1 Method for Permanent Connection of Two Metal Surfaces Description ~ Embodiments of the
present invention relate to a method for the production of a permanent connection between two metal
surfaces.  The production of permanent, electrically conductive, metallic connections between two
metal surfaces is gaining increasing importancelin the semiconductor industry. Primarily for new types
of packaging technologies in the area of so-called "3D integrated devices or ICs (3D IC)," metallic
bond connections between two functional planes play a decisive role. In this case, first active or

passive circuits are magyfasiig® omne i cdaReREs Bt sUbSliale s, and.the latter are permanently
connected to one another in a bonding step, and the electrical contacts are established. This

connection step can be accomplished either by connecting two wafers (wafer to wafer - W2W), by
connecting one or more chips with a wafer (chip to wafer - C2W), or by connecting one or more chips
with a chip (chip to chip - C2C) method. In {hesggsemf these connection methods, direct connections
between two connecting surfaces are of great interest, whereby both surfaces consist of the same
material (metal) to a large extent. Here, methods that, to a large extent, do not require additional

materials in this connection plane are quite especially preferred. In this connection, copper (Cu) or
aluminum (Al) orgaadimsn s dohsRErRPLsRERs HiekRi kA drcthoshbn B pBretssfien oOhdwever, that this
invention basically also ope_ratgs in interaction ?i/ith ther metals, and the metal selection is based

predomindiiy i PEGORMSHHENLS S Eh P URGIFe S A ¥ Bre-conditioning steps. Therefore, 2

The production of permanent, electrically conductive, metallic connections
between two metal surfaces is gaining increasing importance in the semiconductor
industry. Primarily for new types of packaging technologies in the area of so-called “3D
integrated devices or ICs (3D IC),” metallic bond connections between two functional
planes play a decisive role. In this case, first active or passive circuits are manufactured
on two independent substrates, and the latter are permanently connected to one another in
a bonding step, and the electrical contacts are established. This connection step can be
accomplished either by connecting two wafers (wafer to wafer - W2W), by connecting
one or more chips with a wafer (chip to wafer - C2W), or by connecting one or more
chips with a chip (chip to chip - C2C) méthod. In the case of these connection methods,
direct connections betwéen two connecting surfaces are of great interest, whereby both
surfaces consist of the same material (metal) to a large extent. Here, methods that, 1o a
large extent, do not require additional materials in this connection plane are quite
especially preferred. In this connection, copper (Cu) or aluminum (Al) or gold (Au) is
commonty used as metallization. It should be clarified, however, that this invention
basically also operates in interaction with other metals, and the metal selection is based

predominantly on requirements of chip structures and pre-conditioning steps. Therefore,



different metals are also to be regarded as claimed for the invention. In addition, the method can also
be used for so-called "hybrid bond interfaces." These hybrid interfaces consist of a suitable
combination of metal contact surfaces, which are surrounded by nonmetallic regions. In this case, the
non-metallic regions are configured in such a way that in an individual connecting step, both the
metallic contact as well as contacts between the*non-metallic regions can be produced. At this time,
these connections, which are free of foreign materials, in particular of foreign metals, are produced by
a so-calledydiffusionhond methedHergathaconiash sirfasas agarienieditonatd one another and are
brought into contact. The contact surfaces are pretreated by means of suitable methods (for example,
"Chemical Mashapisal BoksisiEs Q- ¢al R0y BEY Hotal SuetfandyTivat théyidistudgeflat, and they have
a slight surface roughness. The contact surfaces are then pressed together in a suitable device (for
example, acoraferdiandeadlandraradieatethattheosameuifmetordire ety Setestdbleopititess temperature.
Here, it may also prove advantageous if this takes place in an optimized atmosphere, such as, for
example, anaeliansgerny., kn thingrse, Bxfé!’ér’a@l%ﬁaﬁiﬂ%l@&%‘?ﬁﬁﬁ%ﬁ?%g@?@édﬁiﬁ@]hﬁﬁ%%re, in particular
an atmosphere with a high content (> 1%, preferably > 3%, even better > 50/%5 and ideally > 9%) on
hydrogen (HZ: DA eempripesen: SRt TR IS contadt el 6h BERT R ABYTBroGuced between
the two metal surfaces. Here, in the case gff iutg ctic me&al compo itions m%tgrlea}trger:nosfor molecules
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into contact. The contact surfaces are pretreated by means of suitable methods (for
example, “Chemical Mechanical Polishing,” or, in short, “CMP”) in such a way that they
are very flat, and they have a slight surface roughness. The contact surfaces are then
pressed together in a suitable device (for example, a wafer bonder) and are heated at the
same time to a freely selectable process temperature. Here, it may also prove
advantageous if this takes place in an optimized atmosphere, such as, for example, 2
vacuum (e.g., < 1 mbar, preferably < 1-3 mbar) or in a reducing atmosphere, in particular
an atmosphere with a high content (> 1%, preferably > 3%, even better > 5%, and ideally
> 9%) on hydrogen (H2). Under these process conditions, a so-called diffusion bond is
now produced between the two metal surfaces. Here, in the case of eutectic metal
compositions, metal atoms or molecules diffuse back and forth between the two surfaces
and thus establish a permanent, metallically conducting and mechanically extremely
stable connection between the surfaces. Often, in this case, the connection is of a quality
that makes detection of the original contact surfaces in the metal stméture impossible.

