Method for Coating and Bonding of Substrates Specification This invention relates to a method for
coating of a first substrate with a first diffusion bond layer as claimed in Claim 1 and to a method for
bonding as claimed in Claim 6. The objective in permanent or irreversible bonding of substrates is
to produce a connection as strong and especially as permanent as possible, therefore a high bond
force. between the two contact surfaces of the substrates. For this purpose, in the prior art there are
various approaches and production methods, especially the welding of the surfaces at higher
temperatures All types of materials, predominantly however metals, semimetals, semiconductors,
polymers and/or ceramics, argfp@idaane0tyhendrostyamebinamastdmportant systems of permanent
bonding is metal-metal systems. Mainly Cu-Cu systems have appeared increasingly in recent years.
The development of 3D structures specifically requires mostly the joining of different functional layers.
This joining is more and more often done by way of so-called TSVs (through silicon vias). The
contact-making of these TSVs with one anotterarbeytoften takes place by copper contact sites. At the
instant of bonding very often there are full-value, serviceable structures, for example microchips, on
one or more surfaces of the substrates. Since different materials with different coefficients of thermal
expansion are used in microchips, increasing the temperature during bonding is not desirable. This
can lead to therABYFHARIBHECARIARGE S ﬁ%@?ﬁ“iﬁl%t?@%@é? sivarsestiss il Gebervaibmg (sw) which
can destroy parts of the mjcrochip or its vicinjty. The known production, methods and the approaches
which habgag e‘ff‘"f&%\ﬁé@%’% %Wé%m%%#%rrggﬂﬁfggﬁﬁ%#%%ﬁb B&&produced or can be poorly
reproduced andyihich, ¢an hardly-be applied especially o gltered ponditions, In baicular, production
methods which are 'used at present often use |gﬁ emperatures, especwﬁfy S AG0C N order to ensure

reproduciole, sl sp.cTRENTIEALAIORIEMB S AR bioh enmiBY.canSUBlianang.a possivle

destruction of structures which are present on the substrates result from the high temperatures which

have beepngsessa 1 dRtG e A:Righaead force andhe sapidirndier ofisn.completed iemperature
changes which arise due to loading and/or unloading, of in part far above 300C, Other demands
consist iRt dlOWIREGds, especially the welding of the surfaces at higher temperatures.
All types of materials, predominantly however metals, semimetals, semiconductors,

polymers and/or cerarnics, are permanently bonded. One of the most important systems of

permanent bonding 1s metal-metal systems. Mainly Cu-Cu systems have appeared increasingly in

recent years. The development of 31D structures specifically requires mostly the joining of different

functional layers. This joining 1s more and more often done by way of so-called TSVs (through

silicon vias). The contact-making of these TSVs with one another very often takes place by copper

contact sites. At the instant of bonding very often there are full-value, serviceable structures, for

example microchips, on one or more surfaces of the substrates. Since different materials with

different coeflicients of thermal expansion are used in microchips, increasing the temperature

during bonding is not desirable. This can lead to thermal expansions and thus to therma! stresses

and/or stress induced voiding (SIV) which can destroy parts of the microchip or its vicinity.

The known production methods and the approaches which have been followed to date often

—



- back-end-of-line compatibility. This is defined as the compatibility of the process during the
processing. The bonding process must therefore be designed such that back-end-of-line structures,
generally consisting of electrical conductors and low-k dielectrics which are already present on the
structure wafers, are neither adversely affected nor damaged during the processing. Compatibility
criteria include mainly mechanical and thermal loadability, mainly by thermal stresses and stress
induced voiding (SW). front-end-of-line compatibility. This is defined as the compatibility of the
process during the production of the electrically active components The bonding process must
therefordepe tdesigiredhsticttnat owweodermborents:suoh asirahsisters whidhand:akibdey present on
the structure wafers, are neither adversely affected nor damaged during the processing. Compatibility
criteria ifERIGE FREFHRITHE BisFrY Srésivamlmeriredi ersrderienrrahols nGhnosuselatomessyt mech'al
and thermal loadability, mainly by thermal stresses. low contamination. no application of force, or

applic atid er*FSHE@*h@‘TW%%‘OE%?B?@“y > 400°C, in order fo ensure reproducible results.

Technical problems such as high energy consumption and a possible destruction of
structures which are present on the substrates result from the high temperatures which have been
necessary to date for a high bond force and the rapid and/or often completed temperature changes
which arise due to Joading and/or unloading, of in part far above 300°C.

Other demands consist in the following:

- back-end-of-line compatibility.

This is defined as the compatibility of the process during the processing. The bonding

process must therefore be designed such that back-end-of-line structures, generally

consisting of electrical conductors and low-k dielectrics which are already present on the
structure wafers, are neither adversely affected nor damaged during the processing.

Compatibility criteria include mainly mechanical and thermal loadability, mainly by thermal

stresses and stress induced voiding (SIV).
- front-end-of-line compatibility.

