Method for Permanent Bonding of Wafers Specification This invention relates to a method for
bonding of a first contact surface of a first substrate to a second contact surface of a second substrate
as claimed in Cla 1 The objective in permanent o Teversible bonding of substrates is to produce
an interconnection which is as strong and especiallyirreversible as possible, therefore a high bond
force, between the two contact surfaces of the subsu-ates. There are various approaches and
production methods for this purpose in the prior art.  The known production methods and the
approaches which have been followed to date often lead to results which cannot be reproduced or can
be poorly reproduced and which can hardly be lied especially to altered condition methods which are

often useperautres. espec400CLeRrQAUSIDE, [EShon: BLESARIGALWRIRRIEMS such as high energy

consumption and a possible destruction of structures which are present on the substrates result from
the high temperatures to some extent far above 300C which have been necessary to date for a high
bond force. Other demands consist in the following:sdront-end-of-line compatibility. This is defined as
the compatibility the process during the production of the electrically
This invention relates to a method for bonding of a first contact surface of a first substrate 1o
a second contact surface of a second substrate as claimed in Claim 1.
The objective in permanent or irreversible bonding of substrates is to produce an
mierconmection which is as strong and especially as irreversible as possible, therefore & high bond
force, between the two contact swrfaces of the substrates, There are various approaches and
production methods for this purpose in the prior ar.
The known production methods and the approaches which have been followed 10 date often
lead to results which cannot be reproduced or can be poorly reproduced and which can hardly be
applied especially to altered conditions. In particular. production methods which are used at present
oiten use high temperatures, especially > 400°C, in order 1o ensure reproducible resulis.
Technical problems such as high energy consumption and a possible destruction of
structures which are present on the substrates result from the high temperatures to some extent far
above 300°C which have been necessary to date for a high bond force.
Other demands consist in the following:
- front-end-of-line compatibility.
This 1s defined as the compatibility of the process during the production of the electrically
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



active components. The bonding process must therefore be designed such that active components
such as transistors,h are already present on the structure wafers, neither adversely affected nor
damaged during the processing. Compatibility criteria include mainly the purity of certain chemical
elements (mainly in CMOS structures) and mechanical loadabi di, , m.aini by thermal stresses. low
contamii no application of force. temperature as low as possible, especially 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. The object of
this invention isstharefaredardeviseanniethed torcarefutpraductidonofrapenmanent bond with a bond
force which is as high as possible at a temperature which is at the same time as low as possible. This
object is achievee:withcthedbatiresof ClanihtmAdvantageous developments of the ivention are given

in the dependent claims. All combi lions of at least twcthe features ul
low contarmination.

- no application of force.
- temperature as low as possible, especially for materials with different coefficients of
thermal expansion,

The reduction of the bond force leads to more careful weatment of the structure water and
thus to a reduction of the failure probability by direct mechanical Joading.

The object of this invention is therefore 1o devise a method for carefill production of a
permanent bond with a bond force which is as high as possible at a temperature which 1s at the
same tirme as low as possible.

This object is achieved with the features of Claim 1. Advantageous developments of the
invention are given in the dependent claims. All combinations of at least two of the features given
in the specification, the claims and/or the figures also fall within the framework of the invention. At
the civen value ranges, vatues within the indicated limits will also be considered to be disclosed as
boundary vahues and wil be claimed in any combination.

The basic idea of this invention is to devise a reservoir for holding a first educt at least on
one of the substrates, which educt reacts after making contact or producing a temporary bond
between the substrates with a second educt which is present in the other substrate, and which thus
forms an irreversible or permanent bond between the substrates. Before or afier forming the
reservoir in one surface layer on the first contact surface, generally cleaning of the substrate or

substrates, especially by a flushing step, occurs. This cleaning should generally ensure that there are

[



in the specibcauon. the c." cgor the fiuures also thu within he framework. of the i.nvention. At the given
value ranges, values within the indicated limits will also be considered to be disclosed as boundary
values and will be claimed in any combination. The basic idea of this invention is to devise a
reservoir for holding a first educt at least on one of the bstrates, which educt reacts after making
contact or producing a temporary bond between the substrates with a second educt which is present in
the other substrate, and which thus forms an irreversible or permanent bond between the substrates.
Before or after forming the reservoir in one surface layer on the first contact surface, generally
cleaning gf,the:substrate Qrsulsitates.eapreially, yha-flushing step.gscUrseTRis sleaning should
generally ensure that there are no particles on the surfaces which would result in unbonded sites. The
surface laget-asglaimediin theiaventibnconsistsratdeastanasily. of dnativeecialljrokide imaterial,
preferably of nat.ve silicon dioxide. A layer of native material can be made especiallyso that the
reactions iprovidédoasticiaiimet layehe mventiomifil stretlustdr firstgioupwithitalskcondietduct or a
second group). especially diffusion processes, due to the reduced distances between the reaction
partners. BN frdceddaspacialy Fromp NS OARE OPPEEING SEEorEeohtdbt SiFaee %S claimed in the
invention there can be a growth laver in which the deformation as claimed in the invention ak s place
and the fifSPEYUCPE NGt Grolisy FEactE It the SECohtFEEICE (BF the' SECEHH gFBURY present in the
reaction I% of th seconﬁl subst[i%'_(%g%accelerate the rea%i n bfetween thg dfi};}s gduct (or the first

[ TOCELEH C3REc] JRSIEa]Es) € OIpOsing S& o contact surtace as Clamgy . .
group) and thHe SR Y{orihe sécond’ roupf it can be prow&ed as claimed in the invention that

the growthy layer logated between the. reacuon layerof the secand.subsirate and,ihe tgservoir be

thinned before the substrates make contact since in this way the distance between the reaction

partnersagdgfarmationifarmation: efthecic.ed in.the.dnyventioris mpstly: preferablycompletely, by the
thinning. The growth layer grows again in the reaction of the first educt with the second educt even if it

has been gerapletely removed.cr of As elaimedhinihelinventiondhere eapemeansdarinhibiting the
growth of the growth layer before the contact surfaces make contact, especially by passivanon of then
layer of thaiseconti=siubstrate} préferablyridyedxposuire soX2 dommingagds proaraiert dgmosphere or
under a vacuum or by amorphization. In this connection treatment with plasma which contains fo.ming
aas especially BORBISE ateIyerrming Gasd has protsricaspaciany Sulaperderedsinmy gas is
defined as gases which contain at least 2%, better 4%. ideal] 10% or 15% h(}(drogen. The

the reservorr be thinned before the substrates make contact sirice m this way the distance between

the reaction parters is reduced and at the same time the deformation/formation of the growth layer

as claimed in the inverition s promoted. The growth laver 18 removed at least partially, especially

mostly, preferably completely, by the thinning. The growth laver grows again in the reaction of the

first educt with the second educt even if it has been completely removed.

As claimed in the invention there can be means for infubiting the growth of the growth laver

before the contact surfaces make contact, especially by passivation of the reaction layer of the

second substrate, preferably by exposure to N, forming gas or an inert atmosphere or under a

vacuum or by amorphization. In this connection treatment with plasma which contains forming gas,

especially consists largely of forming gas, has proven especially suttable. Here forming gas is

I

defined as gases which contain at least 2%, better 4%, ideally 10% or 15% hydrogen. The



ing portion of the mixture consists of an inert Gas such as for example nitrogen or argon.