Rather, the connection is shown as a homogeneous metal structure, which now extends



beyond the original contact surface. One factor, which greatly limits the use of this technology today, is
the temperature that is relatively high in most cases, which is necessary to produce the connection
and in particular to make the diffusion possible. In many cases, this temperature is higher than 300C,
in many cases higher than 350C, typically 380 to 400C, and in certain cases even up to 450 or 500C
higher than the temperature that can be tolerated by the components (typically <260C, in many cases
<230C, for certain components <200C, and in certain cases < 180 or even < 150C) and therefore
prevents oplppits dhesusaaldhinmeatiod. This faventaticharedsdisivthdhis pfaklem since it makes
possible a method in which the necessary process temperature is reduced dramatically. These
metallic copnistions atanohiothepsefenediao deleviviiythigidocursentas Waidhentic bond
connections.” In this case, bond connections are always meant in which a connection is produced
between twesmstajlic cortaet e daresticomdstingrotalantstarake Wirisbiisias pEsBRfofeign material
installed permanently in the connection, in particular a foreign metal B, which has a different
elementaryszompositiths tempagtaleiadiebkssbrib S003B oaranE FRRHEERCHTBREXIEE &t this time are
limited by the necessary process temperature to make the diffusion process possible. In principle, it
can be asstmedthaaiifidiete pro¢ sewtiareasstions ﬂﬁéﬁ&éﬁéﬁé{}{g?&ﬂﬂh@]@%s. However, it is
such that the process at lower temperature proceeds more slowly. In praptice, however, this is a
problem, sifrcepthisestitiimictiestshontic effmeneyisoiseietproéetseds IR0 EEEMake very
drawn-out (> 1 h) processes uneconomical. Therefore, the diffusion bonding processes are not applied
between the 23076, fortatrisgrimpessis<ad e mstiveceripinicsesise | EORISHfBimtSBr tHe most widely
varied manifestations of eutectic 4 connections and so-called intermetallic compound connection
' applicationgréhersBere Arestin sits Slarg St vas e bn IBa RiFREBTH Y KB Siver-tin solder,
indium-based solders or else gold-tin or %old-silic n or al r&i}gum- ermanium, as well as copper-tin
Vit

(intennetalliREAMBETMENER S eapPBP B R B FHEAE G G5 STIREEEMBTHOUS lies in

problems of both manufacturing logistics and technology. In many cases, these bond connections are
to be produ@é&%‘:ﬁ%% r?q

?Jélgtbcfl anufacturing where only a certain metallization (e.g., Cu) is established

and qualfied. In hig ase. QWA 6 AR IMsnse Addiional expRnse diaddiiandaithis metalization

to build and also to quali e infrastructure for another metallization. From the technological aspect,

eutectic CONRERIANS EItLREconsidereaistticalwith dasRestito dhealane-insmsiabilioh Certain

connections are extremely brittle, and mechanical fatigue phenomena, i.a., can result. In addition, for
certain metallizatiomon\e iy JiataBdalerance st cespeet arthemisingtatiorenelabarved to
guarantee the desired properties (e.g., melt temperature, mechanical and electrical properties) of the
eutectic conmibtioniaaddition: giffusioniaffesiedpeomectipmvlithcentetiiv comedtidasican cause
problems. Thus, for example, it would be a serious problem if tin were to diffuse from one interface
between twdcceigperatdast s fasesiifirony b ¢merdatirecoegséictontact and were to reach the
underlying barrier layer between the copper contact and the underlying layer. Because of the altered

metal compositionAthitreedyikpsenbr i bascnibe REMeas dalarmirial SR RS EOBHLKI R e

necessary process temperature to make the diffusion process possible. In principle, it can
be asserted that diffusion processes are actions that depend on multiple factors. However,
it is such that the process at lower temperature proceeds more slowly. In practice,
however, this is a problem, since this would limit the economicefficiency of such
processes, or would make very drawn-out (> 1 h) processes uneconomical. Therefore,
the diffusion bonding processes are not applied between the same contact surfaces. As an

alternative, in this case, solder joints or the most widely varied manifestations of eutectic



interface and thus result in a mechanical defect of the component, which could occur only after several
years in the field. These are effects that can occur in this form only with microstructures, since here,
very thin layers are used in which such effects can only play arole. 5  Embodiments of the present
invention indicate a method with which a reduced process temperature and/or a reduced process time
can be achieved in metallic bond connections. * According to an aspect of the present invention,
there is provided a process for the production of a permanent, eleutlically conductive connection

between a fisshpeiah shiface.0f ificshsubslratasng asasendmetal sudaceoisacsesond substrate
with the following method steps: - Conditioning of the first and second metal surfaces by producing

near surfaceaysles, witheslifacedefent e ptamuctithydppplaiitingtyasidnsiodity-depdsition of inferior
guality metal layers or by application of metallic nanoparticles in such a way that in a connection of the
metal surfassdeasperhapedielecicaijicondudttivinsorgrestiohmpre tigbed earipzsiprimarily by
substitution diffusion between similar metal ions and/or metal atoms of the two metal surfaces - is
produced, {Dientiibncansesdliacion shthe divst bae dheoherfvarsisanfiess Wefadby during the
conditioninzj;q;rientation and connection, a process temperature of at most 300C is not exceeded.

Also, all comtiHEIoRE RIS REDE AT TE NG el s e fEhbPLEth dP APE M EREEEBSRY the description,

the claims and/or the figures fall within the scope of the invention. In the indicated ranges of values,
valuos that AR 1 POHES T /e A8 HIORLE SR THAAAr v

<8
as oun%lary Vallues and can be

claimed in any spmpiaton .., Eberents ol g presentienionaaLRiEsenhmethods and

processes by means o he temperature for authentic bond connections can be reduced

 dramatically, and this thus makas;posaible thewss sbaornastions, s fametrequire foreign metal,

for a broad area of use. An additional use of embodiments of this invention is also the acceleration of
the process;whigh&ae Re achisved:inihe saseahidealcbrlesindipeassipatimeters and which

increases the economic efficiency of the process.
connections are to be considered critical with respect to the long-term stability. Certain
connections are extremely britile, and mechanical fatigue phenomena, i.a., can result. In
addition, for certain metallizations, very narrow tolerances with respect to the mixing
ratio are observed to guarantee the desired properties (e.g., melt temperature, mechanical
and electrical properties) of the euteciic connection. In addition, diffusion effects in
comnection with eutectic connections can cause problems. Thus, for example, it would be
a serious problem if tin were to diffuse from one interface between two copper contact
surfaces through the entire copper contact and were to reach the underlying barrier layer
between the copper contact and the underlying layer. Because of the aliered metal
composition, this would lead to the mechanical delamination of the copper in this
interface and thus result in a mechanical defect of the component, which could occur only
after several years in the field. These are effec{s that can occur in this form only with

microstructures, since here, very thin layers are used in which such effects can only play

arole.