This is defined as the compatibility of the process during the production of the efectrically

active components. The bonding process must therefore be designed such that active

components such as transistors which are already present on the structure wafers, are neither
adversely affected nor damaged during the processing. Compatibility criteria include mainly
the purity of certain chemical elements (mainly in CMOS structures), mechanical and

thermal loadability, mainly by thermal stresses.



temperature as low as possible, especially for'als with different coefficients of thermal expansion.
The reduction of the bond force leads to more careful treatment of the structure wafer and thus to a
reduction of the failure probability by direct mechanical loading, especially when the insulating layers
between the metallic conductors are made from so-called "low-k™ materials. Current bonding
methods are designed primarily for high pressures and temperatures. Mainly avoiding a high
temperature is of essential importance for the welding of future semiconductor applications, since
different materials with different coefficients of thermal expansion generate thermal stresses which
cannot be ignoted durtixgdseating and cooling processes. Furthermore, the diffusion of doping
elements as the temperature rises is increasingly becoming a problem. The doped elements should
not leave the inteapgttthreeidimensiepgitegionidftee théodopingsphbtess. Otherwise the physical
properties of the circuits would fundamentally change. In the best case this leads to deterioration, in
the worst and rifg3tgsroba o tasa st srvicedbility Rt ompenamnMeaifilyimembries are very
susceptible due to degradation of the dielectric and the associated shortened storage time during
thermal proces48ET & A #@%Aer hand, there are memories in which 3D technology is being

increasingly used to raise the capacity and performance. The object of this invention is therefore to
devise a metho ?JF%%%%P l’%gﬂfh‘\r{?r&? g MEREHTBOAY BERARLR o SUBSHtEE AT a bond force

as high ssible at a temperature which is.imultaneously. as.lo .as ossible and/qr at an average
process%ﬁﬁwge?ofﬁ%? %%ﬁ%%??@gc?ﬂ? él\iﬂ/%%‘\%ﬁliﬁ%bﬁea{fﬁ?gg%%’&gﬁ%nlg \génﬁ’d é??&%f?/’grﬁaga}e%lﬁs developments

of the i“i‘ﬁ@ﬁkgﬁﬁ‘g%!;?egqj‘é%ﬁv@&@ﬁe%%ﬁg8&4%&8#%%@&%&&@%@6@“&&8‘3%R%ﬁ?%%%ﬁ?i the features

I
given in the specification, the claims and/or the figures also fall within the framework of the invention.

At the given valyg.ranggsivalneswhich leswithin the indicaied boundaries will alsq e considered

disclosed as boundary,' values and will be claimed in any combination, The basic idea of this
inventionvisifoyapplyiey £reate-ableastan anesefithersyhatiates- adiffusian fangidayer of a material
which has a microstructure with a grain as fine as possible, and thus a grain boundary surface as large
as possibtenidsdlaisneghicdbeninyviensionfeainhy:grain babadares argprefertgdwhich run normally to
the substrate surfaces which are to be bonded. This is achieved as claimed in the invention by
controlletkpetting shtedayentigkness df theadiffusiolgrisondiayerhwhich cdnstitute sracliniting criterion
for the grain size. The two substrates can, but need not necessarily, prebond with one another. Simple
contact-miakirE with Batrsiat oncopRprébomts s disdepossible. s didivtedsirzthedmvention the teiin
'reaction’ should be understood as solid diffusion. Before and/or after formation/application of the
diffusion58HEMayBF(EYRSA Hefirst BRdD Pededrdisipshae lersahimr op Rl stipsaiiretsr of the

substrates generally takes place, especially by a rinsing step. This cleaning should generally ensure

that ther8RIBSTE St CIIE BHYNE SRR TRREASVBURE Fastitsiv b Srdatisiras: sae@y 14l steps of

deposition and/or banding, as claimed in the jnvention take place in a closed system which is
preferabfgﬁé%ﬁ%aae\aﬂﬁlﬁﬁ%?t‘%é%t?ﬂﬁ’&%oﬁr@é%‘gb‘@rm RSP RECE B I8ARE S5 Akt coating can

be omitt%g.

€ component. Mainly memories are very susceptible due to degradation of the dielectric and the
associated shortened storage time during thermal processes. On the other hand, there are memories
in which 3D technology is being increasingly used to raise the capacity and performance.

The object of this invention is therefore to devise a method for careful production of a
permanent bond between two substrates with a bond force as high as possible at a temperature
which is simultaneously as fow as possible and/or at an average process time,

This object is achieved with the features of Claims | and 6. Advantageous developments of