Kiternativelt, or ins as c.iai.rned in the rmmrmze the time ween. the thinning and the fomaatio of the
reservoir/reservoi.rs and the contact-making, especially <2 hours, preferably <30 minutes, even more
preferably < 1.5 minutes, ideally < 5 minutes. The diffusion rate of the educts through the growth
layer is increased by the ovth layer (whichbeen optionally thinned and thus is very thin atatbeginning of
the formation of the permanent bond or at the start of the action). This 'ad to a shorter transport time of
the eduets at the same temperature. The reservoir and the educt contained in the reservoir create

the technical,possibility.ofinducing acreaction whieh increasesithebopringrsgaed agsh strengthens the
permanent bond directly on the contact surfaces after producing the temporary or reversible bond in a

controlled mannekcespesially:byidefermilgastane-0fithecantact surfateswXithie reacti-intact surface
opposite the reservoir. The formation of the reservoir, specially by plasma activation, is chosen as
claimed imtheninvéntionesuchethate hubble formationrisiavoidbd:Preferatsiy forplasiia activation ions of
gas molecules are used which are at the same time suitable for reaction with the second educt,
especialocesparivAothedestadi ot s PEsURE I tAATTBSSIoIE By AU avRicH TBUIY ise in the
reaetion of the first educt with the second educt are avoided. The size of the servoir is set as
claimed inE8nveRiBIt&uch that pores on the contact surface between the substrates can be closed

as completely ag.possible by means.of e rowth of the orouth laver, Jghfs Jag Aegpeyoir must be
large enough to be able to'hofd enoug'ﬁ of the Tlrs‘t “ . )

(which has been optionally thinned and thus is very thin at least at the beginning of the formation of

the permanent hond or at the start of the reaction). This leads to a shorter transport time of the

educts at the same temperature.

The reservoir and the educt contained in the reservolr create the technical possibility of
inducing a reaction which increases the bonding speed and strengthens the permanent bond directly
on the contact surfaces after producing the temporary or reversible bond in a controlled manner,
especially by deforming at least one of the contact surfaces hy the reaction. preferably the contact
surface opposite the reservoir,

The formation of the reservoir. especially by plasma activation, is chosen as claimed in the
invention such that bubble formation is avoided. Preferably for plasma activation ions of gas
molecules are used which are gt the same time suitable for reaction with the second educt,
especialiy correspond 1o the first educt. This results in that possible byproducts which could anse in
the reaction of the first educt with the second educt are avoided.

The size of the reservoir is set as claimed in the invention such that pores on the contact

surface between the substrates can be closed as compietely as possible by means of the growth of

the growth layer. That is, the reservoir must be large enough to be able to hold enough of the first



eduet in order to be able to produce therewith a relatively thick/voluminous growth layer by reaction of
t.he first. educt with. the second educt filch is present in the react.ion. layer. The size must however be
small enough to accommodate as little excess first educt as possible which cannot react with the
reactionThis largely prevents or precludes bubble formation. In-situ processing is advantageously
carried out to intercalate an educt as pure as possible in the reservoir, and nonreacting species are
excluded as much as possible. For the prebonding step, for producing a temporary or reversible
bond between the substrates there are various possibilities with the objective of producing a weak

interactiopshetweenthe-cantact susfaces-elthe.suhstatesi The prebendsirengtbsiare below the
permanent bond strengths, at least by a factor of 2 to 3, especially by a factor of5. preferably by a
factor of 15 cstil midrefpreferablyib:a-factor efi25 +Asiguigeline values:therprebontestrengths of pure,
nonactivated, hydrophilized siliconroughly 100 milm2 a.nd of pure, plasma-activated hydrophilized
silicon witleretghty 200 <300 mitm2raredrentibhied: Thelpretontds vetivserh thiecialécete-wetted
substrates arise mainly due to the van-der-Waals interactionsthe molecules of the different wafer
sides. ActBIdiRyIsaHIMY M OBt WiR BeR Bt SD BIEHR SPFERIS are suitable for enabling
prebends between wafers. The following chemical compounds are mentioned as inter%?nnect agents

: 9 | . : e
by way of example! BATRGE et 1HEFELS S WataH-S i Sl AP At <0t & purt & possore

the reservoir, and nonreacting species are excluded as much as possible,

For the prebonding step, for producing a temporary or reversible bond between the
substrates there are various possibilities with the objective of producing a weak interaction between
the contact surfaces of the substrates. The prebond strengths are below the permanent bond
strengths, at teast by a factor of 2 to 3, especially by a factor of 5, preferably by a factor of 15, stil]
more preferably by a factor of 25. As guideline values the prebond strengths of pure. nonactivated.
hydrophilized silicon with roughly 100 ml /m* and of pure, plasma-activated hydrophilized silicon
with roughly 200 - 300 mi/m” are mentioned. The prebonds between the molecule-wetted
substrates arise mainly due to the van-der-Waals imeractions between the molecules of the different
wafer sides. Accordingly, mainly molecules with permanent dipole moments are suitable for
enabling prebonds hetween wafers. The following chemical compounds are mentioned as
miterconnect agents by way of example, but not limited thereto
= water
- thiols
- AP3000
- silanes and/or

- silanols.



es and/or - silanols. Suitabubstrates as claimed in the in.vention are those whose material is able to
react as an lother suppli.ed educt to form a product with a. higher molar volume, as a result of which
the formation of a growth layer on the substrate is caused. The following combinations are especially
advantageous, to the left of the arrow the educt beina named and to the right of the arrow, the
product/products, without the supplied educt or byproducts which ream with the educt being named in

particular: Si02, SiiN4, Si - Cie Ge02, Ge3Nd - a-Sn SnOi - B B203, BN - Se Se01 - TeTe03 MgO.
MQgiN2 - Ad Al203, AiN - Ti Ti02, TiN 05

Suitable substrates as claimed in the imvention are those whose material 1s able to react as an
educt with another supplied educt to form a product with a higher molar volume, as a resuit of
which the formation of a growth laver on the substrate is caused. The following combinations are
especially advantageous, 1o the left of the arrow the educt being named and to the right of the arrow,
the product/products, without the supplied educt or byproducts which react with the educt being
named in particular:

- Si - S0, SN, SINO,
- 58 G‘ﬁ@g‘, GegNa

- g-5Sn - Snin

- B — B3 BN

- Se — Se(y,

- Te — TeO,, TeOs

- Mg — MgO, MgN»

= Al AL, AN

» 11— Ti0s, TiN

-V s Va0

- Mn — MnO, MnO,, MnOs, MnaOs, MOy
- Fe — Fe(l, FeyUs, e Uy
- g C(}Oa CO}O;;,

= Ni == Ni0, Nip(h

- Co— Cu0), Cu(0, CugN

-Zn - 7n)

(oA



- Mn MnO, Mn02, Mr1203, Mn20r, Mr1304 Fie - FeO. Fe203, Fe304 - Co Co0O, Co304, NiNiO, Ni203

Cu CuO, Cu20, CIO Zn ZnO - Cr --i CrN, Cr23C6, Cr3C, Cr7C3, Cr3(- Mo - TiTIC Nb -4 Nb4C3 Ta
TadC3 - Zr ZrC