5a Diffusion can be divided in general into substitutional and interstitial diffusion.  In the substitution
diffusion, the diffusion jumps of the individual atom take place along each point in the grid, on which
other atoms could be located. As a result, such a diffusion jump can actually take place, if necessary,
at the position to which an atom would jump butgho other atom can be located (exceptions exist: direct
atom exchange mechanisms, which are discussed scientifically but are not yet detected; if they exist,
they occur so rarely in comparison to the other atom exchange mechanisms that they can be 6
disregarded). THenjositiomtatofhehprescatonyéstiovateticigecalledisodordthiTveivioie isdecatcupy a
fundamentally important aspect in the further description of the patent.
process temperature and/or a reduced process time can be achieved in metallic bond
connections.
According to an aspect-of the present invention, there is provided a process for the
production of a permanent, electrically conductive connection between a first metal
surface of a first substrate and a second metal surface of a second substrate with the
following method steps: - Conditioning of the first and second metal surfaces by
producing near surface layers with surface defects produced by implanting gas ions or by
deposition of inferior quality metal layers or by application of metallic nanoparticles in
such a way that in a connection of the metal surfaces a permanent, electrically conductive
connection - produced at least primarily by substitution diffusion between similar metal
ions and/or metal atoms of the two metal surfaces - 1s produced, - Orientation and
connection of the first and second metal surfaces, whereby during the conditioning,
orientation and connection, a process temperature of at most 300°C is not exceeded.
Also, all combinations that consist of at least two of the features that are
indicated in the description, the claims and/or the figures fall within the scope of the
mvention. In the indicated ranges of values, values that lie within the above-mentioned
limits are also disclosed as boundary values and can be claimed in any combination.
Embodiments of the present invention now present methods and processes by
means of which the bond temperature for authentic bond connections can be reduced
dramatically, and this thus makes possible the use of connections, which do not require
foreign metal, for a broad area of use. An additional use of embodiments of this invention

is also the acceleration of the process, which can be achieved in the case of ideal, selected

process parameters and which increases the economic efficiency of the process.



In interstitial diffusion, smaller atoms diffuse within the lattice holes of a crystal. Since we are primarily
dealing with homoatomic diffusion in this patent, interstitial diffusion is not further considered.
Hydrogen, which diffuses in the lattice holes of the Si crystal grid, would be an example of interstitial
diffusion. In comparison to Si, hydrogen is "small,” such that it has space in the lattice holes.
According to the invention, only the substitution-diffusion is suitable for the case of homoatomic
diffusion of the same metal species.  In addition, surfaces, grain boundaries and volume diffusion

can be distinguished. Atoms diffyse the best where they are limited by as few other atoms are
possible. This stzﬁ&%&slﬁﬁr‘?@rw ftlj?@ %%W‘fﬁlléll\%ﬁﬁa?%? SRR ARSI Stﬁ%ﬂ?o&lf the atoms on the

surface is also cl riéged. Aint rain bo aries, an at in genera, %asm re space than in the
el o mselt i S B B b B e B R e

that of the MB%E'?QCH HUSI0ASHA JRAUPMEER! 963 GEAIN BAURGRNLAIASIRN IS QNEQUERS, the existence

of grain boundaries. For this case of polycrystalline metal surfaces, the following problems occur
with direct hgndsn jumbpitahofalhiRoyesystaling materials somsighetisaveralistrins hahare oriented
differently relative to the surface to be bonded. This results in that the surface consists of different
crystallographid sufigees nbhehdifigrantphysitalapropetgsiohdhaivpdiviettaligraivk suriaees have, in
general, different oxidation, diffusion, adhesion properties, etc.

mechanisms, which are discussed scientifically but are not yet detected; if they exist, they

occeur so rarely in comparison to the other atom exchange mechanisms that they can be



7 Secondly, the grains have so-called grain boundaries, i.e., atom-free areas in the angstrom to
nanometer range, which separate the grains from one another, in which atoms have a higher diffusivity
than in the grain volume. Thirdly, the surfaces to be bonded in the rarest cases are free of
oxidation products. The fact that polycrystalllg'élne surfaces are present in the worst case with
oxidation products and a non-zero surface roughness does not make any direct welding possible. The
surfaces do not lie completely flat upon contact but rather form pores in the interface. These
"microscopiiaglesiiard motaitifusehidthnthaabisvecaied dribetbd eivkithbbareidisithdamental
importance for the diffusion, while "microscopic holes" in the interface prevent the jump of atoms "to
the other sigeupy a fundementablsyimpesianbesgertinibg fhahaislreintion SfhieLehtaces is implemented

according to the invention in such a way that at the lowest possible temperatures, the diffusion of
atoms into one afbHERHER GBS pTBHER EES SEHRI %@éﬂﬂ eﬂogﬁﬁ?&sﬁgﬁ%%n be promoted,

for example, by the metal surfaces that are to be conpgcted bejng canfigur. ti[raﬁuch a way that layers
that are ne%ﬁnﬂ?é”gﬁf?d%}g@@?ﬁ%%ﬁ@} ark g%lrp at 1§t§r§fsu %%%nt#]%g&%%c@eﬂg%r% reaches a certain depth

"d" (layer tlal1 ness)s innottli,l%@eaterial dér éHfade available, and said layer has a structure that produces

diffusion, in pafst]i%lbiar prlmarlfycgﬁ%stltutlon diffusion, between the surfaces that are to be connected.

Below, methods qte;now deseribeehthatimakeipossinistopmducethisdayandiatds near the surface.

Primarily, it can prove advantageous to make available a layer that is near the surface and that is less
tightly packgdritisdhugmaantiitatithe widepanent@tinnisogeespondiiylydidgit These surface

defects now have the advantage that in a
has space in the lattice holes.
According to the invention, only the substitution diffusion is suitable for the case
of homoatomic diffusion of the same metal species.
In addition, surfaces, grain boundaries and volume diffusion can be distinguished.
Atoms diffuse the best where they are limited by as few other atoms are possible. This
state is primarily present on the surface, by which the high mobility of the atoms on the
surface is also clarified. Even in the grain boundaries, an atom in general has more space
than in the crystal grid itself. The speed of the diffusing species is therefore between that
of the surfaces — and that of the volume diffusions. A requirement for a grain boundary
diffusion is, of course, the existence of grain boundaries.
For this case of polycrystaliine metal surfaces, the following problems occur with
direct bonds.
First of all, polycrystalline materials consist of several grains that are oriented
differently relative to the surface to be bonded. This results in that the surface consists of
different crystaliographic surfaces. The different physical properties of the individual

grain surfaces have, in general, different oxidation, diffusion, adhesion properties, etc.



