 +
‘ 10 51.5 1420.2 1480.4 1440.5 0
] 11 51.3 1385.8 1367.1 1465.6 27000 53000 118‘000 8‘500°000 77'000 +
[ 12 50.2 865.4 738.8 729.8 #

" AIHI1-CR and AIH11 are commercial samples of aluminium wire available from Heraeus/Germany

* All tailures were observed to fail in failure mode (2) — bond shearing.

-24 -

GOSOS/ETOTAA/ LD



PCT/EP2013/059509

WO 2013/167603

ImNI

++ L09CT L&l ¥'S09 ¥'9¢€ TTH-IV f
++ 000,T1¢ 000,08¢ 004,42 00v,Ct 004,8 [453) ocet SS6 CLE ¥ TTHIV |
- 8'€69¢ €°£0ST LP10C €S 9T

- £'618¢ 7' 189¢ £'8EET 899 ST ]
+ L'ETTT L0261 V'EIST L9y T

+ 00961 S'T08T 8'Ceel 6vr €T




10

15

20

WO 23167603

(1

3
4
(%)
(6)
(7
(®)
€
(10)
(11)
(12)
(13)
(14)
(15)
(16)
7
(18)
(19)
(20)
2N
(22)
(23)
@)

Reference Numbers

wire

copper corc

coating laycr

contact

longest path through wirc in cross-scctional view
shortest path through wirc in cross-scctional view
intermediatc laycr

copper wire

wire precursor

electric device

clement

clectronic device

controlled device

control unit

surface of copper core

propelled device

pull hook

direction of pulling the pull hook

angle between wire and surface

substratc

bond between wire and substratc

anglc of wirc under pull hook pulling the wirc
centre of wire

Line
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Claims:

(8]
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A wire comprising:

a. acopper core with a surface; and

b. acoating layer superimposed over the surface of the copper core,
wherein the coating layer comprises aluminium,

wherein in a cross-sectional view of the wire the area share of the coating layer is
in the range of from 10 to 60 %, based on the total arca of the cross-scction of
the wire, and

wherein the aspect ratio between the longest path and the shortest path through the
wire in a cross-sectional view is in the range of from larger than 0.8 to 1.0,

wherein the wire has a diameter in the range of from 100 pm to 600 pm,

wherein an intermediate layer is arranged between the core and the coating layer,
wherein the intermediate layer comprises at least onc intermetallic phase com-

prising material of the core and matcrial of the coating layer.

The wire according to claim 1, wherein the area share of the intermediate layer in a
cross-sectional view of the wire is in the range of from 0.4 to 15 %, based on the total

area of the cross-section of the wire,

The wire according to any of claims 1 or 2, wherein the thickness of the intermediate

layer is in the range of from 0.1 um to 5 pm.

The wire according to any of claims 1 to 3, wherein the diameter of the copper core is

in the range of from 70 to 500 pm, determined in a cross-sectional view of the wire.

The wire according to any of claims | to 4, wherein the thickness ol the coating layer is

in the range of from 10 to 60 pm, determined in a cross-sectional view of the wire.
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6.

10.

11.

12.

The wire according to any of claims 1 to 5, wherein the copper core comprises at least
95 % by weight, based on the total weight of the copper core, of copper of a purity of at

least 99.9 %,.

The wire according to any of claims 1 to 6, wherein the coating layer comprises at least
80 % by weight, based on the total weight of the coating layer, of aluminium of a purity

01 99.9 %.

The wire according to any of claims 1 to 7, wherein the dissipated work is at least 2
times as high for the wire than the dissipated work for a reference wire made from pure

Al

The wire according to any of claims 1 to 8, wherein the maximum strain in a uniaxial
cyclic test is at lcast 1.5 times as high for the wire than the maximum strain for a refer-

ence wire made from pure Al.

The wire according to any of claims 1 to 9, wherein the number of cycles under same
conditions in the power cycling test is at least 3 times as high for the wire than for a

reference wire made from pure Al.

The wire according to any of claims 1 to 10, wherein the wire pull of the wire is at least

10 % higher for the wire than for a reference wire made from pure Al.

A process for manulacturing a wire comprising at least the following steps:

a. providing a wire precursor comprising a copper core with a surface and a coat-
ing layer, which coating layer is superimposed over the surfacc of the cop-
per core, wherein the coating layer comprises aluminium,

wherein in a cross-sectional view of the wire precursor the area share of
the coating layer is in the range of from 20 to 50 %, based on the to-

tal area of the cross-section of the wire precursor, and
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b.

C.

wherein the aspect ratio between the longest path and the shortest path
through the wire precursor in a cross-sectional view is in the range
of from larger than 0.8 to 1.0,
whercin the wire precursor has a diameter in the range of from 0.5 to 5
mm.
shaping the wire precursor,

annealing the shaped wire precursor,

whereby the wire is obtained, wherein the wire has a diameter in the range of from

100 pm to 600 pum.

13. The process according to claim 12, wherein an intermediate layer is formed in step c.

14. The process according to claim 12 or 13, wherein the annealing is performed at a tem-

perature in the range of from 140 °C to 400 °C, preferably over a period of from

30 minutes to 5 hours.

15. The process according to any of claims 12 to 14, whereby a wire is obtained, wherein

the wire is characterized by at least one of the following features:

a.

b.

<]

the dissipated work is at least 2 times as high for the wire than the dissipated
work for a reference wire made from pure Al;

the maximum strain in a uniaxial cyclic test is at least 1.5 times as high for the
wire than the maximum strain for a reference wire made from pure Al;

the number of cycles under same conditions in the power cycling test is at least
3 times as high for the wire than for a refercnce wire made from pure Al;

the wire pull of the wire is at least 10 % higher for the wire than for a reference
wire made from purc Al.

the electrical conductivity of the wire is in the range of from 20 % to 55 % as

high than the electrical conductivity of a reference wire made from pure Al.

229 -
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16. An electric device comprising at least two elements and at least a wire according to any
of claims 1 through 11 or claim 15 or at least a wire manufactured according to a pro-
cess according to any of claims 12 to 14, wherein the wire electrically connects the two

elements.

17. The electric device of claim 16, wherein the electrical connection is obtainable by

wedge bonding.

18. The electric device of any of claims 16 or 17, wherein at least one of the elements is se-
lected from the group consisting of a substrate, an IGBT, an integrated circuit, a tran-

sistor, a diode, such as a light emitting diode or a photo diode.

19. A propelled device comprising at least one electric device according to any of claims
16 to 18.

20. A process for making an electric device comprising the steps of
a. providing at least two elements;
b. connecting the two elements through a wire according to any of claims 1
through 11 or claiml5 or at least a wire manufactured according to a process
according to any of claims 12 to 14, wherein at least one of said connections is

performed by wedge bonding.