- Cr— CrN, CroaGy, CniC, GGy, GGy
- Mo Mo:Cs
=T TIC
- Nb — Nba(Cs
-Ta — TaCy
-y — ZxC
- Hf — HfC
-V =V (05, VC
- W — WL, WC
- Fe — FeyC, FerCs, FaaC
The foliowing mixed forms of semiconductors are also conceivable as substrates:
- TI-V: GaP, GaAs, InP, InSh, InAs, GaSb, GaN. AIN, InN,
Al GaAs, I Ga N
- IVAIV: 512, S1Ge,
- TH-TV: InAlP,
- nonlinear optics: LiNbCy, LiTaOs, KDP (KHyPOs)
- solar cells: CdS, CdSe, CdTe, CulnSe;, CulnGaSe;, CulnS,, Culnas,
- conductive oxides: . SnxOs.,
As claimed in the invention, on at least one of the wafers and directly on the respective
contact surface there is the reservoir (or reservoirs) in which a certam amount of at least one of the
supplied educts for the volume expansion reaction can be stored. Educts can therefore be for

example Oy, O3, H;0, No, NH;, Ha0,, ete. Due 1o the expansion, especially dictated by oxide



tTwV4C3, VC - W W2C, WC - Fe , Fe3C, Fe7C3, Fe2C The following mixed forms of semiconductors
are also conceivable as substrates: GaP, GaAs, InP, InSb, InAs, GaSh, GaN, AIN, InN, AixGah, -SiC,
SiGe, 111-1V: - nonlinear optics: 141\11)03, LiTa03, KDP (K.H2PO4) - solar cells: CdS, CdSe, CdTe,
CtnSe2. Cul GaSei CuinS2, CulnGaS2 - conductive oxides: hit),Snx03, As claimed in the
invention, on at least one of he wafers and directly on the respective contact surface there is the
reservoir (or reservoirs) in which a certain amount of at least one of the supplied educts for the volume
expansion reaction can be stored. Educts can therefore be for example 02, 03, 14)0, N2, N143,1120:),

etc, Due EQO@%%QM% eshecialydictated by @xide; reduce system energy, possible gaps,
nores, and cavities between the contact surfaces are minimized and the bond force is increased
accordingly by narrowing the distances between the substrates in these regions. In the best possible
case the existing gaps, pores and cavities are completely closed so that the entire bonding area
increases and thus the bond force as claimed in the invention rises accordingly.

The contact surfaces conventionally show a roughness with a quadratic roughness {(Rq) of
(.2 nm. This corresponds 1o peak-to-peak values of the surfaces in the range of 1 nm. These
empirical values were determined with Atomic Force Microscopy (AFM).

The reaction as claimed in the invention is suitable for allowing the growth layer to grow by
0.1 to 0.3 num for a conventional wafer surface of a circular wafer with a diameter of 200 1o 360 mm
with 1 monolaver (ML) of water.

As claimed in the invention it is therefore provided i particular that at least 2 ML,
preferably at least 5 ML, even more preferably at least 10 ML of fiuid. especially water, be stored in
the reservoir.

The formation of the reservoir by exposure 1o plasma 1s especially preferable. since plasma
exposure moreover causes smoothing of the contact surface and hvdrophilization as synergy effects.
The surface is smoothed by plasma activation predominantlv by a viscous flow of the material of
the surface laver. The increase of the hydrophilicity takes place especially by the increase of the
silicon hvdroxyl compounds, preferably bv cracking of $i-O compounds present on the surface,
such as Si-0O-8i. especially according to the following reaction:

Si-0-Si + HoO == 2S:10H

Another side effect, especially as a result of the aforementioned effects, consists in that the

(o)



growth, based on the tendency of the reaction partners to reduce system energy, possible gaps,
pores. and cavities between the contact surfaces are minimized and the bond force is increased
accordingly by narrowing the distances between the substrates in these regions, In the best possible
case the existing gaps, pores and cavities are completely closed so that the entire bonding area
increases and thus the bond force as claimed in the invention rises accordingly. The contact
surfaces conventionally show a roughness with a quadratic roughness (RO of 0.2 nm. This
corresponds to peak-to-peak values of the surfaces in the range of | nm. These empirical values were

determine with MOMIE GAGE MIGIOSCORY UARM)., or 21he reaction as claimed in the invention is
: j ;

suitable for allowing the growth layer to grow by 0.1 to 0.3 run for a conventional wafer surface of a
circular wafer withe a:giameter:f 200:10.300,mme with:-Lmenalayer(Wil)ofwater..As.elaimed in the

nvento'ore provided in particular that at least 2 MI_ ably at least 5 MI_ even mor the reservoir. ation of
the reservpifchy iexpastreno plasmiaiisiespetiallypreferableplabmarexposure: Miareaver causes
smoothing of the contact surface and hydrophiliz icsynergy effects. The surface is smoothed by
plasma aetivation ipfedom ianthyiy: aviscousflowtof: tHehmbts Habwbthe/sokfasetayeraFhe increase of
the hydrophilicity takes place especiallythe increase of the silicon hydroxyl compounds, preferably by
cracking (‘fi‘fi@ia@%b%fﬁ?é GEPprdu LS i ACEEHT BY SiEcRSn CYpeeily HcE6rdihg to the
following gg%gé%? :a! so activated or an additional reservoir is formed to which the features described for the

first reservoir apply analogously. The plasma activation is carried out in a vacuum charnber in order

to be able to adjust the conditions necessary for the plasma. As claimed in the inventior, for the

plasma discharge N gas, O; gas or argon gas with ion energies in the range from 0 to 2000 &V 1s

used, as a resuit of which a reservoir is produced with a depth of up to 10 nm. preferably up to 3

nrm, more preferably up to 3 nm, of the treated surface, in this case the first contact surface, As

claimed in the invention any particle type, atoms and/or molecules which are suitable for producing

the reservoir can be used. Preferably those atoms andl/or molecules are used which the reservoir

nroduces with the required properties. The relevant properties are mainly the pore size, pare

distribution and pore density, Adternatively, as claimed in the invention gas mixtures such as for

exampie air or forming gas consisting of 95% Ar and 5% H- can be used. Depending on the gas

used. in the reservoir during the plasma treatment among others the following ions are present: N+,

Nyt+, O+, O+, Ar+. The first educt can be accommodated in the unoccupied free space of the

reservoir/reservoirs. The surface laver and accordingly the reservoir can extend into the reaction

laver.

Advantageously there are different types of plasma species which can react with the reaction

layer and consist at least partially, preferably mostly of the first educt. To the extent the second

WLy



Si-O-Si + H20 - 2SiOH Another side effect esneciallv as a result of the aforementionedts, consists in
that the prebond strength is improved especially by a factor of 2 to 3. Th.e reservoir in e surface
layer on the first contact surface of the first substrate (and optionally of a second reservoir in the
surface layer on the second contact surface the second substrate) is formed for example by plasma
activation of the first substrate which has been coated with a native oxide, especially silicon dioxide.
Advantageously the second surface of the second surface is also activated or an additional reservoir is
formed to which the features described for the first reservoir apply analogously. The plasma activation

is carried gut. iph% )é@%ld@“lﬁf%%@ rrder 19 ngm_ﬂt&a@ust the conditions necessary for the plasma.
Ll SUST S ot Fafvama .