8 temperature treatment, a reorganization of the structure takes place that ultimately leads to tighter
packing (and an elimination of the surface defects). When this temperature step now takes place,
while the two metallic contact surfaces are in close contact, the latter can be plastically deformed and
thus also close empty spaces in the interface; thus, it makes possible an even better contact and
promotes the development of a diffusion bond bétween these two surfaces. A series of variants is now
provided for the conditioning of surfaces with which these layers can be produced: Subsequent

Production of Sugace Pefeetsrins MRdhiseethed hihedmetallic, cantagesurfacastase produced with
methods that are known from the prior art. Common process steps in this respect are the

deposition g.asamcalasorseeddayervhhistpissised teamakerpossibietian, éteehiobhemical deposition of
metal (e.g., copper). In this case, the metallization obtains the necessary structuring (in the contact
regions anstsrontmetaligiadjdicistiegionsiotatediarotmmetthe contact regions) by means of lithography
and the defining of a so-called plating mask. After the electrochemical deposition of the metal, the
latter is polished Fhiribst e sudapss tacureeied frehicar v serasicdrPatEeMY) to ensure flat
surfaces and a very low surface roughness (<2 mn, ideally < 1 nm, even more preferably < 0.5 nm
root-mean&§48FE-[rms], measured by means of 2 x 2 um of AFM Scan). These methods are

sufficiently known in the industry. Depending. on the configuration of the bond interface, the
non-metallic regior tHAT18E QP(B(?H%E sy ?%%?(fgeégﬁs%%ﬁ%%e&%ﬁ}ccgﬁedfgtgaél%a}}gﬂ organic

insulation material or piher suitable, malsialR s seK NG JRea AR RS MESR the 9
The surfaces do not lie completely flat upon contact but rather form pores in the interface.
These “microscopic holes” are not confused with the above-described voids that are of
fundamental importance for the diffusion, while “microscopic holes” in the interface
prevent the jurnp of atoms “to the other side.”

In summary, it can be said that the modification of two surfaces is implemented
according to the invention in such a way that at the lowest possible temperatures, the
diffusion of atoms into one another has to be implemented as simply as possibie.

Diffusion can be promoted, for example, by the metal surfaces that are to be
connected being configured in such a way that layers that are near the surface or, ideally,
one layer that starts from the surface and reaches a certain depth “d” (layer thickness) in
the material is made available, and said layer has a structure that produces diffusion, in
particular primarily substitution diffusion, between the surfaces that are to be connected.
Below, methods are now described that make it possible to produce this layer that is near
the surface. Primarily, it can prove advantageous to make available a layer that is near
the surface and that is less tightly packed. It is thus meant that the void concentration is

correspondingly high. These surface defects now have the advantage that ina



metal regions and the surrounding regions can either be selected in such a way that both the metal
regions and the non-metallic regions simultaneously come into contact - so that no topography is
present - or alternatively, the non-metallic regions are slightly recessed compared to the metallic
regions (e.g., approximately 100A, preferably 1,000A or 2,000A) so that only the metallic regions come
into contact with one another. As an alternafive to the electrochemical deposition of the metal,
other methods such as sputtering or the like are also suitable. Starting from a metallic contact

surface that is producedwith a surace aualitt thaliierespeadsiiecalarge exiaptisadhe conventional
diffusion bonding method, these methods that are now suitable are subjected to incorporating

subseq Ue%%@ﬂ%?&ﬁfﬁﬁ&m an HAReRMbDdIReicthesesirfatedaiedmpeaiprodeped by implanting
gas ions. More preferably in this respect, ions are selected that have sufficient mass to produce

surface defesisdRetgastudilieehbyWdisieaktomhet conbsponding v tairdtohiboletsetal molecules.
Gases that do not react with the metal, in particular noble gases such as argon, are to be considered

as especialignuitabiacailfisfrespetdFoscasativsppiipitimec o Wevee fitfo §8R-dt other gases with

sufficient mass are also suitable. The decisive question here is the ratig of the mags f the gas ion in
comparisomekehossEis A IrE RTEEAICTSHA 4%%@%,%%%‘51@?1?%8@5&&@? 2R%e achieved in

any device that allows the bombardment %@e metallic surface %11\/ h %g%ci)%& io};@is i% preferably
found, howRRRERHIF S SEAHIRAER of STRAEMY  BYBRSHHEATH MR E5ted

g(r)ry are so-caﬁéé) Inductively

coupled plasma system ([_Ijé,“g or, so-called capacitively coupled plasma systems (COP). With both
systems anﬁ%ﬁ%‘ﬁ@lﬁ% %ssfsl%r%%,cﬁnl%%}?i{%?gﬁ\éat the acceleration energy for the ions be selected
~ correctly to achieve the desired properties of the metal layer that 10

Subsequent Production of Surface Defects:
With this method, the metallic contact surfaces are produced with methods that
are known from the prior art.
Common process steps in this respect are the deposition of a so-called “seed
layer,” which is used to make possible an electrochemical deposition of metal (e.g.,
copper). In this case, the metallization obtains the necessary structuring (in the contact
regions and non-metallic adjacent regions located around the contact regions} by means
of lithography and the defining of a so-called plating mask. After the electrochemical
deposition of the metal, the latter is polished in most cases by means of Chemical
Mechanical Polishing (CMP} to ensure flat surfaces and a very low surface roughness
(< 2 nm, ideally < 1 nm, even more preferably < 0.5 nm root-mean-square {rms],
measured by means of 2 x 2 um of AFM Scan). These methods are sufficiently known in
the industry. Depending on the configuration of the bond interface, the non-metallic
region that lies around the metal pads can consist of silicon dioxide or an organic

insulation material or other suitable materials. In this case, the fopography between the



is near the surface. With ICP systems, this acceleration energy can be set by means of variable field
strength. With CCP systems, this acceleration energy can be optimized by means of a series of
variants. According to the invention, for this purpose, a self-bias voltage can be provided on the wafer
receptacle, and, preferably, the latter can also be specifically set to influence the acceleration energy
of the ions. It is even more ideal, however, to usé a so-called "dual frequency plasma" set-up. It is thus
possible to control the plasma density and temperature with one of the two frequencies, while the

acceleralion.ceigy e Delenssyyi dhecseeand (iaauensypplieriq ing waier receplacie).
e

