Method for Permanent Connection of Two Metal Surfaces Description ~ The invention relates to a
method according to Claim 1 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 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 abbodibgPsiepy@anddhedtlectfitabidetdStsiare 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 the case of these connection methods, direct connections

. L Lescrintion .
between two connecting surfaces are of great in ereéjt, 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) or gold (Aud)iiseaconretitdy o setkhisdnetallizatioblalitishbufbk peodlandied; however, that this
invention basically also operates in interaction with other metals, and the metal selection is based
predominantly orP¥ERIHESREALSIOR BRIPCSH Tirtures s -conditioning steps. Therefore, 2 different
metals are also to be r%%arde as claimed for the inv%ption. In additi%) i th%nmqthod can also be used

" . R fion of, anent, electric onductive, me connections o
for so-called "hybrid bond Mterfaces. ﬁesenHy fd ThterTaces consist of a suitable combination of

metal contact sukfaces, WhithargsHeoNndadh Phoenmeialicragions. Rdifisnaases the non-metallic
regions are configured in such a way that in an individual connecting step, both the metallic contact as
well as contacts betweerPthesxnhrfanetaljpaadi onsgary hehprbgimcddtha btz stimesltiE&d connections,
which are free of foreign materials, in particular of foreign metals, are produced by a so-called
diffusion-bond méistisedteridraceher dentledCurraelia RendrreRtedieBtsFaceh 8 ahd are brought
into contact. The qonta tsuréaces ar e.pﬁ?%%agfsg’\ﬁ%nmc%gggrof suitable methods (for example,

" : ane. A SGCISIVE 1O C assive Clrgul ¢ manu
Chemical Mechanica Poli% mg,w‘:‘or, in"short, fln such a way that they are very flat, and they

have a siight surfgce, otighiaRss: £hacRotan suiaceaaie iR I estR oarherinR sytable device

(for example, a wafer bonder) and are heated at the same time to a freely selectable process
temperature. Hergbihtigysalsabqdrdrel advaitageon srif dhislistikds iacerneativoptipriaet: atmosphere,
such as, for example, a vacuum (e.g., <1 mbar, preferably < 1-3 mbar) or in a reducing atmosphere, in
particular an atmeegstralishgetpitheh Ryl eBsesng teoroplecprefaiann i, Detsnectyy and ideally >
9%) on hydrogenPing. Und% these proce .condititons -called diffusion bond is now produced
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between the two %ﬂﬁgcgg%re, 5 RASED 1réwu(%ec 'Cor%e‘{ﬁf%%efn%%gﬂfo(ﬁsi? fetal atoms or

molecules diffuse,pack,anddptubetyas thoda suases. a0 busssiahlish & rimanent,

metallically conducting and mechanically extremely stable connection between the surfaces, Often, in
this case, the condigeticoinscaba bitakty thatonakengetéctionobiibeoingiral, edatetgt sulfaces in the
metal structure impossible. Rather, the connection is shown as a homogeneous metal structure, which
now extends 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) or gold (Au) is

commonly 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,



3 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 b;éhthe components (typically <260C, in many cases
<230C, for certain components <200C, and in certaih cases < 180 or even < 150C) and therefore
prevents or limits the use of this method. This invention now deals with this problem since it makes
possible a methaiifiravhictelieardcossarysrdsess impddeatpdnisriéiudaadditgndiically.  These
metallic connections are now to be referred to below in this document as }';algjtgenti bond

eﬁ vbrid interiaces

connections.” In BHELEE 356 W6HHE SHGAL rd ARIHRA NS Caconnection Is produced
between two mefallic contact sprfaces, consising of Angiales WikguidheHsaof fersign material
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installed permanenﬂy in the connection, in particular a foreign metal B, which has a different

elementary compesiiitegionASaliBasy, deschibed ahovgoihermeiiigdedhatekisthay this time are

limited by the necessary process temperature to make the diffusion process possible. In principle, it

can be asserted that diffuision rocebgstenresdctio mstetistcdaioeltd Wl FnapETRetoren ewever, it is

such that the process at lower temperature proceeds more slow%/. In Practiﬁe hovyevep thisis a
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problem, since tHISVHRSHHIRFRRAR-ELBHORTE BHi Qe BESUEH § RS
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egses, orwould make very

drawn-out (> 1 hyprocesses inaconomical Therefora the diffisian Ppding:prasesses are not applied
between the same contact surfacgs. As an alternative, In this case, solder joints or the most widely
varied manifestatignsrfigidtentits, the contact surfaces are oriented toward one another and are brought

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, a

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 > 3%, 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 structure impossible.