As claimed in the invention, for the plasma discharge N2 gas, 02 gas or argon gas with ion energies in

the range from @ 10.2000.eY, isxsed,a3a result.ofwhich-argsenveirisproduced-with & depth of up to
10 nm, preferably up to 5 nm, more preferably up to 3ated surface, in this case the first contact

surface. Aside afkimtRecaventioB.anyparticlevsrpe; atoms ardlersmaleculas-whichare suitable for
produci the reservoir can be used. Preferably those atoms anf..olecutes are used which the reservo
produceswittnthesrequ red:propediieso Phebielevamnicproe ttiésrang rainlypthezpore size, pore
distribution and pore density. Alternatively, as claimed in the invention gas mixtures such as for
example airoidainingyasiedrsidingubsgses e erveh B ¢1s casnyel lisercDependingisaithe gas used,
in the reservoir during the plasma treatment among others the following ions are present: N-2-. Nsf,
0+, 02+, BAVIRPTETeRNBI S HbEbHo At ?ﬁ&ﬁ%ﬁ&%ﬁi@%ﬁ%ﬁé‘é@@fd%’iﬁ&éﬂw or
reservoir/reservoirs. The, sur\%ace layer and accordingly the reservoir can extend into the reaction layer.
Advantad%ggﬁéffo%&%%ﬁr@{ai 8%‘?\?@1 S 5FStasma species which can react with the reaction layer and

consist at least partially, pref ?&%%X Postly, ofdhe st educt; Fathe. %%lﬂ%e&%éﬁ?zéﬁ%%ﬁ%eﬁ%a s SiSl,

an 0, plasma species would be advantageous. Advaritageously mainly oxygen ions are used sith Si to

fonin silicg, nm. preferably smaller than 5 nm. more preferably smaller than 1 nm, even more preferably
smaller than 0.5 nm, most preferably smalier than 0.2 nm.

The pore density is preferably directly proportional to the density of the particles which
oroduce the pores by striking action, moest preferably can even be varied by the partial pressure of
the striking species. and depending on the treatment time and the parameter, especially of the
plasma svstem used.

The pore distnbution preferably has at least one region of greatest pore concentration under
the surface, by vaniation of the parameters of several such regions which are supenimposed into a
nreferably plateau-shaped region (see Figure 7). The pore distribution converges toward zero with
increasing depth. The region near the surface during bombardment has a pore density which i
almost identical to the pore density near the surface. After the end of plasma treatment the pore
density on the surface can be reduced as a result of stress relaxation mechanisms. The pore
distribution in the thickness direction with respect to the surface has one steep flank and with

respect to the bulk a rather flatter, but continuously decreasing flank {see Figure 7).



ide and therefore do not bond again to oxygen molecules. The preferred bonding to silicon prevents
oxygen gas from leading to bubble formation after the bond process. Analogous considerations apply
to the other substrate - gas combinations. Generally therefore that ion species is always preferred
which can bond more easily in the system and which has a very ow tendency or none at all to pass
into the gaseous state. The reservoir is formed based on the following considerations: The oore
size is smaller than 10 nm, preferably smaller than 5 nm more preferably smaller than I rim, even more
preferably smaller than 0.5 nat most preferably smaller than 0.7 nat The pore density is preferably

directly proPOf“@J}%éb%ﬂ%ﬁ%ﬂﬁ%ﬁﬁ% Rafisles whichRreduce e Rotas Y-Stking action; most

preferably can even be varie partial pressure of the'striking spec]and depending on the treathe
paramete,.g.sReciallv of theplasma. system used. The pore distribution preferably: has at east one
reaio f greatest pore concentration under the surface, by variation of the parameters of several such
regions which are-superimpeseddnigradreterablyplatead-shaped region(seefigute:rt). The pore
distribution converges ward zero with increasing depth. The region near the surface during
bombarditient Aasavpeorepdensityowhich-aimostidentidaktotdeiporendensitynganthessurface. After the
end of plasma treatment the pore density on the surface can be reduced as a result of stress
relaxatiorfirsieh ehiserisrTivsi poferdisatibutideomtigattickne sgdirsehiHo Witd1espect 6 e surface has
one steepand with respect to the hulk a rather flatter, hut continuously decreasing flank (see Figure 7).
For the pBre&igdoné ‘g%%?&igﬁi%%ﬁ‘%ﬁd‘%ﬁ?%ﬁgify‘, ety e ply to all methods

not produc.e vrvitg lasma. Tg{ir,seﬁ /0ir can,be dggi ned b ntrolled use and combination of
process 5’8?5%{%? rggﬁlf’gﬂ%ef%?? \ 1%%ﬁ%k@%&ﬁ%ﬁi&ﬂ“&‘%é &6 5§ﬁﬁgﬁ&\ﬁoﬂ%§3cd§ %ﬁﬁrogen toms by

plasma ag & WPallon.elisaenetationdepiiote aliean fide, BYsl. dwiasfossibie fo produce two

profiles by variation of the physical parameters. The first profile 11 was produced by more highly

accelerated atams | redeaplyindheisiican axide.iconversehnthe perredused aflaraltering the
process parameters in a lower density. The superposition of the two profiles yields a sum curve 13

which is chiakactpesticdareservoir.Eheselationshindeetwegn-tber coneenttationnate regions

with higher defect structure, therefore more space to accommodate the subsequent educt. A
continuous change of the process parameters which is controlled especially in a dedicated manner
during the plasma activation makes it possible 1o achieve a reservoir with a distribution of the
added 1ons over the depth, which {distribution) 13 as umiorm as possible.

According to one embodiment of the invention. the filling of the reservoir can take place
especially advantageously at the same time with the formation of the reservoir by the reservoir
being applied as a coating to the first substrate, the coating already encompassing the first educt.

The reservoir is conceivable as a porous taver with a porosity in the nanometer range or as a
laver which has channels with a channel densitv smaller than 10 nm. more preferably smaller than 5
nm, even more preferably smatler than 2 nm, most preferably smaller than 1 nm, most preferably of
ail smaller than 6.5 nm,

For the step of filling of the reservoir with a first educt or a first group of educts, as claimed



of the injected atom and/or molecule species is evident. Higher concentrations designate regions with
higher defect structure, therefore more space to accommodate the subsequent educt. A continuous
change of the process parameters which is controlled especially in a dedicated manner during the
plasma activation maks it possi.hle to ac.hieve.seir with, a distrihuti.on of the added ions over the
depth, which istribution)fonn as possible. According to one embodiment of the invention, the filling of
the reservoirtake place especially advantageously at the same time with the forma on of the reservoir
by the reservoir being applied as a coating to the first substrate the coating already encompassing the

first educt;, . FHEESAVGANGLARIEAS A DRIHSIANETMIN ARRTaSty the nanometer range or
S Wi

as a layer which has channel a channel density smaller than 10 nm. more preferably smaller

than 5 nm. even@m@a@@mjeé@b{y};gmaﬂggmi%tmpmgst preferably smaller than 1 um, most
preferably of all smaller than 0.5 nm. For the step of filling of the reservoir with a first eduet or a first

group of edu ts, &ssclaimat cipathidlinkention tha«ollowing embodiments also in combination, are cc
eiva.ble: exposing the reservoir to the amhien flushing with especially deionized water, flushing with a
fluid which contdinshinevathuet vdwhich consistsofdtcespauiallye28stHZ02specially HO, HaOn,

NH,0H, O,
- exposing the reservoir to any gas atrnosphere, especially atomic gas. molecular gas, gas
mixtres,

- exposing the reservolr to a water vapor- or hvdrogen peroxide vapor-containing atmosphere.