The set-up operates even more ideally when the frequency that is applied to the wafer is selected
comparativehihew: (K RamRaNEORioHhe NlesmaBystemaeithia dbabedkameperatingarequency that is
common to the industry). More preferably, this frequency is less than 1 MHz; better results are
achieved withdpegtiphg ie re&00-kdrzltaptinivalyabaltsrans atiievadnwitte flegieneissseP00 kHz, and the
best results are achieved with frequencies <50 kHz. In a preferred embodiment, a stronger
electrical fietthrrradsouhdayaitipergsheteis). ipproximeeahw®n aiafpablicdidy Heditional DC voltage, by
which ions are accelerated more strongly on the supstrate surface.  Especially good results are
achieved Whé{he SEiEErRY Gasnertitg SHesme BoBREIHCONER R BRIAR of the ions for production
of the surface defects, bhut also contains adci?igonal %ortions th%(1 advagia %usg{ﬂnélsuence the process.

Here, for examplé>tAR SGHITOH 6t H5 TS BEALLRA S ELTE S Fd8endias a reducing

action and th%ls greven{gg1 agr%éq%té%eo Stgemr%%ggl surface, or even can remove an already existing
oxide IayeﬁLi ﬁ RefAH %ydrogen IONS, Which are implanted in the metal 11

Starting from a metallic contact surface that is produced with a surface quality
that corresponds to a large extent to the coﬁventionai diffusion bonding method, these
methods that are now suitable are subjected to incorporating subsequent surface defects.
In one embodiment, these surface defects are produced by implanting gas ions.
More preferably in this respect, ions are selected that have sufficient mass to produce
surface defects in the structure by “dislocation” of corresponding metal atoms or metal
molecules. Gases that do not react with the metal, in particular noble gases such as
argon, are to be considered as especially suitable in this respect. For certain applications,
however, nitrogen or other gases with sufficient mass are also suitable. The decisive
guestion here is the ratio of the mass of the gas ion in comparison to the mass of the metal
atom. In principle, this implantation process can be achieved in any device that allows
the bombardment of the metallic surfaces with gas ions. This is preferably found,
however, with plasma-based systems. Preferred in this category are so-cailed inductively
coupled plasma systems (ICP) or so-called capacitively coupled plasma systems (CCP).
With both systems and in particular ICP systems, it is critical that the acceleration energy

for the ions be selected correctly to achieve the desired properties of the metal layer that



surface, can have a permanent oxidation-preventing action that lasts for a few to several minutes (e.g.,
at least | minute, 3 minutes, or 5 to 10 minutes). Thus, an adequate time window is made available to
be able, for example, to orient wafers to one another and to be able to apply the latter subsequently for
bonding in a bonding chamber. The implantation with various ions can in this case be carried out in
parallel to achieve more ideal requirements by,lgs described above, a correspondingly selected gas
mixture being used, or else sequentially, by consecutive implanting steps being performed with use of

various procgss gasegadiscantake ptace mithesdrthp sameoiin tifferéntpracess chambers.  To
date, subsequent to the production of surface defects, the contacting and bonding of the surfaces

takes placeagHisaaldQnby e PrUcESY pavemetibis candetinatobay edveneagedushpyin particular, the
bonding can now be carried out with significantly reduced process temperatures. Here, excellent
results camateada berachiowetas. tevmpedity te $he 2008t WwideThirmRstagert 1iat are near the
surface, a reduction of the temperature to <260C, ideally to <230, in many cases to <200C, and in
individual casegcevphaorevids or 4860 .F§%B@§}Hé?%§%€%?&n%ﬁ@efh‘éa‘b?§?e s window can even

be selected in such a way that the process time can be iedu.ced'i?tthe case of %esa?mewhat higher
e

process tefBefistiie SBIRRICRTTPS 155 S PRR IS AP NS A THE BRHACE™  In the

corresponding selection of the metal-depositin ocesses, it i . 1 etal layers of
Hﬁ‘r‘gi W & erasma %ﬁ%e-ug[ Sltqg)aaﬁl% g{ﬁgg %HEQ[Q‘&SM

inferior qualRYHFnibEELASRE™ BEirable Since ectric uctivity of these layers is

only ”mitedth;:rgfgsr%% e%%i t%@l%%?ﬁjpg?a%r%%'thjo%e of the two frequencies, while the
acceleration energy can be influenced with the second (frequency. applied to the wafer
receptacle). The set-up operates even more ideally when the frequency that is applied to
the wafer is selected comparatively low (in comparison to the plasma systems with a
13.56 Mz operating frequency that is common to the indusiry). More preferably, this
frequency is less than 1 MHz; better results are achieved with frequencies < 500 kiz,
optimal results are achieved with frequencies <200 kHz, and the best results are achieved
‘with frequencies < 50 kHz.

In a preferred embodiment, a stronger electrical field in a boundary layer (sheath}
is produced with an in particular additional DC voltage, by which jons are accelerated
more strongly on the substrate surface.