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



connections and so-called intermetallic compound connection applications are used As examples,
solder joints based on lead/tin solder, copper-silver-tin solder, indium-based solders or else gold-tin or
gold-silicon or aluminum-germanium, as well as copper-tin (intermetallic compound Cu3Sn) can be
cited here. The disadvantage of these methods lies in problems of both manufacturing logistics and
technology. In many cases, these bond connections are to be produced in an area of manufacturing
where only a certain metallization (e.g., Cu) is established and qualified. In this case, it would be an
immense additional expense, in addition to this metallization, to build and also to qualify the
infrastructure forbayrothée mriziaiizetios. sPfern tHee teenotbisicacaldpbisttsaifastiel €9hnections are to be
considered critical with respect to the long-term stability. Certain connection are extremely brittle, and
mechanical fatigifEBNERoIN S f ,teé‘g??rf%gﬁr]ga}ﬁs éeé%ﬂﬁgﬁ,%fg% EERR T RedinZae
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temperature, mechanic electrical properties) of the eutectic connection. In addition, diffusion

effects in conneciign with: atectEGORRAcHRRS 6aR TRNCSEHPRRIeams: Tiabe, fan es@nple, it would be a
serious problem if tin were to diffuse from one interface between two copper contact surfaces through

the entire copperganlacisand were, ind eachithewadsyinobaitier 16§€r hgtwden the copper contact
and the underlying layer. Because of the altered metal composition, this would lead to the mechanical
delamination of thepoppertiatttis intelfatd bntithosnesols (fyeiotychiificalaeragtdfthe component,
which could occur only after several years in the field. These are effects that can occur in this form
only with microstrAiedosnsaamerapesrsthtfIsyard presirmewhidt Qriieitd<ean only play a
role. 5 Itis therefore the object of this inventioy é,o ind'c%terﬁ.metggg vgga, \Czl\ég{g@vi%reduced process
temperature and/Bf LFERIE S FPERAsLTR B LR B SRS in A bond Connections. This object

is achieved with @Rﬁ? CE &n%Qlﬁmi'possiﬁgxmmﬁ%fkﬁgm@E%%QQBM%%%E@VGMO'W are

indicated in the subclaims. Also, all combinations that consist of at least two of the features that are
indicated in the dgsesiRtiDatheiciaims and/or the figures fall within the scope of the invention. In the
indicated ranges of values, values that lie within the above-mentioned limits are also disclosed as
boundary values and cahesemsifivegincaifpcorilsinitibhrefemed to below in this document as

“authentic bond connections.” In this case, bond connections are always meant in which
a connection is produced between two metallic contact surfaces, consisting of a metal A,
without the use of foreign material installed permanently in the connection, in particular a
foreign metal B, which has a different elementary composition.

As already described above, the methods that exist at this time are limited by the
necessary process temperature to make the diffusion process possible. In principle, it can
be asserted that diffusion processes ate 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 economic efficiency 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



This invention now presents 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 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. 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 locatedkoAseatiresait] suctled diffusinljuspreandaenrnatiotaiee!srieas Fheedsddry, at the
position to which an atom would jump but no other atom can be located, (exceptions exist: direct atom
T

exchange mech&MEHIEswHfchigs drsedse s denesniibammstie id-HotYet “if'they exist, they
occur so rarely irs‘o?c?e@F%?E 3 n&%ﬁh%péé]g!ﬁ%%@g%%{{%é&%%ﬂ{?@%h@; E@%éé&é‘ﬁ‘ be 6
which n |

disregarded). The position a IC atom Is located Is called a void. The void is to occupy a
fundamentally impaitaptasReshiibe fusthesdessription oftheipatentye of iedntenstitial diffusion,