The heart of this invention is to form the diffusion bond layer at least on the contact surface between
the first and second substrate with an average gain diameter parallel to the contact surface or
substrate surface smaller than | pm. The diffusion bond layer which is formed in this way and which
has a small average grain diameter creates the technical possibility of causing faster diffusion directly
on the contact surfaces between the substrates and thus enabling the permanent bond primarily at low
temperatures and furthermore strengthening it, and increasing the bond speed. Hereinafter
deformation is defined as a change of the surface and/or of the bulk as a result of difThsion, All
elementsiefitheperiatigitahle; iraialydfercatals, senintetalmnlanthdestds.antkiactianigds are possible
as materials as claimed in the invention for the diffusion bond layer. Especially preferably the invention
however gsraisedtors@uiCuiborits cFhes folidwithg figixedferial oftbentiedradustoris @igeconceivable as
substrates: GaP, GaAs, InP, InSb, InAs, Gash, GaN, AIN, InN, AlGaAs, Imati"N IV-1V: SiC, SiGe,

mvention. At the given value ranges values which lie within the indicated boundaries will also be

considered disclosed as boundary values and will be claimed in any combination,

The basic idea of this invention 1s to apply or create at Ieast on one of the substrates a

diffusion bond layer of a material which has a microstructure with a grain as fine as possible, and

thus a grain boundary surface as large as possible. As claimed in the invention mainly grain

boundaries are preferred which run normally to the substrate surfaces which are 1o be bonded. This

1s achieved as claimed in the invention by controlled setting of the layer thickness of the diffusion

bond layer which constitutes a limiting criterion for the grain size. The two substrates can, but need

not necessarily, prebond with one another. Simple contact-making without formation of a prebond

is also possible. As claimed in the invention the term "reaction™ should be understood as solid

diffusion. Before and/or after formation/application of the diffusion bond laver(s) on the first and/or

second substrate, cleaning of the substrate or of the substrates generally takes place, especialiy by a

rinsing step. This cleaning should generally ensure that there are no particles on the surfaces which

would result i unbonded sites. Ideally all steps of deposition and/or bonding as claimed in the

invention take place in a closed system which is preferably flooded with inert gas, more preferably

evacuated so that a cleaning step afier coating can be omitted.

The heart of this invention is to form the diffusion bond laver at least on the contact surface
between the first and second substrate with an average grain diameter H paralle] to the contact

surface or substrate surface smaller than 1 pm.

The diffusion bond layer which is formed in this way and which has a small average grain



[1I-VI: InAIP, - nonlinear optics: LINbOS3, LiTa03, KDP (K1-12P0O4) - solar cells: CdS, CdSc, CdTe,
CulnSe2, CulnGaSel, CulnS2. CulnGas, - conductive oxides: Itb_xSnx03_y It is especially
advantageous as claimed in the invention if contact-making of the substrates after application of the
diffusion bond layer takes place as near as possible in me. especially within 2 hours, preferably within
30 minutes, even more preferably within 10 minutes ideally within 5 minutes. This measure minimizes
possible unwanted reactions such as oxidation of the metal diffusion bond layer or of the surfaces of
the substrates. Oxide removal before the actual bonding process is also possible. The oxide can be
removed¥argishiptai e wdecbhisa eetsinidiane! orwing Boketfordingretycmbagases! Amaéesown
chemical and/or physical methods for oxide reduction can be used. As claimed in the invention
there cat BESHERAS ST HMFIBRHG thewdbling fiforsreings i A eRrikioh o framegarsndrsr of the
surfaces ofihk%]e substrategebefore gt%f contact surfaces make contact, especially by passivation of the

o Ao TRPE LISy BB SEPES NS %orming gas or an inert atmosphere or under

1]
surfaces o

a vacuum or by amorphization. In this cannection treatment with plasma which contains forming gas,
especially con?ﬁ?%rg%lyeo?%?ﬁ%g SC%%? %ﬁéq apr&o‘\c}n ﬁte}n%s‘%‘pgie’a(:Sluar %/Cgs)ﬁ'iﬁé%ié{yﬁfg ”ﬁf)?ﬁﬁﬁ@sblés is defined
as gases,whigh;cgntain at least 2%. better 4%, ideally 10% or 15% hydrogen. The remaining portion of

the mixture consists ohm inert gas such as for example nitrogen or argon. Systems ?Nri t h an inert
atmosphere or xacyHR-AMAsPpEteseRNEEiRAR YRS INRemanied 83.aYSIamS Inavpish e transfer of

the substrates from one process chamber to the next process chamber takes place by means of a
substraterbaackifg systerravichiaaR Caroptdheiransieuafithe,supatrates completely in a controlled,

adjustable atmosphere, especially a vacuum atmosphere. These systems are known to one skilled in
he art. Especially preferably the invention however is used for Cu-Cu bonds.
The following mixed forms of semiconductors are conceivable as substrates:
- [H-V: GaP, GaAs, InP, InSb, InAs, GaSh, GaN, AIN, InN, ALGacAs, In.Gay N
- IV-IV: Si, SiGe,
- HI-VL InAlP,
- nonlinear opties: LINDQOs, LiTaOs, KDP (KH,POy)
- solar cells: CdS, CdSe, CdTe, CulnSes, CulnGaSes, CulnS,. CulnGaS,
- conductive oxides: Iny.SnxOsy
It is especially advantageous as claimed in the invention if contact-making of the substrates
after application of the diffusion bond layer takes place as near as possible in time, especiaily within
2 hours, preferably within 30 minutes, even more preferably within 10 minutes, ideally within 3
minutes. This measure minimizes possible unwanted reactions such as oxidation of the metal
diffusion bond layer or of the surfaces of the substrates.