Especially good results are achieved when the selected gas for the plasma
production consists not only of the ions for production of the surface defects, but also
contains additional portions that advantageously influence the process. Here, for
example, the addition of hydrogen is especially suitable since hydrogen has a reducing
action and thus prevents an oxidation of the metal surface, or even can remove an already

existing oxide layer. In particular, hydrogen ions, which are implanted in the metal



optimal configuration of the metal structure. This effect is used according to the invention. In this case,
first the metal surfaces are produced with methods that are commonly used in the industry. Here,
reference can be made to the embodiment above. Building on these layers, a very thin metal layer that
is of inferior quality is now applied. Typically, the thickness of this layer is selected at <3 nm, better at
< 2 nm, and even more ideally, however, at < 1 hm or <0.5 nm 'This layer can be applied either to both
contact surfaces or, as an alternative, even to only one of the surfaces. In this case, the thicknesses

are then cqrraspondingly. anfimized: Then:ihe reptack seifacesarsdraughtiniasentact and heated as

is common practice. In this case, the surface defects are now eliminated, and a diffusion bond is

produced gp:thesiack susfaceibehyvsertheswosuriacesulds neial dayaegits thesinferior quality in
this case promotes the development of this diffusion bond. The production of this (these) layer(s) can
be controlled-ayknowniperatssiparamdiersoaxamphe depositionafrsce ssesndther paddmeters that in this
case influence the layer quality are known in the industry and can be seen in the pertinent literature. In

most casesdubie (thesty tre ldeposhioquipnaiondingrbidrmngres staaiarthEprocess chamber of the
deposition system, as well as the selection of the gas and the ambient conditions, which is in the
deposition hakiseicorniid HapEsition wystehisAsemheatRArI BUREBIEYH ARETESEREE would be, for
example, a sputtering process, which is performed undmﬁ)iess conditions that are normally

considered 5% &8UBEBISHRM Y (8t EFHEDE §PO%pFSBES SRARGIECIHRER TS IBWI S As an

alternative, the layer can alsq he produced by means.of electroplatin Int?is. ase 'tfis conceivable
first to prodti&t eeéﬁﬁs%éegtilﬁ Ia%Ya%Ongﬁluilé){g ( g(%lrl?tl)né%s% (S)\E;g?néﬁg%ﬂrer%e o“ﬁ?r}(l)aﬁéc&e a thin layer

; (layer thiCkagms.ggss pr%%gsg Eé)s\ég) ?Hw%%‘%(é) {ﬂgt% either in the same or in different process

chambers.

To date, subsequent to the production of surface defects, the contacting and
bonding of the surfaces takes place as usual. Only the process parameters can be
matched advantageously. In particular, the bonding can now be carried out with
significantly reduced process temperatures. Here, excellent results can already be
achieved at temperatures < 300°C. With optimized layers that are near the surface, a
reduction of the temperature to < 260°C, ideally to < 230°, in many cases to < 200°C, and
in individual cases even to < 180 or < 160°C, is possible. As an alternative, the process
window can even be selected in such a way that the process time can be reduced in the

case of a somewhat higher process temperature.

Production of a Layer with Defects that is Near the Surface:
In the corresponding selection of the metal-depositing processes, it is possible to
produce metal layers of inferior quality. In most cases, this is undesirable, since the

electrical conductivity of these layers is only limited. This can be atiributed to a sub-



electroplating. Based on an optimized selection of the electroplating process (chemical composition,
current values, temperature, etc.), a layer can thus be produced with the desired properties. In
terms of this invention, surface defects are of a size that in the ideal case has a value of one or more
atoms, in particular <10 nm, preferably < 5 nrn, even more preferably <3 nm, even more preferably <1
mm, and even more preferably <0.5 min, relativE?to a void in the shape of a sphere or an equivalent
shape. Application of Metallic Nanoparticles: It is already known from scientific literature that metal

particles (&,gsmgf\chrpyh A CIRRER: Mt Az Oftss 2aQcnmuideabyordiferionbeven better < 50 to 30
nm, and preferably <20 or < 10 rim, have the property of connecting to a homogeneous continuous

metal struGkrening hedaliireat)tast @t ieanperafitsseiovitire wmiditinglpeintdepending on the size of
the particles but also far below the melting point. This property can now be used for bonding
processes bynsuotiypaxtiche b éidgsapp fedeindsfoemanba thifel e smbribieb et hetallic contact
surfaces. The contact surfaces are then brought into contact and subjected to the heat treatment.
During thisBltineeenthesst ayrase nanobir s makEpes s B THE B ShBmyBRISH one another
and the bonding with the metallic contact surfaces, and as an end result, a complete bonding of the

two metallid Kirtet e rhieRsHith GitdaAbiht cetrisis mate FOSSIE T HF1hE Mnoparticles are very

reactive on their own and have the property of ideally connecting with. metal surfaces, in particular
consisting St LaHe TNEEXFIViith LSR' OF gr%‘él%ﬁr%@i%ﬁigaﬂ SHRRFRLEH R

contact surfaces or, as an alternative, even to only one of the surfaces. In this case, the
thicknesées are then correspondingly optimized. Then, the contact surfaces are brought
into contact and heated as is common practice. In this case, the surface defects are now
eliminated, and a diffusion bond is produced on the contact surface between the two
surfaces. The metal layer with the inferior quality in this case promotes the development
of this diffusion bond. The production of this (these) layer(s) can be controlled by known
process parameters on such deposition processes. The parameters that in this case
influence the layer quality are known in the industry and can be seen in the pertinent
literature. In most cases, here, these are deposition temperature, ambient pressure in the
process chamber of the deposition system, as well as the selection of the gas and the
ambient conditions, which is in the deposition chamber of the deposition system. A
method that is suitable in this respect would be, for example, a sputtering process, which
is performed under process conditions that are normaily considered to be sub-optimal
(such as, e.g., & process temperature that is too low}.