smaller atoms diffuse within the lattice holes of a crystal. Since we are primarily dealing with

homoatomic diffuisiin fmotiéspatént; imerktitiaindiffuision dsdtothiwitesr bonsidensy, these
bond connections are to be produced in an area of manufacturing where only a certain
metallization (e.g., Cu) is established and qualified. In this case, it would be an immense
additional expense, in addition to this metaliization, to build and also to qualify the
infrastructure for another metallization, From the technological aspect, eutectic
connections are 1o be considered critical with respect to the long-term stability. Certain
connections are extremely brittle, 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 guaranice the desired properties {e.g., melt temperature, mechanical
and electrical properties) of the eutectic connection. In addition, diffusion effects in
connection with eutectic connections can cause problems. Thus, for exampie, 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 undertying layer. Because of the aitered metal
composition, this would lead to the mechanical delamination of the copper in this
interface and thus result in 2 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.



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 diffuse the best where they are limited by as few other atoms are
possible. This state is primarily present on the surfasce, 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 dpedetmfitratdifhisine Speoiestientidrdiere besledivihatéftAe surfaces - and that
of the volume diffusions. A requirement for a grain boundary diffusion i ourse, the existence of

, Of
grain boundariedeucedRIPYFS SHREA PSRN ARSI RRSEH St £aRE AR SATbIRG Broblems occur with

direct bonds. bFi(rist of all, polycrystalline materials consist of several grains that are oriented
. . bom c%nnec HHTES, . . . .
differently relative to the surtface to be bonded. This results in that the surface consists of different

crystallographic surfacgss dhje-cifierentplysioal piopedasehthe individual grain surfaces have, in
general, different oxidation, diffusion, adhesion properties, etc. 7

Advantageous further developments of the invention are indicated in the
subclaims. 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
invention. 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,

This invention now presents 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 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.

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 poiat in the grid, on which other atoms could be located. As aresult, such a
diffusion jump can actually take place, if necessary, at the position to which an atom
would jump but no other atom can be located (exceptions exist: direct atom exchange
mechanisms, which are discussed scientifically but are not yet detected; if they exist, they

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



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 polycrystalline surfaces are present in the worst case with oxidation
products and a non-zero surface roughness does npt make any direct welding possible. 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 "microscogiertesided)inlilseoomitérat @ rbvesiomdsjarais bk stre "Ridndotdrisiae.,”  In
summary, it can be said that the Eepo,dification of tv%/nqt}?euirg%gs IS iraﬁ(l)egn}ﬁﬁtedmagcording to the

i
invention in suctTStRag TRSFaE L SR R R s Rapst R lsion of atoms into one

another has to be implgmentec. A8 RIRRY:AsRPSSIN s kIO carARPEOMmatstafor example, by

the metal surfaces that are to be connected being configured in such a way that layers that are near
the surface or, idealbwene jayarithatsiarisifsamnthevivridteiand tbachestaderstdial depth "d" (layer
thickness) in the material is made available, and said layer has a structure that produces diffusion, in
particular primariliffssipstitotidir iffgansidetsétween the surfaces that are to be connected. Below,

methods are now descéigq(;gdﬁéga\% @&l@gs%oss{iﬁg«? altfg nggg%‘%ﬁﬁgi il"g&&thr?& isor&fa%r the surface.
g 1S
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Primarily, it can prove MaKe avaiable a ayert 4118 néar the surface and that is less

tightly packed. Itds thys Jneankthatiaurid concertatioriscaugsnondinglyshighathese surface

defects now have the advantage thatina 8
has space in the latfice 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 voiume 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 polycrystalline metal surfaces, the following problems occur with
direct bonds.