Oxide removal before the actual bonding process is also possible. The oxide can be

removed for example by wet-chemical means or with corresponding reducing gases. Any known

93]



The difibsion bond layer is applied by one or more of the following methods: - CVD especially PECVD,
LPCVD, MOCVD or ALD - PVD especially sputtering or vapor deposition - epitaxy especially MBE,
ALE - electrochemical deposition processes - currentless deposition processes The invention thus
solves the problem of better welding of the surfaces of two coated substrates which have been brought
into contact with one another by using the microstructure properties of the uppermost layer, the
diffusion bond layer. The invention thus relates to a method and a process for adjusting the
microstructure of the uppermost deposited layer by the controlled deposition of thin layers by means of
chemicakbedicd phi/sicilyprotessesislichthiatridugiaincimtéefaed.is as large as possible. Preferably the
grain boundaries run normally to the substrate surface. ~ The grain size which is small as claimed in
the invention yiéfaameeitrdmalycitire dsetcgrdinoun dariplsbifacehamd s modohdinglyl larger
diffusion paths; this promotes the welding of the two material layers during bonding. The idea as
claimed HAHEIRPaptiGHarEErs R BSreifeoibreabRTg it SaiBh ST WitaE RIBHE Whkeh diffuse along
the grain boundaries tigr]'ncrea,sing the, rainr{blaound“ary surface. According to athhgr
advantaG@BaE <6 a1 ek P BT I T O F RS oD e S G FRR AHIS TP BR 4B g& fkanent bond
takes place at a femperature between room tem erature and 400C, es c{slly\ between room
temperatire ARG 3008 rararaR a e dl Yo b T E R G I Ve S s B eferably
between,om [PmASLAE ANK 006 £3RSTiAllAUIng A DBXITYM.L2 days, BiE(pabl,2 maximum 1
day, even more preferably a maximum 1 hour,best a'maximum 15 mmnutes.

proven especially suitable. Here forming gas is defined as gases which contain at least 2%, better

4%, ideally 10% or 15% hydrogen. The remaining portion of the mixture consists of an inert gas

such as for example nitrogen or argon. Systems with an inert atmosphere or vacuum atmosphere

can preferably be implemented as systems in which the transfer of the substrates from one process

chamber 1o the next process chamber takes place by means of a substrate handling system which

can carry out the transfer of the substrates completely in a controlled, adjustable atmosphere,

especially a vacuum atmosphere. These systems are known to one skilled in the art.

The diffusion bond layer is applied by one or more of the following methods:

- CVD especially PECVD, LPCVD, MOCVD or ALD

- PVD especially sputtering or vapor deposition

- epitaxy especially MBE, ALE

- electrochemical deposition processes

- currentless deposition processes

The invention thus solves the problem of betier welding of the surfaces of two coated

substrates which have been brought into contact with one another by using the microstructure

properties of the uppermost layer, the diffusion bond layer. The invention thus relates to a method



Here it is especially advantageoushe irreversible bond has a bond strength of greater than 1.5 Jim2,
especially ueater than 2 J/in2, preferably greater than 2.5 i/rn2. The bond strength can be determined
for example with the so-called Maszara test. The bond strength can be increased especially
advantageously in that the two substrates have a diffusion bond layer with a grain size which is very
small as claimed in the invention, and thus a very large grain boundary surface. This enables
increased diffusion flow in both directions which accordingly supports the bond process. To the
extent prior to application/formation of the function layer plasma activation of the surfaces of the
substratesdakescpiate espeoialtyawithranractivatiohefragerency deptuiednai@ and60thkikdand/or a
power density between 0.075 and 0.2 watt/cm and/or with application of a pressure between 0.1 and
0.6 mbardeadeiitivred bdersrsbrmasspdotisinig dftiédocphtsictiqurasearechsuséd giere application of
pressure is defined as the pressure of the working atmosphere during plasma activation. To the
extent thB§UBtiafsdaee rassdicdadamer aths prossuredsstvasmeonmalira hegubeimiePa, optimum
results can be achieved. Preferably the pressure is between 0.1 and 10 N4Pa, still more preferably
between™%nd 1 MPa, most preferably between 0.1 and 0.3 MPa. The pressure must be chosen to

be greater, theﬁrger.the irregularities and the %Hinn r the layers Advantageously according to one
embodiment of thediVenfon it 8 16?6\1/?@@8% arthe's Wﬁ%ﬁé’ﬁ%&dﬁﬁ@éﬁ{}ﬁ%‘i@m IS bond layer is

carried oyt in.a.\ ﬁag%;vo'.d%%u%mgrg%égr@li{lﬁg )E}Q%%!f éﬁ@gﬁ%&gﬁgg%&ﬂ&gs %glmgﬁwagnggl materials or

compounds can tis espe e &'seqtience of the method if the

diffusion hand.laxgnisdnade prefarmt yﬁﬂ%@\é@&%@iﬁ@@gﬁéﬁ@%@&&&%@f&%d 2500 nm,

more preferably between 0.1 nm and 150 urn, even more preferably between 0.1 nm and 10 nm most

preferablyheiueendidnir aack ammk whicH ARt AdyaiR0e s fealures.and detalls.otibe.inyention wil

become apparent from the following description of preferred exemplary embodiments and using the
drawing$oundafiguact. shows a cross section of two substrates which have been coated as claimed in
the invention with a layer system.