The foliowing compounds are possible as educts: O, Ga, O, No, NH5, HaO, HaO-, andfor
NHLOH.

The use of the above cited hydrogen peroxide vapor is regarded as the preferred version in
addition 1o using water. Hvdrogen peroxide furthermore has the advantage of having a areater
oxvgen to hydrogen ratio. Furthermore., hvdrogen peroxide dissociates above certain temperatures
and/or via the use of high frequency fields in the MHz range into hydrogen and oxygen.

Mainly when using materials with different coefficients of thermal expansion the use of
methods for disseciation of the aforementioned species which do not cause any noteworthy
temperature increase or at best a local/specific temperature increase 1s advantageous. In particular
there is microwave irradiation which at least promotes, preferably causes the dissociation.

According 1o another advantageous embodiment of the invention it is provided that the
formation of the growth layer and strengthening of the irreversible bond takes place by diffusion of

the first educt into the reaction laver.



- NH40H, 0: exposing the reservoir to any gas atmosphere, especially atomic gas, molecular gas, gas
mixtures, exposing the reservoir to a water vapor- or hydrogen peroxide vapor-containing atmosphere.
The following compounds are possible as educts:O. OA, N2. NH3, 1420, H202, and/or N14401-1.

The use of the above cited hydrogen pero.xide vapor is regarded as the preferred version in acichUon
to usmHydrogen peroxide furthermore hasadvantage ogreater

emperalku and/or via the use of high frequency fields in the MHz range into hydrogen and oxygen.
Mainly when using materials with different coefficients of thermal expansion the use of methods for

dissociation of the. afgrementioned:species, Whieh danoLcaUsE A0YNPIEWaUhy temRgrature increase

or at best a local/specific temperature increase is advantageous. In particular there is microwave
irradiationyhigh-al-least-prometes. preferably. causes.the dissegiationess Acearding to another

advantageous embodiment of the inventiondeci that the formation of the growth layer and
strengthening efdheirmeversibleonddakesplace by diffusion of the-firstreduebintesthieareaction layer

100°C, most preferably at room temperature. especially during a maximum 12 days, more
preferably a maximum | day, even more preferably a maximum 1 hour, most preferably a
maximum 15 minutes. Another advantageous heat treatment method 1s dielectric heating by
MICTOWaves.

Here it is especially advantageous if the irreversible bond has a bond strength of greater than
1.5 J/m”, especially greater than 2 T, preferably greater than 2.5 It

The bond strength can be increased especially advantageousty in that during the reaction, as
claimed in the invention a product with a greater molar volume than the molar volume of the
second educt is formed in the reaction laver, In this way growth on the second substrate is effected,
a5 a result of which paps between the contact surfaces can be closed by the chemical reaction as
claimed in the invention. As a result, the distance between the contact surfaces, therefore the
average distance, 1s reduced. and dead spaces are minimized.

To the extent the formation of the reservoir takes place by plasma activation, especially with
an activation freguency between 1 and 600 kHz and/or a power density between (.075 and 0.2
watt/em” and/or with pressurization with a pressure between 0.1 and (.6 mbar, additional effects
such as smoothing of the comact surface and also a clearly increased hydrophilicity of the contact
surface are effected.

According to another advaniageous embodiment of the invention it i1s provided that the

reaction laver consists of an oxidizable material, especiaily predominantly, preferably essentially



According to another advantageous embodiment of the invention it is um-Med that the formation of the
irreversible bond takes place. at a tem.perature of typically ie.ss than0O advantageously less than
200C, more preferably less than 150C, even: more preferably less than 100C, most preferably at room
temperature, especially during a maximum 12 days, more preferably a maximum | day, even more
preferably a maximum 1 hour, most preferably a maximum 15 minutes. Another advantad4eous heat
treatment method is dielectric heating by microwaves. Here it is especially advantageous if the'hie
bond has a bond strength of greater than 1.5 Em2, especially greater than 2 Em2" preferably greater

than 2.5 %&@n&;m@ﬂﬁ%@a@%ﬁr%t& ean, ﬂeg%e@;ﬁﬂoa%a{%!kx; afvantagenpslyin.hat guring the

reaction as claimed In the invention a product with a greater molar volume than the molar volume of
the second educt is f 9%;5@891k”q¥£k%ef§%%&§'9m!§%@fL,sHad%Biﬁ, way-grawth.en the second sustrate is
effected, as a result of which gaps between the. contacthe closed by the chemical reaction as claimed
in the invm.gﬁ%ﬂd}@ﬁﬂlt, the. distance between the contact surfaces.. therefore the average
distance is reduced, and dead spaces are minimized. To the extent the formation of the reservoir
takes place by plasma agtivationdespacially:with :an activatiomfredibrieydetwesniiGana600 kHz
and/or a power density between 0.075 and 0.2 wabdem?2 and/or with pressurization with a pressure
between §ufzanand Garierombditiorrat iffeety Suthcas srodthingloring toptast surfaée and also a
clearly increased hydrophi hefty of the contact surface are effected. According to another
advantag@8lis R mBEANME A 6PTRE TR ATE TR 18 RSV ety bisat the FEHLHOR R e ESHSINSE &F an
oxidizable material, especially predominantly, preferably. completely,of Si, Ge,. InP, GaP or GaN or
one of th&' BTHEF %%‘ﬁé@fﬂ‘éﬁﬁ&%ﬂ% éﬁwegﬁ\%?ﬂﬁcfﬁg%. 1”oo\‘/#'[r({a%étt.y Eﬂrﬁf%gﬁp%glé § Sthble reaction-sot
ally effectiely closes e =0 gans.5.e0a0ed br.oMdRIAN. . Hiaie itis Aekedlalivadyantageous
as claimed in The invention It between the second contact surface and the reaction layer there is a

growth layer. especially, predominantly f pative exide matstialipreferably silicon.digxidesdhe gowth

layer is subject to gowth caused by the reaction as claimed in the invention. The growth takes place
proceeding{rom thetransilion SksiRe byiteformation af anonphous: 50 ardutte-defarnation caused

thereby, especially bulging, of the growth layer, especially on the interface to the reaction layer, and
especiallyindegionsefgaps between-thefirst.and thelsecondhobntaot! sutfatebThiscayses a
reduction of the distancereduction of the dead space between the two contact surfages, as a result of
. ; el 3 . . s £ Iy Toler SR TN T Tl

which thethonubstrasrgthoemvetn. thamtwesabstrates 1§ ncrédsedprritemperatibe Hetvesn 200 and
400C, preferably roughly 200C and _ . )

150°C, more preferably a temperature between 150°C and 100°C. most preferably a temperature

berween 100°C and rooms temperature, 15 especially advantageous. The growth tayer can be divided

into several growth regions. The growth laver can at the same time be a reservoir formation laver of

the second substrate in which another reservoir which accelerates the reaction is formed.

Here it is especially advantageous if the growth layer and/or the surface laver has an average

thickness A between 0.1 nm and 5 nm prior to formation of the irreversible bond. The thinner the

arowth laver and/or the surface laver, the more quickly and easily the reaction takes place between

the first and the second educt through the growth laver and/or the surface layer, especially by

diffusion of the first educt through the growth layer and/or the surface layer to the reaction layer.