First of all, polyerystalline 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 crystallographic surfaces. The different physical properties of the individual

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



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 between 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 Surface Defects: With this method, the metallic contact surfaces are produced with
methods that are knoviedruiiy.tie grios rte so-cdohamoriproiedss steptinfiisies pege are the
deposition of a so-called "seed layer," which is used to makeé;T)ossibIe an electrg({;igemical deposition of
r

metal (e.g., copPERFIRTtH SRS RHANA AN SHBH A A &8 Q8BS EAF € tictlifhg (in the contact

1
regions and non-metallic an?ila ent.regions;located around the contact regions) by means of lithography
and the defining %?I{a%lgilggl e%ﬁ%lgzt{ﬁgg Vrﬁ%skk@,& ter r?(lanelgctro'chemical deposition of the metal, the

latter is polished in mostcasesdmmeansebclsmicat Meshasical-RelisiingdGhP) to ensure flat
surfaces and a very low surface roughness (<2 nm, ideally < 1 nm, even more preferably <0.5 nm

root-mean-squargdims], 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 jnterface, the

non-metallic region thal He&ch i R FESHIEESISHERE LAR EEHEIA B SIRES FP8ioRidE 8" 4  organic
insulation material gr othey suitable ma -a%g?lﬁgllx%gs‘i&%?&'ﬁgf‘e 1P AGEARDY \%ﬁgﬂléhe 9 metal
r

regions and the &irroun Ing regions can eit e selected in such a way that both the metal regions

and the non-metailicsieaiong.sisnuianggusly cameinimeoriackhaddhabaestophgraphyds present - or
alternatively, the non-metallic regions are slightly recessed compared to the metallic regions (e.g.,

approximately 10DAsepieieradiyidh0Ramnems; 000Apsyithdeahty diesprigedliieide §igne édme into contact
with one another. . . . . . .

fundamental importance for the diffusion, while “microscopic holes” in the interface

prevent the jump 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 pessible,

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 desctibed 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 thatina



As an alternative 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 produced with a surface
guality that corresponds to a large extent to the conventional 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%o 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 noblggrsessHemasRigansaigtoe torsideetas papehialjtisuitaplesils this respect. For
certain applications, however, nitrogen or other gases with sufficient mass are also suitable. The
decisive questiomohighteigatiensiindehitanneios of Birsyissdplta 0o MpaHEBABPHETALS of the metal
atom. In principle, this implantation process can be achi(z_}/ed in any device thaﬁlgfla%s the

bombardment of ¥ AEAIRECPECRS WRAHALS SR ATEHE S AERPAIST FSURG" RSveever, with

plasma-based sysiors, BiefR s in s FAIIRD e sAealied.neustyebnepualedplasma systems
e

(ICP) or so-called capacitively coupled plasma systems (CCP). With both systems and in particular
ICP systems, it isngkitiGakivat thevaceeler ationcenargyriofthreitnsibamselettatiftomebtiyito achieve the
desired properties of the metal layer that 10 is near the surface. With ICP systems, this acceleration
energy can be sétebyeséassto varfiabie fistdestréigtrmtyiinre opvidpBriac shrdiseaderhtion energy can
be optimized by means of a series of variants. A%g%q:ierég to the invention, for this purpose, a self-bias

voltage can be prSVRTELMGH THECH/REST B RAs “preferably, the latter can also be specifically set

to influence the acceleration energy of the ions. It is even more ideal, however, to use a so-called "dual
frequency plasma" set-up. It is thus possible to control the plasma density and temperature with one of
the two frequencigssafidatiPe dcerie sBanrarargycan 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 Séibdtehethopdrativelionnt soiaparsonadere pihsirhcdydigms with a 13.56
MHz operating frequency that is common to the industry). More preferably, this frequency is less than |
MHz; better resulf& &8 aeRsyEs HithFequencies < 500 kHz,

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 frms],
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 topography between the



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 ions 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 inffience 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 surfage:l efpeve andaicremaveiaraireadynexisting ekidel fmserh ivpartieUbath hydrogen ions,
which are implanted in the metal 11 surface, can have a permanent oxidation-preventing action that
lasts for a few toteewsielirpsiprrasd @egommrsalic EaapUER ERIRHESOBF BRFINIRES. Thus, an
adequate time window is made available. to be able, for example, to orient wafers to gne another and
to be able to apprfﬁ:} e %at?rg}/ }ssﬁgsésrdtdeoﬁﬁlﬁefgarw 'Vgpﬁd}}rll%nf}r? A %ﬁng iﬁél%]ﬁaarrﬁlg%%aﬁhrgc%% antation with
various ions can J&ﬁb&%&?&%&ﬁe@ﬁﬁ@ ortt ingParalisliteREieys mats:ideabreguirements by, as
described above, a correspondingly selected gas mixture being used, or else sequentially, by
consecutive implanting) steps beingepartoimegdaithousanof varisusijroressfases. This can take place
either in the same or in different process chambers.  To date, subsequent to the production of
surface defects, the cofitaRtiigrartive g grahetcdaos taReS Prapdch et aFfoMy the process