According to another advantageous embodiment of the invention, it is provided that the

formation of the permanent bond takes place af a temperature between room temperature and
400°C, especially between room temperature and 300°C, preferably between room temperature and
200°C, even more preferably between room ternperature and 100°C, especially during a maximum
12 days, preferably a maximum ] day, even more preferably a maximum 1 hour, best a maximum
15 minutes.

Here it is especially advantageousl if the irreversible bond has a bond strength of greater than
1.5 Jim?, especially greater than 2 J/m”, preferably greater than 2.5 J/m’. The bond strength can be
determined for example with the so-called Maszara test,

The bond strength can be increased especially advantageously in that the two substrates
have a diffusion bond layer with a grain size which is very small as claimed in the invention, and
thus a very large grain boundary surface. This enables increased diffusion flow in both directions

which accordingly supports the bond process.



Figure 2 shows a diffusion bond layer as claimed in the invention, Figure 3 shows an intermediate
layer as claimed in the invention, Figure 4 shows a diffusion bond layer applied to a substrate,

Figure 5 shows a layer system applied to a substrate with one intermediate layer and one diffusion
bond layer and Figure 6 shows a layer system applied to a substrate with two intermediate layers
and one diffusion bond layer. The same or equivalent features are identified with the same
reference numbers in the figures. The drawings are not to scale. Mainly the intermediate layers and
diffusion bond layer are shown several times larger to be able to better represent the microstructure.
The invention rélatesedeatmethoo:fptibondifgradttwort batdoicivbsStnatesdy3: todne andttier via two
layer systems 2, 4. The layer systems 2,4 can be composed of any number of layers 5 5, 5" of
different $ypacgintéhictinteaiksjekessiase apecuiffusionapentvriiparSpsuithcrlifteramn physicad@nd/or
chemical properties and microstructures. As claimed in the, invention the layer which is uppermost at
the time @&ﬁ%\%’?éﬁ&ﬁ‘ﬁ@ Hetdr ety e syt dmsvotis Andfrrsidmpdkating e Soesfore a layer
whose grain size is limited as claimed in the invention.  The diffusion bond layer 5 which is applied

to the firdtStireack! SRth% Gratas Ao helleeis Raehh ¥ ePaIBGSIBR BBRE BYBESHE tHEShe applied to a

second syrface 3o.of I second sybstrate 315 called (e second diffusion hand laver. ., The

average grain Hameter HoT the Surface s 36 FoFthe Substrate st 3T WRicH Giaiiéé %sﬂfﬁ{rojected

parallel tg the, Lll\rface (plan view), is preferably less than | km, more preferably less than 100 nrn, still
y

more preferably less than 10 nm, even more preferably less than P nn most preferably less than | nm.
To the extent the substrates are pressed together at a pressure between 0.1 MPa and 10

MPa, optimum results can be achieved. Preferably the pressure s between 0.1 and 10 MPa, stitl
more preferably between 0.1 and 1 MPa, most preferably between 0.1 and 0.3 MPa. The pressure
must be chosen to be greater, the larger the firegularities and the thinner the layers.

Advantageously according 10 one embodiment of the invention it is provided that the
formation/application of the diffusion bond layer is carried out in a vacuum. Thus the
contamination of the diffusion bond tayer with unwanted materials or compounds can be avoided.

It is especially effective for the sequence of the method if the diffusion bond laver is made
preferably in an average thickness R between 0.1 nm and 2500 nm, more preferably between 0.1
nm and 150 nm, even more preferably between 0.1 nm and 10 nm, most preferably between 0.1 mn
and 5 nm.

Other advantages, features and details of the invention will become apparent from the
following description of preferred exemplary embodiments and using the drawings.

Figure 1 shows a cross section of two substrates which have been coated as claimed in the
invention with a laver system,

Figure 2 shows a diffusion bond laver as claimed in the invention,



The average Gram diameter V which is measured orthogonally to the average grain diameter or to
the substrate surface is preferably less than 1 pm, more preferably less than 100 nm. still more
preferably less than 10 nrm even more preferably less than 5 nrm most preferably less than 1 nm.
The projected grain diameters H and V are not necessarily the same. But for very thin layer thickness
t, El and V are presumably of the same order of magnitude. In this case V or t limits the grain diameter.
This is due to the surface energy which prevents enlargement of the gain. In the embodiment as
shown in Figure 2 the vertical grain diameter V is stipulated as limiting by a layer thickness t of the
layer system 2 gngistihgef oniyarsidgle diffosionaboatitayeirvdndre, Then a layer thickness t of the
layer system 2 is equal to the grain diameter V. In the embodiment shown in Figure 4 the diffusion
bond layer 5 wikigargjfaibpirtarfiidesias hangdaysrposkidleis wbposited directly on the first substrate 1.