As an alternative, the layer can alse be produced by means of electroplating. In
this case, it is conceivable first to produce the surfaces in planar form (as described

above) and then to produce a thin layer (layer thicknesses, see above) by means of



connection can be carried out even at temperatures <250C, ideally <200C, even more preferably <
150C, and even < 120C in cases with very small particles. Optimization of Surface Roughness A
similar acceleration of the diffusion bond and a bonding in particular at greatly reduced temperature is
also another possibility to correspondingly optimize the surfaces with respect to-surface roughness.
The basic principle consists in the planarization!df the surface waviness and micro-roughness. The
root-mean-square (RMS) roughness is to lie within the nanometer range. The roughness that is set
has to be haume Qﬁ%?%aIé‘tl%H‘&%}ﬁiﬁﬁ%&&*’s@l%ﬂ‘@%l@@ﬁﬁiaﬁﬁwﬂc@%T@Eefﬁﬁsan amplitude of the
ridge-valley profile, which is measured with an atomic-force microscope (AFM), has to be the same on
the entire susfaceiithisisanatessanfeauienentinbatihesubapeasicad enfjae over one another
upon contact in such a way that the ridges of one surface fill the valleys of the other surface and vice
versa. Baséekosi thispeptinal contact, the development of a diffusion bond is greatly promoted and is
made possible even at lower temperatures. The surface roughness that is necessary in this
respect can be adhievesdbjhipiarmsaiy sofectddTNMTRbecisdsa0n Hiddsakelds EMP processes
make possible the production of a very flat surface, while the surface roughness can also be :
influenced WAt BB SEREBHOA PREGTAES | ¢ RE IS BRI o Bk SES8iRUSurface composition
can in this case he carried out either iné%n itqdividiml CNMP steé)1 orin t}zvob@té,e%é g;at follow one another.
In this casd HIE Y StPSTER TG dherathe PR DFThE YT PACEE While tHE%second step is used
to produce t et.de,?ireg I.%caltﬁéj%aac% r gg ess. Opti%v%ilé/mssﬂgace roughness can also be produced
by means 5?38’&&% efc n|ng S eB. In addition, if"'15'1s &onceivable to produce the required roughness
with an interaction between electroplating and CMP or as a result of a specifically performed
electroplating step. In this case, it is conceivable first to produce the surfaces in planar form and then
to produce g/Riftiaye . fRyanINoESSRTiG&e variant production of a layer with defects that is near the
surface) by means of electroplating. Based on an optimized selection of the electroplating process
(chemical compositioa-eidy &b waltes: iempeialivenstaiaaayepwittidhe degiskd iproperties can thus
be produced.

P also copper) with a size of < 100 nm, ideally < 70 nm, even better < 50 to 30 nm, and

preferably <20 or < 10 nm, have the property of connecting to a homogeneous

continuous metal struchure in a heat treatment at temperatures below the melting point
depending on the size of the particles but also far below the melting point. This property
can now be used for bonding processes by such particles being applied in the form ofa
thin layer on one or both metallic contact surfaces. The contact surfaces are then brought
into contact and subjected to the heat treatment. During this heat treatment, these
nanoparticles make possible both the bonding below one another and the bonding with
the metallic contact surfaces, and as an end result, a complete bonding of the two metallic
contact surfaces with one another. This is made possible in that the nanoparticles are
very reactive on their own and have the property of ideally connecting with metal

surfaces, in particular consisting of the same metal. With use of small particles, this



The surface roughness (measured with AFM for a 2 x 2 um surface) should be <20 nm, in particular <
10 nm, preferably <5 nm, even more preferably <3 mn, even more preferably <1 nm, and even more
preferably < 0.5 nm. To be able to achieve especially optimized process results, the
above-described variants can also be combined with one another as desired. Primarily, an implanting
of hydrogen as a measure to avoid oxidation in tfie interaction with the other described methods can
yield especially optimized results. It can be mentioned here one more time that the method also

can be aprlied i sp-calied i ool dniesfaces e Those-bybrid plerases consisef a suitable

combination of metallic contact surfaces, which are surrounded by hon-metallic regions. In this case,

the non-mejali,aions,ave GAUTGHICEIR Eb.E. LN E R AN pAiiial bonding step, both the

metallic conhtact arid contacts between the non-metallic regions can be produced. Here, it can be
especially advantageous to configure the plasma implanting step in such a way that both the metallic
connection at low temperature and the connection between the non-metallic areas that adjoin the
metallic reWgﬁm@ﬂqﬁgﬁnghﬁsgﬁ case, these non-metallic areas could consist of silicon

dioxide, which also can be modified by means of plasma treatment in such a way that the bonding can

take place at verylewvilempesataries.of the diffusion bond and a bonding in particular at greatly
reduced temperature is also another possibility to correspondingly optimize the surfaces
with respect to surface roughness. The basic principle consists in the planarization of the
surface waviness and micro-roughness. The root-mean-square (RMS) roughness is to lie
within the nanometer range. The roughness that is set has to be homogeneous. This
means that the mean wavelength, as well as the mean amplitude of the ridge-valley
profile, which is measured with an atomic-force microscope (AFM), has to be the same
on the entire surface. This is a necessary requirement in that the surfaces can engage over
one another upon contact in such a way that the ridges of one surface fill the valleys of
the other surface and vice versa. Based on this optimal contacf, the development of a
diffusion bond is greatly promoted and is made possible even at lower temperatures.

The surface roughness that is necessary in this respect can be achieved by
specifically selected CMP processes. On the one hand, CMP processes make possible the
production of a very flat surface, while the surface roughness can also be influenced with
the suitable selection of slurries. The production of the desired surface composition can
in this case be carried out either in an individual CMP step or in two steps that {ollow one
another. In this case, the first step is used to ensure the planarity of the surfaces, while

the second step is used to produce the desired local surface roughness. Optionally,

surface roughness can also be produced by means of a special etching step. In addition, it



The invention consists in particular in a process flow for the production of a permanent, electrically
conductive connection between a first metal surface of a first substrate and a second metal surface of
a second substrate with the following method steps, in particular the course of the method:
Conditioning of the first and second metal surfaces in such a way that in a connection of the metal
surfaces, in particular in a time period of a few rhinutes after the conditioning, a permanent, electrically
conductive connection - produced at least primarily by substitution diffusion between in particular

similar, prefesably-ieentisatmeiationsandionipriataiemsarchihediva reetatsurfaces - can be
produced, Orientation and connection of the first and second metal surfaces, whereby during the

conditioningegrignietigardrchiosnectinsuia (frosesiftedippesturecotrrmpstt B@0Cpinlparticular at most
260C, preferably 230C, even more preferably 200C, especially preferably at most 180C, and ideally at
most 160Cthis oot cxteadedvabiz Glstimgroduce the surfaces in planar form and then to produce

a thin layer (layer thicknesses, see variant production of a layer with defects that is near

the surface) by means of electroplating. Based on an optimized selection of the

electroplating process {chemical composition, current values, femperature, efc.), a layer

with the desired properties can thus be produced.