parameters can be énatched ,advantal

ed advant; gi%ousl . Inuﬁ%ﬁtgcular, the bonding can now be carried out with
significantly redud& fe

rocess mpera bres, f—cl)esre,aexbellent results can already be achieved at
temperatures <300C. Wjth;ppHmizesJayers ihat arg.neakitRe it a surface quality

that corresponds to a large extent to the conventionat diffusion bonding methed, 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
question 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-calied 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



reduction of the temperature to <260C, ideally to <230, in many cases to <200C, and in individual
cases even to < 180 or < 160C, 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, slfice the electrical conductivity of these layers is
only limited. This can be attributed to a sub- 12 optimal configuration of the metal structure. This effect
is used accordin teahBeinvintiowilnltissase, fiisttbrernstaksugacadase pratuceef with methods that
are commonly used in the industry. Here, reference can be made to the embodiment above. Building

on these layers, eveny fisid sk Gt S8 ErmBHREPSUENION SO AP RGBT FBIAly, the thickness

of this layer is selected at <3 nin, better gt < 2,nm, and even more ideally. hqwayer, at <1 nm or < 0.5
urn. This layer caipe %%p&ﬁ%?f 8?tﬁ%nraf§sb%‘[(ﬁoégﬁ a%?}g;ulr \éeélggnér‘?lés ae% Itér’native, even to only one of

the surfaces. In thig.cass, thethiglengssesatethgn.oeriespandingly eplimizes akbes, the contact
surfaces are brought into contact and heated as is common practice. In this case, the surface defects

are now eliminatestcanediq diffusitinebantkis-piodticechanthétoohtacitsaiaoanbetidedn the two surfaces.

The metal layer with the inferior quality in this case promotes the development of this d]iffusion bond.
The production ofhRY(HiesE 4&9@%&03%3@&%%“‘@% iR P GRE S8 PRI A ELBFE 'on such

deposition procesBse . The, t;)aram%ters théTLt in tQ{s casgtinfgue@rce the. é?X%lgld%ﬁty are known in the

; ¢ plasma density and femperature with onig or the (Wo frequenci o
mdustry and can epseen Innﬁ']tg perfln n ﬁrera ure. In most casgs,lhere, these are dep05|t|on

temperature, amQ&‘SHBQ&%%H&F;;%MHgéﬁﬁﬁaﬁ'émﬁmb@{emrﬁl@frd@éﬂ@itigﬂisyﬁem vagewell as the
|

selection of the gas and the ambient conditions, which is in the deposition chamber of the deposition
system. A methoekdfaidr)suitalbieip thisstespectweuddate Womehafrplenc dpuitadpligpiocess, which is
performed under process conditions that are normally considered to be sub-optimal (such as, e.g., a
process temperatmévgﬁﬁéti%%g%gﬂpparaﬁvely low (in comparison to the plasma systems with a

13.56 MHz operating frequency that is common to the industry). More preferably, this
frequency is less than 1 MHz; better results are achieved with frequencies < 500 kHz,
optimal resuits 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 ions 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



As an alternative, the layer can also 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 13 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 orle or more atoms, in particular < 10 run, preferably
<5 tun, even more preferably < 3 am, even more preferably < 1 am, and even more preferably < 0.5
nm, relative to aswoidincehdshaperobessphitsior paverityatéen ShasasApplicationcsiMetallic
Nanoparticles: Itis already known from scientific literature that metal particles (e.g., gold, but also
copper) with a si%ﬁ?%(&@@aﬁ){‘?ﬁs‘idé%iwt% 7HAHE S Ve HELBIPL Y {@‘3‘5 ?%raf,leg‘ﬁaéeprrg erably <20 or <