Furthermore the activation of the surface can promote the diffusion by the generation of point

14



url50C and 100C. most pret between i 00C and room tempera e, is especially advantaneous. The
growth layer can heeic into several growth regions. The w'owth layer can at the samea reserr nir
formation layer of the second substrate in which another rese'oir whichaccelerates the reaction is
formed. Here it is especially advantageous if the growth layer and/or he surface layer has an
average thickness A between 0.1 nm and 5 nm prior to formation of the irreversible bond. The thinner
the growth layer and/or the surface layer, the more quickly and easily the reaction takes place between
the first and the second educt through the growth layer and/or the surface layer, especially by diffusion

of the first.gdctifrough the,arawih Jayst andlor e surface Jave do (e yeaction ayet. Furthermore

the activation of the surface can promote the diffusion by the generation of point defects. The diffusion

rate of the, gdyets throughthe growth; layer.is increased by.the growth;laver (which-has.oral ally been

thinned and ththin at least at the heain.ni.ngtic the permanent bond or at the start of the reaction). This
leads to a.loweriranspat dimemfithe gducts altdhesamedemperatuiewkierethif ocanr playia decisive
part since the reaction can be further accelerated hereby and/or the temperature further reduced.
Thinning xtain berdonepespecially by etching, preferably in a moist atmosphere, still more preferably
in-situ. Alternatively etching takes place especially by dry etching, preferably in-situ. Here situ means
performance iniiges gameghambierifenishhat s baeeprévicas andrdronedbifbwing dtep is/are done.
Wet etching takes place with chemicals in the vapor phase, while dry etching takes place with
chemi(:al%“giOtIh‘@"4.‘&3?@1‘?8r @%ﬁféﬁ”ﬁ?’fﬁ@‘é‘)@f@ﬂ?‘fﬁ@’@%% IR ERATEY: 6?@1‘%@&%@, ‘BtEhing with
hydrofluoric. acid or diluted yd(gflua%[c ?p.id can pe dp‘neE To the extent the growtﬁ Igg/fg{ consists of
pure Si, SRR AR BE dBhE Wit OR " 0 one-eHinGd menttaRat s aaVaREagEtUSY pro

eously-provided ti
formatlonert% 31%{{\/%{%}%’5%9 ;Lrllt-slﬂuai\/earg il h.-lfgdigzlélz%s.c 8@ orrrgla%%‘y%qhe same chamber in which at least

one previous and/or one following step isfare done. Wet etching takes place with chemicals in the
vapor phase, while drv efching takes place with chemicals in the liquid state. To the extent the
growth laver consists of silicon dioxide, etching with hvdrofluoric acid or dituted hydrofiuoric acid
can be done. To the extent the growth laver consists of pure Si, etching can be done with KOH.
According to one embodiment of the invention i 1§ advantagecusty provided that the
formation of the reservoir is carried out in a vacuum. Thus contamination of the reservoir with
urwanted materials or compeounds can be avoided.
In anather embodiment of the invention, it is advantageously provided that filling of the
reservoir takes place by one or more of the steps cited below:
- exposing the first contact surface 1o the atmosphere, for filling the reservolr with
atmospheric humidity and/or oxvgen contained in the air,
- exposing the first contact surface to a fluid consisting especialty predominantly. preferably
almost completelv, of especially detonized H,O and/or HaOq,

- exposing the first contact surface to N gas and/or O; gas and/or Ar gas and/or forming gas.

(8]



unwanted materials or compounds can he avoided. In another embodiment of the invention, it is
advantageously provided that filling of the reservoir takes place by one or more of the steps cited
below: exposing the first contact surface to the atmosphere, for filling the reservoir with atmospheric
humiditycontained in the air, exposing the first contact surface to a fluid consisting especially
predominantlypreferably almost completely, of specially deionized FLO and/or exposing the first
contact surface to N7 gas and/or 02 gas and/or .zut gas and/or forming gas. especially consisting of
95% Ar and 5% Eb especially w5th an ior. energy in the range from 0 to 2000 eV, vapor deposition for

Ellin. thewith a@é@&!ﬁ %xn@%%g%@%% AAggarding fo anoiberadyaniageus.embadiment of the

invention it is provider| that onnation and filling of a reservoir take place additionally on the second
contact surfaceg gspegially in the gowth layer, and the formation of the permanent bond is additionally
strengthened by reaction of the first educt with a second educt which contained in a reaction layer of
the first substrate{ ) icnosillois fespeciath: effectiverfor be precessssequence if the reservoir s formed
preferably in a thickness R between 0.1 = and 2 nm more preferably between 0.1 nm and 15 mid, even
more preferably:betwieerncOidotin ahdri@run,emostipreferablybetween 0 Taikaribastinm. Furthermore,
according to one embodiment of the invention ii is advantageous if the average distance B between
the reservoirai the FEEGCHT Ay dintHisdiasIy R T orRiBti s B HeVErshIFI61 Between 0.1
am andpecially between 0.5 nm and 5 nm, preferably ae,tweeand 3 r][n 1Th((erﬂi(]jist%r{ce B can be
. 3 - . . e . " o ' - - g - ! stre o A 3
influenced ST eRca < RN S R OB BT the thiniflfgonally strengtaened By
reaction of the first educt with a second educt which is contained in 2 reaction layer of the first
substrate (1).
It is especially effective for the process sequence if the reservoir is formed preferably in a
thickness R between 0.1 nm and 25 nm, more preferably berween 0.1 nm and 15 nm, even more
preferably between 0.1 nm and 10 nm, most preferably between 0.1 nm and 5 nm. Furthermore,
according to one embodiment of the invention it is advantageous if the average distance B between
the reservoir and the reaction layer immediatety before formation of the irreversible bond 1
setween (.1 nm and 15 nim, especially between 0.5 nm and 5 nm. preferably between 0.5 nm and 5
nm. The distance B can be influenced or produced as claimed in the invention by the thinning,
A device for executing the method is formed as claimed in the invention formed with a
chamber for forming the reservoir, a chamber provided especially separatsly for filling the
reservoir, and an especially separately provided chamber for forming the prebond, all of which
chambers are connected directly 1o one another via a vacuum system.
In another embodiment the filling of the reservoir can also take place directly via the

atmosphere, therefore either in a chamber which can be opened to the atmosphere or simply on a

structure which does not have jacketing but can handle the wafer semiautomatically and/or