In another embodiment as claimed in the invention as shown in Figure 5, the diffusion bond layer 5
with a grain intéMRER 2R A s aplet &forabvitiavatycgediiepoedidartiesy rdeposited on any
other intermediate layer 5'. The intermediate layer 5' can be the same material with optionally different
distributi%‘r@)%’?ﬁ (ﬂgfﬁygfi’é’%s in the diffusion bond layer 5. The microstructure on the contact surface
(surface of the lgiiﬁl%gig&bond Iak/yersg was ir}tluenced especially exclusively by the deposition process.

VB B TSR EAUL AT BRI ERESR U e fBETi GRSt ess (ECD) or

cular thd STBGIATE
In particular the intermediate [a
PVD ProgessFONVes! Q{ the diffusion bond layer 5 is produced by PVD and/or CVD processes. The
intermediate layer 5" as shown in Figure 3 has a larger average grain diameter F1' parallel to the

surface lo or 3qRNG,AJFIGLAYRIRAS AN RMAIRG Vil ANSEIRGMIR 08 SHASS R
figures. The drawings are not to scale. Mainly the intermediate layers and diffusion hond layer are
shown several times larger to be able to better represent the microstructure.

The invention relates to a method for bonding of two coated substrates 1, 3 to one another
via two layer systems 2, 4. The layer systems 2, 4 can be composed of any number of layers 3, 5', 5"
of different type (intermediate layers 5, 5" and diffusion bond layer 5) with different physical
and/or chemical properties and microstructures. As claimed in the invention the layer which is
uppermost at the time (contact surface between the layer systemns 2, 4) is a diffusion bond layer 5,
therefore a layer whose grain size is limited as claimed in the invention.

The diffusion bond layer 5 which is applied to the first surface of the first substrate 1 is
called the first diffusion bond layer and the one applied to a second surface 3o of the second
substrate 3 is called the second diffusion bond layer.

The average grain diameter H of the surface 1o, 3o, of the substrates 1, 3, which diameter is
projected paralle! to the surface (plan view), is preferably less than 1 um, more preferably less than

100 nm, still more preferably less than 10 nm, even more preferably less than 5 nm, most preferably

less than 1 nm.



or 30. Here it is also advantageous if the layer thickness t of the intermediate layer 5' is larger,
especially twice as large, preferably 3 times, more preferably 5 times, still more preferably 10 times,
most preferably 100 times, most preferably of all 1000 times as Large as the average grain diameter
V. In another embodiment as claimed in the invention as shown in Figure 6, another intermediate
layer 5" is deposited between the diffusion bond layer 5 and the intermediate layer 5. The intermediate
layer 5" has the task as claimed in the invention of preventing a possible interdiffusion between the
diffusion bond layer 5 and the intermediate layer 5' so that the microstructure of the diffusion bond
layer 5 is presethedwpte thenatiuatbondigrbdessasuredotiegffigient diffustanofthie Atemsfrom the
layer system 2 into the layer system 4 and vice versa takes place by a subsequent bond process of
the two SalostratfesssabSnalg shdicdayeredyretiniss2tidand chaimett: prafeeahiy éntitabitthedasge gain
interface (and thus a large number of grain boundariesgof at least one diffusion bond layer. As
claimed Mt iplERiy s hdafl sonmentesgereb ik imajnimenromsadsabioischsnrface. The
reason is that the diffusion bond layer 5 has a very large number of grain boundaries 7. The average
diffusionfiBw takes place therefore preferably in the vertical direction (transversely to the surface | o,

30) along these_grain boundaries, 7. e intrinsic diffusion of a species along one, free surface is
greater than alilr% E’ﬁ%%}%ﬂﬁ%&%&‘g?fg@%&?%ﬁ%ﬂ@ GFET B MBS graaE TERIHAA the bulk.

Preferabb{.t ereforg th {,interdiffusi n" of the atoms of the two layer systems,2 and 4 into one another
over the g}g?ﬁelgsb% r%dcglr?es Wil Pfgﬂgn[%é}éé)lf gf/"thaén%%%g M %%}86“?%{%1 r%éﬁ“ ﬁedzr?ésqé%lgléfﬁed in the

nvention, JheibRnang el e daveravelama, Aand §-Lalkts ARER RIGIRIApl AL cAgralures as low

as possible. For metals the bonding takes placé€ preferably at a homologous tefperature of less than

1.0 but abaysiroeR Jemperalire.aad t?slemaﬁwawé%p{@@&%uh@ﬂ% RSP Asislimed in the
invention would be especially the following: - Si substrate / thin diffusion barrier /thick ([CD) Cu layer /
thin diffugipRasiier forexamaie Dicdmisting B (PNl WildYE6n bond layer S here. Then a layer
thickness t of the layer system 2 is equal to the grain diameter V.
In the embodiment shown in Figure 4 the diffusion bond layer 5 with a grain interface as
large as possible is deposited directly on the first substrate 1.
In another embodiment as claimed in the invention as shown in Figure 3, the diffusion bond
fayer 5 with a grain interface as large as possible (therefore with many grain boundaries) is
deposited on any other intermediate layer 5'. The intermediate layer 3' can be the same material with
optionally different distribution of the grain size as in the diffusion bond layer 5. The microstructure
on the contact surface (surface of the diffusion bond layer 3) was influenced especially exclusively
by the deposition process. In particular the intermediate layer §' was produced by an
electrochemical deposition process (ECD) or PVD process, conversely the diffusion bond layer 5 is
produced by PVD and/or CVD processes.