10 2. have the prope/ly GLESNREING 10 SAMAGENALYS SANBURHS MRLghSHUcHI R n a heat
treatment at temperatures below the me ting point de

ending on the size of the particles but also far
below the melting.peints ZHHE RIORBEN:GRABRGNW 6 sathion heoaig praseasasdy such particles being
applied in the form of a thin layer on one or both metallic contact surfaces. The contact surfaces are
then brought intcrepAtstivandisubjectéthtoathie isaksedatrreivd Ouimgrehis hegiteamient, these
nanoparticles make possible both the bonding below one angther and the bonding, with

+ 4

ideal requirements by, as described above, a correspondingly selected gas mixture being

used, or else sequentially, by consecutive implanting steps being performed with use of
various process gases. This can take place 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 a2 Laver with Defecis 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 attributed o a sub-



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 14 connection can be carried out even at temperatures
<250C, ideally < 200C, even more preferably < 15QC, 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 surfatiesheinfiesgiontfchsurtd stretighnBas cifer ipakt pHEiptetBhsists in the
planarization of the surface waviness and micro-roughness.. The root- -square (RMS) roughness
is to lie within thé‘ﬁ%’ﬁfﬁ?ﬁé‘f&&?&ﬁb@e.“FE%%“&%’:%%%& g progy %sédysgg)nbg%eg??gn@g[gaémneous. This means
that the mean wayslengih. asell ag.ths PeAN-amplids of thadidasvalexRefiswhich is
measured with an atomic-force microscope (AFM), has to be the same on the entire surface. This is a
necessary requinemeng i that the:susfase miancen gagataviadndanatinditipooveaniadt in such a way
that the ridges of one surface fill the valleys of the other surface and vice versa. Based on this optimal
contact, the dev8lprribnthsfibidiffusidiihiscrdis sreeity Profrivtcbremalis hiadé9s3sble even at lower
temperatures. The surface roughness that i neceﬁ%rléin this res Eg& G rért%e a hieved by

specifically selectSf ERF pIoREEEeE, OMtheE S RBhd, NSO 0

0 .
processes make possible the production

of a very flat surfage. Wile. the, SUrfacs JauaRness cARRIsR bedRiluensediith the switable selection of

slurries. The production of the desired surface composition can in this case be carried out either in an
individual CMP sfiggkisias inorsie psifipbdalioy @rieannhtmaen | héhisieaserfhesfirsbsteghis used to
ensure the planarity of the surfaces, while the second step is used to produce the desired local surface
roughness. Optidnaliprisgrfaddesedpriesarsess aladicse Brivresstl By FHEKALEIH &5a¥ etching step. In

addition, it
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 normally considered to be sub-optimal
(such as, e.g., a process temperature that is too low).

As an alternative, the layer can also 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



15 is conceivable 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 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, temperature,
etc.), a layer with the desired properties can thus be’produced. The surface roughness (measured
with AFM for a 2 x 2 in surface) should be <20 nm, in particular < 10 rim, preferably <5 TIM, even more
preferably <3 nneleuvepiaigycBpseferadnl pptihitan sdwtosvé thentrarprafemiphyeesd(Bhemical - To he able to
achieve especially optimized process results, the above-described variants can also be combined with
one another as FEEIRSH I PHiFHERK VAR i BIRSTRIG oty drBy R adbehe BadHEs "4t oxidation in the
interaction with tgaeS igé[g]elrod(arggsribed methods can yield especially optimized results. It can be
mentioned here one more tme that the method also can be applied to so-called "hybrid bond

interfaces." These hybrigdptedagasrensiat ok acsuiablecambination pfnatallicasoniact surfaces,
which are surrounded by non-metallic regions. In this case, the non-metallic regions are configured in

such a way that ivilan ifidividuadberdingrsiepsiietd thermpteliebboritachanwdncomtacts between the
non-metallic regions can be produced. Here, it can be especially advantageous to configure the
plasma implanting S SUER: SR MWt HEHPINE il 6n mestiss se v tnierature and the

connection betW(;ggigg%rg%imgt[ﬁg|§1§1preeo at%%gr%d oaweaql?vme%%aswacp egions can be produced. In this