The surface roughness (measured with AFM for a 2 x 2 pum surface) should be
<20 nm, in particular < 10 nm, preferably < 5 nm, even more preferably < 3 nm, even
more preferably < 1 nm, and even more preferably < 0.5 nm.

To be able to achieve especially optimized process results, the above-described
variants can also be combined with one another as desired. Primarily, an implanting of
hydrogen as a measure to avoid oxidation in the interaction with the other described
methods can yield especially optimized results.

Jt can be mentioned here one more time that the method also can be applied to so-
called “hybrid bond interfaces.” These hybrid interfaces consist of a suitable
combination of metallic contact surfaces, which are surrounded by non-metallic regions.
In this case, the non-metallic regions are configured in such 2 way that in an individual
bonding step, both the metallic contact and contacts between the non-metallic regions can
be produced.

Here, it can be especially advantageous to configure the plasma implanting step in
such a way that both the metallic connection at low temperature and the connection

between the non-metallic areas that adjoin the metallic regions can be produced. In this



1. Process for the production of a permanent, electrically conductive connection between a first metal
surface of a first substrate and a second metal surface of a second substrate with the following method
steps: Conditioning of the first and second metal surfaces by producing near surface layers with
surface defects produced by implanting gas ion%)r by deposition of inferior quality metal layers or by
application of metallic nanoparticles in such a way that in a connection of the metal surfaces a
pemianent, electrically conductive connection - produced at least primarily by substitution diffusion
between similarimstabionstaltid/oranetaldtomsiofitibensliviétal vlitacs <@ Broduced, Orientation
and connection of the first and second metal surfaces, whereby during the conditioning, orientation
and conneotishfprocesnsofperairebney MoscBooEIShabiehadgFan 28 RiRetihd according to
Claim 1, wherein the first and/or second metal surface(s) has (have) a layer thickness S <5 nm, in
particular S'<3 I5¥ \PREfEFEBR S <2 nm, even more preferably S < 1 nm, and especially preferably S <

05 nm. 3 e o N L RPIRS NG R MR R degen 1s implanted to
permanent, electrically conductive connection between a first metal surface of a first
substrate and a second metal surface of a second substrate with the following method
steps, in particular the course of the method:

- Conditioning of the first and second metal surfaces in such a way that in a
connection of the metal surfaces, in particular in a time period of a few
minutes after the conditioning, a permanent, electrically conductive
connection — produced at least primarily by substitution diffusion between in
particular similar, preferably identical metal ions and/or metal atoms of the
two metal surfaces — can be produced,

- Orientation and connection of the first and second metal surfaces, whereby
during the conditioning, orientation and connection, a process temperature of
at most 300°C, in particular at most 260°C, preferably 230°C, even more

preferably 200°C, especially preferably at most 180°C, and ideally at most

160°C, is not exceeded.



4. Method according to one of the preceding claims, wherein the conditioning comprises the
optimization of the surface roughness of at least one of the metal surfaces. Method for Permanent
Connection of Two Metal Surfaces Abstract The invention relates to a process for the production of
a permanent, electrically conductive connection between a first metal surface of a first substrate and a
second metal surface of a second substrate with the following method steps, in particular the course of
the method: Conditioning of the first and second metal surfaces in such a way that in a connection of
the metal surfaces, in particular in a time period of a few minutes after the conditioning, a permanent,
electrically conductive connection - produced at least primarily by substitution diffusion between in

particular similar, preferably identical, metal ions and/or metal atoms of the two metal surfaces - can
be produced,

Claims

1. Process for the production of a permanent, electrically condﬁcﬁve connection
between a first metal surface of a first substrate and a second metal surface of a second
substrate with the following method steps:

- Conditioning of the ﬁrs‘a and second metal surfaces by producing near surface
layers with surface defects produced by implanting gas ions or by deposition
of inferior quality metal layers or by application of metallic nanoparticles in
such a way that in a connection of the metal surfaces a permanent, electrically
conductive connection - produced at least primarily by substitution diffusion
between similar metal ions and/or metal atoms of the two metal surfaces — 1s
produced,

- Orientation and connection of the first and second metal surfaces, whereby
during the conditioning, orientation and éonnection, a process temperature of -
at most 300°C is not exceeded.

2. Method according to Claim 1, Whereiﬁ the first and/or second metal surface(s)
has (have) a tayer thickness S < 5 nm, in particular S <3 nm, preferably § <2 nm, even
more preferably S < 1 nm, and especially preferably S < 0.5 nm.

3. Method according to one of the preceding claims, wherein hy.drogen 18

implanted to avoid oxidation.



Orientation and connection of the first and second metal surfaces, whereby during the conditioning,
orientation and connection, a process temperature of at most 300C, in particular at most 260C,

preferably 230C, even more preferably 200C, especially preferably at most 180C, and ideally at most
160C, is not exceeded.

4, Method according to one of the preceding claims, wherein the conditioning

comprises the optimization of the surface roughness of at least one of the metal surfaces.
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Method for Permanent Connection of Two Metal Surfaces

Abstract

The invention relates to a process for the production of a permanent, electrically
conductive connection between a first metal surface of a first substrate and 2 second
metal surface of a second substrate with the following method steps, in particular the
course of the method:

- Conditioning of the first and second metal surfaces in such a way that in a
connection of the metal surfaces, in particular in a time period of a few
minutes after the conditioning, a permanent, electrically conductive
connection - produced at least primarily by substitution diffusion between in
particular similar, preferably identical, metal ions and/or metal atoms of the
two metal surfaces — can be produced,

- Orientation and connection of the first and second metal surfaces, whereby
during the conditioning, orientation and connection, a process temperature of

at most 300°C, in particular at most 260°C, preferably 230°C, even more

preferably 200°C, especially preferably at most 180°C, and ideally at most

160°C, is not exceeded.