[0



A device for executing the method is formed as claimed in the invention formed with a chamber for
forming the reservoir, a chamber provided especially separately for llama’' the reservoir, and an
especially separately provided chamber for forming the prebond, all of which chambers are connected
directly to one another via a vacuum system. In another embodiment the filling of the reservoir can
also take place directly via the atmosphere, therefore either in a chamber which can be opened to the
atmosphere or simply on a whichstructure does not have jacketing but can handle the wafer
semiautomatically andlor completely automatically. Other ad.varitages. features and details of the

in ve.nt.ioQOWiIk_&&gg@&ggggﬁent from the following description of preferred exemplary embodiments

and using the drawings. Figure | a shows a first step of the method as claimed in the invention

immediately afteythe first substrate makes cantactwith the.second subsirates: fronfigure lb shows an
alternative first step of the method as claimed in the invention immediately after the first substrate

makes coptachwiti:the.secongtsubstratenplarFigiivaism2a:and 2bshowdathernsteps of the method as
claimed in the invention for forming a higher bond strength. Figure 3 shows another step of the
method as clainféghin therinvenfiorswhichHfollewsdtheckteps acterding o FiguédieFighreta and 'inn
2b, with substrate contact surfaces which are in contact, thefor fomiation of an irreversible/pen-me
bond betvigémihisate maEigeraBrsHBVEasr@ntbrgeifént of the chemical/physical processes which

proceed on the two contact surfaces durirflg the steps according to Fié;_ur 3 and Figure 4,
Figure th shows an alternative first step of the method as Claimed in the invention

immediately after the first substrate makes contact with the second substrate,

Figures 2a and 2b show other steps of the method as claimed in the invention for forming a
higher bond strength,

Figure 3 shows another step of the method as claimed in the invention which follows the
steps according to Figure 1. Figure 2a and Figure 2b, with substrate contaet surfaces which are in
CONtact,

Figure 4 shows a step as claimed in the irvention for formation of an irreversible/permanent
hond between the substrates,

Figure 5 shows an enlargement of the chemsical/physical processes which proceed on the
two contact surfaces during the steps according to Figure 3 and Figure 4,

Figure 6 shows a further enlargement of the chernical/physical processes which proceed on
the interface between the two contact surfaces during the sieps according to Figure 3 and Figwre 4
and

Figure 7 shows a diagram of the production of the reservoir as claimed in the invention.

The same or equivalent features are identified with the same reference numbers in the

figures.



Figure 6 shows a fitrther enlargement of the chemical/physical processes which proceed on the
interface between the two contact surfaces during the steps according to Fig and Figure 4 and Figure
7 shows a diagram of the production of the reservoir as claimed in the n ntion. The same or equivalent
features are identified with the same reference numbers in the In the situation which shown in Figure
a only one extractleal reactions which proceed during or immediately after the prebend step between a
first contact surface d of a first substrate 1and a second contact surface 4 of a second substrate7 is
shown. Surface layers 6.6' adjoin the contact surfaces 3, 4 respectively and are formed from
oxidizable, nativg silicen. figxidle andiake,vemt Jiny The syfaces ateqdetminatadwith pol& OH groups
and are accordingly hydrophilic. The first substrate | and the second substrate 2 are held by the force

of attractiom;ef the-hydregen bridges-hetweenithe OH.gteupsHREesent-onthe-surfaceand the 1120
molecules u' and also between the I-10 molecules alone. The hydrophilicity of at least the first contact

surface 3fissincteased byl plasma treatmentof the' fisst cantact:surfacehd in & pfeccdinte step. Itis
especially advantageous to additionally subject the second contact surface 4 to plasma treatment,
especiallypditthésamedimewith tHeptasial treatme ot dHefirstidontéct rstragic8raboviding to the
alternative embodiment. A reservoface layer 6 consistingsilicon dioxide as well as in the

2cordi.na ¥FRI§UE IBE s eo it disp ey iesed s srapthd Istiptasana sthesrer iegl formed as claimed
in the inven%on b‘t?plasma treatment. Plasma treatment with 02 ions with ion energies in the rang

tween 0 &K NP IR S AT A A R RS ARS & B B T P SEBIFS 8FFo GHIRATE AT & ions

forming chapnels ot poresn the, uigee laver 6 and ontionally the surface laver 8), | | Between the
reservoir formation layer 6 and the reaction fayer 7 there IS a growth [ayer 8 on the second substrate 2

which can be af the same fime atleastpartially ihe reservoir. fagmation layer 6 Accordingly there can

additionally be another growth layer between the reservoir formation layer 6" and the reaction laver 7'.

Likewise theeulcs {apiaptianally.th 1Rservoirnais filechatgelywith,)- 4§ as the first eductpriorand

after plasma treatmcat. Reduced speci.es
It 1s especially advantageous to additionally subject the second contact surface 4 to plasma

treatment, especially at the same time with the plasma treatment of the first contact surface 3
according to the alternative embodiment.

A reservoir 5 in the surface laver 6 congisting of native silicon dioxide as well as in the
alternative embadiment aceording to Figure 1 a second opposing reservoir 5 in the surface laver &
have been formed as claimed in the invention by plasma treatment. Plasma treatment with Oz ions
with 1on energies in the range between 0 and 2000 eV vields an average thickness R of the reservoir
5 of roughly 10 nim, the ions forming channels or pores in the surface laver 6 (and optionally the
surface laver 6.

Between the reservoir formation layer 6 and the reaction layer 7 there is a growth laver 8 on
the second substrate 2 which can be at the same time at least partially the reservoir formation laver
&', Accordingly there can additonally be another srowth laver between the reservoir formation laver

&' and the reaction layer 7',



the ns present in the plasma process can also he l.ocated in the reservoir. especially O. N.An The
contact surfaces 3. 4 still have a relatively wide gap especially dictated by the water present between
the contact surfaces 3, 4, after making contact in the stage shown ines la and Ib. Accordingly the
existing bond strength is relatively low and is roughly between 100 mJ/cm2 and 300 injlem2, especially
more than 200n this connection he prior plasma activation plays a decisive part, especially due to the
increased hydrophilicity of the plasma-activatedcontact surface 3 and a smoothing effect which is
caused by the plasma activation. The process which is shown in Figure 1 and which is called

prebond can prefesably preceediat ambigatiemperaluiesr & maxima: pACfriguresm2aand 2b show a
hydrophilic bond, the Si-0- Si bridge arising with splitting of water by -OH terminated surfaces. The
processegirikiguresZaranth2hdastireughlyy«300! hiatdioom temperature, RALDHO! rpughly60 h. "The
state in Figure 2b occurs at thed temperaturesing the reservoir 5 (or reser:or Between the contact
surfaces 3@or20a0leciiepleveforrned andlprovidesat ledst partially fercfurtherfiling i the reservoir
to the extent there is still free space. The other 1-120 molecules are removed. In the step according to
Figure 1 roughly B SAdiviatrarayers Brot e givtipe v errocsrecre<tintisAd 1 3#dnolayers of
H20 are remcaccommodated in t~hef rgsgr\éoir S from the steg,a cor_diqgg to Fig_ e lto gle s&ep
according{o Figliré S8 ¢ “O"if tHE"étp sho TIE?Q%]P@ S Ry S§en Brdy® bEAES atéHow formed

directly b‘?&"‘(ﬁ&%%‘iﬂ?’i@%% groups, as,a tesylt of whic ;@%re%?sr Rond force. arises, Fhls-draws the
contact surfaces 3, & more strongly to one another and reduces the ‘st between the contact surfaces

3.4. Accargingly.there argionly.L 19,2 idividua: lavers 9fQH.draups behueendhe.canagtsurfaces

a decisive part. especially due 10 the increased hydrophilicity of the plasma-activated first contact
surface 3 and a smoothing effect which is caused by the plasma activation.