Application of Metallic Nanoparticles:

It is already known from scientific literature that metal particles {e.g., gold, but
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 structure in a heat treatment at temperatures below the meliing 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 of a
thin layer on cne 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



16 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 very low temperatures.
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 Eﬁ 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 connegii@atioptatbcedrit leastarimanibye sy bstianio nditfus i e tweaencim particular
similar, preferably identical metal ions and/or metal atoms of the two metal surfaces - can be
produced, - Orienteficiiand ¥5anestionnof tRE Giistcased steoen meldlasiffices, 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 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 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-vailey
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 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 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 follow 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



160C, is not exceeded. 17 Claims 1. Process for the production of a permanent, electrically
conductive connection between a first surface comprising metallic and non-metallic regions of a first
substrate and a second surface comprising metallic and non-metallic regions of a second substrate
with the following method steps: Conditioning of the first and/or second surface in such a way that in a
connection of the surfaces a permanent, electrically conductive connection - produced at least
primarily by substitution diffusion between metal ionS and/or metal atoms of the metallic regions of the
surfaces - is produced, alignment and bonding of the first and second surfaces, whereby during the
conditioning, aliginmentiesbit bomding; hoprocess teghperatiteanimtraost BOOEHs not exceeded. 2.
Method according to Claim 1, wherein during the bonding of the first and second surfaces the
non-metallic regi6ksartestattedh g shigelbpspecifically performed efectroplating step. 1n
this case, it is coneeivable first to produce 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, temperature, etc.), a layer
with the desired properties can thus be produced.
The surface roughness (measured with AFM fora2x2 prh 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 resulis,
It 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 a 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 1o 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



3. Method according to one of the preceding claims, wherein additionally hydrogen is implanted during
conditioning of the first and second metal surfaces. 4. Method according to one of the preceding
claims, wherein the conditioning of the metallic regions of the first and second surfaces is effected by
producing near surface layers with surface defects produced by implanting gas ions and/or by
application of metallic nanoparticles. 18 5. Method according to one of the preceding claims,
wherein the non-metallic regions consist of silicon dioxide or an organic insolator. 6. Method

according to one of the preceding claims, wherein the non-metallic re_g}ilons are aligned or recessed
with regard to thé@ﬁéﬁﬁ?@?@g’f@?@fg areas could constst of silicon dioxide, which also can be

modified by means of plasma treatment in such a way that the bonding can take place at
very low temperatures.

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
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 18G°C, and ideally at most

160°C, is not exceeded.



7. 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.

17

Claims

[. Process for the production of a permanent, electrically conductive connection

between a first surface comprising metallic and non-metallic regions of a first substrate
and a second surface comprising metallic and non-metallic regions of a second substrate
with the following method steps:

- Conditioning of the first and/or second surface in such a way that in a
connection of the surfaces a permanent, electrically conductive connection -
produced at least primarily by substitution diffusion between metal ions
and/or metal atoms of the metallic regions of the surfaces — is produced,

- alignment and bonding of the first and second surfaces, whereby during the
conditioning, alignment and bonding, a process temperature of at most 300°C

is not exceeded.

2. Method according to Claim 1, wherein during the bonding of the first and

second surfaces the non-metallic regions are contacted in a single step.

3. Method according to one of the preceding claims, wherein additionally

hydrogen is implanted during conditioning of the first and second metal surfaces.

4. Method according to one of the preceding claims, wherein the conditioning of
the metallic regions of the first and second surfaces is effected by producing near surface
layers with surface defects produced by implanting gas ions and/or by application of

metallic nanoparticles.
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5. Method according to one of the preceding claims, wherein the non-metallic

regions consist of silicon dioxide or an organic msolator.

6. Method according to one of the preceding claims, wherein the non-metallic

regions are aligned or recessed with regard to the metallic regions.

7. Method according to one of the preceding claims, wherein the condifioning

comprises the optimization of the surface roughness of at least one of the metal surfaces.