The intermediate layer ' as shown in Figure 3 has a larger average grain diameter H'

parallel to the surface 1o or 30 and a larger average grain diameter V' transversely to the surface to
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- Si substrate / thin diffusion barrier / thick (ECD) Cu layer / thin (PVD) Cu layer - Si substrate / thin
diffusion barrier / thin (PVD) Cu layer - Si substrate / thin diffusion barrier / Cu layer / thin Si layer - Si
substrate! thin diffusion barrier / Cu layer! thin layer of a transition metal (Ti. Ta, W,...) - Si substrate!
thin diffusion barrier! Cu layer! thin layer of a precious metal (Au, Pd ) - any combination of the
aforementioned layer systems The bond process can take place as claimed in the invention by the
bonding of any of the aforementioned layer systems to any other of the aforementioned layer systems.
Analogous considerations apply to any other layer system which is not mentioned explicitly in the text,
but whicleris bdkedion the shmeapsentiubddsar thickhfe methethhiehiis piefesred ageslaimed in the
invention for producing the intermediate layers 5, 5" with comparatively large grain sizes (compared to
the diffusigndidhoaserssiis gieadtrochéniical. depositidmalf@ D Yimes, Thenmethedtdwbichlsipesferred as
claimed in the invention for producing the diffusion bond layer 5 with comparatively small grain sizes
are all PYDshpigfeiRay BDhidnse drorefersnbl planBepligmes as large as the average grain diameter

V.

In another embodiment as claimed in the invention as shown in Figure 6, another
intermediate layer 5" is deposited between the diffusion bond layer 5 and the intermediate layer 5'.
The intermediate layer 5" has the task as claimed in the invention of preventing a possible
interdiffusion between the diffusion bond layer 3 and the intermediate layer 5' so that the
microstructure of the diffusion bond layer 5 is preserved up to the actual bond process.

More efficient diffusion of the atoms from the layer system 2 into the layer system 4 and
vice versa takes place by a subsequent bond process of the two substrates 1, 3 via their layer
systems 2,4 as claimed in the invention by the large grain interface {and thus a large number of
grain boundaries) of at least one diffusion bond layer.

As claimed in the invention the diffusion bond layer 3 1s the layer which forms the contact
surface, The reason is that the diffusion bond layer 5 has a very large number of grain boundaries 7.
The average diffusion flow takes place therefore preferably in the vertical direction (transversely to
the surface fo, Jo) along these grain boundaries 7.

The intrinsic diffusion of a species along one free surface is greater than along the grain
boundaries, but along the grain boundaries greater than within the bulk. Preferably therefore the
"interdiffusion” of the atoms of the two layer systems 2 and 4 into one another over the grain
boundaries will take place by the large number of grain boundaries as claimed in the invention.

The bonding of the two layer systems 2 and 4 takes place preferably at temperatures as fow
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first substrate insurface 2layer system 3second substrate 30surface 4layer system 40, 46surface
5diffusion bond layer 5', 5"intermediate layers 6grain

as possible. For metals the bonding takes place preferably at a homologous temperature of less than
1.0 but above room temperature and below a temperature of 300°C.

Layer systems as claimed in the invention would be especially the following:

- Si substrate / thin diffusion barrier / thick (ECD) Cu layer / thin diffusion barrier (for example Ti,
Ta,...) / thin (PVD) Cu layer

- St substrate / thin diffusion barrier / thick (ECD) Cu layer / thin (PVD) Cu layer

- Si substrate / thin diffusion barrier / thin (PVD) Cu layer

- S1 substrate / thin diffusion barrier / Cu layer / thin Si layer

- 51 substrate / thin diffusion barrier / Cu layer / thin layer of a transition metal (T1, Ta, W....)

- Si substrate / thin diffusion barrier / Cu layer / thin layer of a precious metal (Au, Pd.,...)

- any combination of the aforementioned layer systems

The bond process can take place as claimed in the invention by the bonding of any of the
aforementioned layer systems to any other of the aforementioned layer systems. Analogous
considerations apply to any other layer system which is not mentioned explicitly in the text, but
which is based on the same inventive idea.

The method which is preferred as claimed in the invention for producing the intermediate
layers 5, 5" with comparatively large grain sizes (compared to the diffusion bond layer 5) is
electrochemical deposition (ECD).

The method which is preferred as claimed in the invention for producing the diffusion bond

layer 5 with comparatively small grain sizes are all PVD and/or CVD method.
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7grain boundary t, t'layer thickness H, H'(average) grain diameter V, V'(average) grain diameter
Claims I. A method for coating of a first substrate (1) with a first diffusion bond layer (5) by
deposition of a first material which forms the first diffusion bond layer (5) on a first surface (10) of the
first substrate (I) such that the first diffusion bond layer (5) forms a grain surface with an average grain
diameter H parallel to the first surface (lo) smaller than 1 um. 2. The method as claimed in Claim
1, wherein the first diffusion bond layer (5) on the grain surface forms an average grain diameter V
transversely to the first surface (lo) less than | unt especially less than 100 nm, preferably less than 10
rim, even more preferably less than 1 urnRefereBedinentretivod as claimed in one of the preceding
claims, wherein the first diffusion bond layer (5) is applied with an average thickness t transversely to
the first durface (10) 853 $er¥aaum, especially less than 100 nm, preferably less than 10 nm, even
more preferably less than 1 nm. 4. The method as claimed in one of the preceding claims, wherein
between lthe first diffu&idABond layer (5) and the first substrate (1) at least one further intermediate

layer (5',.5") which haIs been produced especially by an electrochemical deposition process is formed.
pi ayer system

3 second substrate

30 surface

4 layer system

4p, 40’ surface

5 diffusion bond layer

5, 5" intermediate layers

6 grain

7 grain boundary

it fayer thickness

H, H {average) grain diameter

v,V (average) prain diameter



5. The method as claimed in one of the preceding claims, wherein the first diffusion bond layer (5) is
produced by physical gaseous phase deposition and/or chemical gaseous phase deposition. 6. A
method for bonding of a first substrate (1) coated as claimed in one of Claims Ito 5 with a second
substrate (3) which has a second diffusion bond layer or a substrate with a "standard layer" with the
following steps, especially the following sequence: contact-making of the first diffusion bond layer (5)
of the first substrate (I) with the second diffusion bond layer of the second substrate (3) or a substrate
with a "standard layer". pressing the substrates (1,3) together for forming a permanent metal diffusion
bond between the first and second substrate (1{8%ms 7. The method as claimed in Claim 6, wherein
the permanent bond has a bond strength of er than 1.5 J/m2, especially greater than 2 J/m2,
preferably greater than 2.5 J/m2. 8. The method as claimed in Claim 6 or 7, wherein the pressing
together takes place at a pressure between 0.1 and 10 MPa. 9. The method as claimed in one of

Claims 6 to 8, Whrerihak wrspaing et thessatshduitugiBriordidyerbyatdusade Buch that the
iston P 3 S AR e QI RET B RGBS 8 Gy e RSOt e
Petwee O e SR e T e PR TR Btic oven more
preferably fetv e MAM-E TS MAAI M pslBIatlbefiypen room temperature and 0C,
pecially dufing a maximum 12 days, preferably a maximum 1 day, even more preferably a maximum
1 hour, best a mapiEWehd EMHRS! in Claim 1, wherein the first diffusion bond layer (5) on the grain
surface forms an average grain diameter V transversely to the first surface (10) less than 1 pm,
especially less than 100 nm, preferably less than 10 nm, even more preferably less than 1 nm
3. The method as claimed in one of the preceding claims, wherein the first diffusion bond
layer (5} is applied with an average thickness t transversely to the first surface (10) less than | pm,
especially less than 100 nim, preferably less than 10 nm, even more preferably less than 1 nm.
4. The method as claimed in one of the preceding claims, wherein between the first
diffusion bond layer (5) and the first substrate (1) at least one further intermediate layer (5, 5)
which has been produced especially by an electrochemical deposition process is formed.
3. The method as claimed in one of the preceding claims, wherein the first diffusion bond
layer (5) is produced by physical gaseous phase deposition and/or chemical gascous phase
deposition.
6. A method for bonding of a first substrate {1) coated as claimed in one of Claims 1 to 5
with a second substrate (3} which has a second diffusion bond layer or a substrate with a "standard
layer” with the following steps, especially the following sequence:

- contact-making of the first diffusion bond layer (3) of the first substrate (1) with the second
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diffusion bond layer of the second substrate {3} or a substrate with a "standard layer”,

- pressing the substrates (1, 3) together for forming a permanent metal diffusion bond

between the first and second substrate (1, 3).

7. The method as claimed in Claim 6, wherein the permanent bond has a bond strength of
greater than 1.5 J/m’, especially greater than 2 J/m?, preferably greater than 2.5 J/m®,

8. The method as claimed in Claim 6 or 7, wherein the pressing together takes place at a
pressure between 0.1 and 10 MPa.

9. The method as claimed in one of Claims 6 to 8, wherein the first and/or the second
diffusion bond layer (5) are made such that the diffusion bond layer takes place as solid diffusion,
especially at least largely as grain boundary diffusion.

10. The method as claimed in one of Claims 6 to 9, wherein the formation of the permanent
bond takes place at a temperature between room temperature and 500°C, especially between room
temperature and 200°C, preferably between room temperature and 150°C, even more preferably
between room temperature and 100°C, most preferably between room temperature and 50°C,
especially during a maximum 12 days, preferably a maximum 1 day, even more preferably a

maximum 1 hour, best a maximum 15 minutes.