The process which is shown in Figure 1 and which 1s called prebond can preferably proceed
at ambient temperature or a maximum 50°C. Figures 2a and 2b show a hvdrophilic bond, the Si-O-
51 bridge arising with splitting of water by -OH terminated surfaces. The processes in Figures 2a
and 2b last roughly 300 h at room temperature. At 30°C roughly 60 b, The state in Figure 2b occurs
at the indicated temperatures without producing the reservorr 5 (or reservoirs 5, 37

Between the contact surfaces 3, 4, HhO molecules are formed and provide at least partially
for further filling in the reservoir 5 to the extent there is sull free space. The other HoO molecules
are removed. In the step according to Figure | roughiv 3 1o 5 individual lavers of OH groups or HyO
are present and 1 to 3 monolayers of H:O are removed or accommodated in the reservoir 5 from the
step according o Figure | fo the step according fo Figure Za.

Ins the step shown in Figure 2a the hydrogen bridge bonds are now formed directly between
siloxane groups, as a result of which a greater bond force arises. This draws the contact surfaces 3,

4 more strongly 1o one another and reduces the disiance between the contact surfaces 3, 4.



In the step shown in Figure 2b, in turn with .eparatmaccording to the reaction which has been inserted,
below, covalent compounds in le form of silanol groups are now formed between the contact surfaces
3, 4 which lead to a much stronger bond three and require less space so that the distance between the
contact surfaces 3, 4 is further reduced until finally the minimum distance shown in Figure 3 is reached
based on the contact surfaces 3, 4 directly meeting oneher: additio Si-OHO-SiSi-O-Si+H20 Up to stage
3, especially due to the formation of the reservoir 5 (and optionally of the is not necessary to unduly
increase the temperature, rather to allow h to proceed even at room temperature. In this wk an

especially, carafulpragressign.of he Precess siers.Aererding: tokighre o, Figure 3ds possible. In the

process -n shein4, thetempera.ru.re IS preferably i.nerea.sed to a max.imu. mceven more
preferably to a maxdinum2RQCnreferablyto.a maxinpm:400Gmoest preferablywfall net above room

temperature in order to form an irreversible or peera bond between t.he first and the second contact
surface. Thesentemperatiires inaich acevelatively. lewpinicntrastitorthe prios!artraseronkyypossible
because the
formed between the contact surfaces 3. 4 which lead to & much stronger bond force and require less
space so that the distance between the contact swrfaces 3, 4 is further reduced unii finally the
minimum distance shown in Figure 3 is reached based on the contact surfaces 3. 4 directly meeting
one another:
Si-OH + HO-Si = §1-0-S1+H,O
Up to stage 3, especially due to the formation of the reservoir 5 (and optionally of the
additional reservoir 51, it is not necessary to unduly increase the temperature, rather 1o allow 1t 10
proceed even at room temperature. In this way an especially careful progression of the process steps
according to Figure 1 to Figure 3 is possible.
It the process step shown in Figure 4, the {emperazure is prefevably increased {o a maximum
300°C, more preferably 1o a maximum 300°C, even maore preferably 1o a masdmum 200°C, most
preferably 1o a maximum 100°C, most preferably of all not above room temperature in order o
form an irreversible or permanent bond between the first and the second contact surface. These
temperatures which are relatively low, in contrast 1o the prior art, are onlv possibie because the
reservoir 5 (and optionally in addition the reservoir 57 encompasses the first educt for the reaction
shown in Figure 5 and 6
St 2HH0 — S50, + 2H;
Between the second contact surface 4 and the reaction laver 7 there is a growth layer 8

which can be identical to the surface laver 6. To the extent a reservoir 5" has been formed according



reservoir 5 (and optionally in addition the reservoincompasses the first educt for the reaction shown in
Figure 5 and 6: Si + 21120Si02 2H2 Between the second contact surface 4 and the ction layer 7 there
is a growth layer 8 which can be identical to the surface layer 6. To the extent a reservoir 5' has been
formed according to the second embodiment. be en the first contact surface 3 and another reaction
layer 7' which corresponds to the rc.sction lager 7 there is also another growth layer 8', the reactions
proceeding essentially reciprocally. increasing the molar volume and diffusion of the H20 molecules,
especiallythe interface between the surface layer 6 and the reaction layer 7 (and optionally in addition

on the interface beatween hie surface layer and the feagtionlaverdd, Yolumadn.ihe.afiagrowth layer 8

increases, due to the objective of minimizing the free Gibb's enthalpy enhanced growth taking place in

regions inwhich-gaps:@ ae.csell-hetween the contact.siifacas,3; 4. The.gaps 9rare-elesed by the
increase in the volume of the growth layer 8. More exactly: At the aforementioned slightly

increased-{emparatescHZ0mnoleewes dithuse aslthe fisstgtust-fromdihieresdrvoiesS to the reaction
layer 7 (and optionally from the reservoir 5' to the reaction layer 71). This diffusion can take place
either viacardirelly cotitactofdhe surfactidayer® and growthdayeti8vithiely &relforedEsmative oxide
layers (or via a gap 9 or from a gap 9 which is present betweenthe ox-ide layer.$). There, si.li.con
oxide. thexddvreere Hemicalieo it d i ihiacg ragicr and e [GEcTIoK! isformey adhs febtion product

10 of the aforementioned reaction
of a growth laver § increases, due to the objective of minimizing the free Gibb's enthalpy enhanced

growth taking place in regions in which gaps 9 are present between the comtact surfaces 3, 4. The
gaps 9 are closed by the increase in the volume of the growth layer 8. More exactly:

At the aforementioned slightly increased temperatures, H.O molecules diffuse as the first
educt from the reservoir 5 1o the reaction laver 7 (and optionally from the reservoir 5' 16 the reaction
Jayer 7. This diffusion can take place either via a direct contact of the surface layer 6 and growth
laver 8 which are formed as native oxide lavers (or via a gap 9 or from a gap 9 which is present
hetween the oxide layersy. There, stlicon oxide, therefore a chemical compound with a greater
molar volume than pure silicon, is formed as a reaction product 10 of the aforementioned reaction
from the reaction layer 7. The silicon dioxide grows on the interface of the reaction laver 7 with the
growth laver 8 (or the interface of the reaction layer 7' with the growth layer 8 and thus deforms
the laver of the growth layer § formed as native oxide in the direction of the gaps 9. Here O
molecules from the reservoir are also required.

Due to the existence of the gaps which are in the nanometer range, there is the possibility of
bulging of the native oxide laver {growth laver 8 and optionally growt layer &'} as @ result of
which stresses on the contact surfaces 3, 4 can be reduced. In this way the distance between the

contact surfaces 3, 4 1s reduced, as a resudt of which the active contact surface and thus the bond



from. the reaction layer 7. The silicon dioxide grows on the interface of the reaction layer 7 with the
growth layer 8 (or the interface of the reaction layer 7' with the growth layer 81 and thus deforms the
layer of the growth layer 8 formed as native oxide in the direction of the gaps 9. Here H20 molecules
from the reservoir are also required. Due to the existence of the gaps which are in the milometer
range, there is the possibility of bulging of the native oxide layer (growth layer 8 and optionally growth
layaresult of which stresses on the contact surfaces 3.4 can be reduced. In this way the distance
between the contact surfaces 3, 4 is reduced, as a result of which the active contact. s -face and thus
the bond strength areHurtherinereased:dihaveld-canaestion whighihas-arisentiniteis way, which
closes all pores, and which forms over the entire water, contrast to the products in the prior art which
are partialygqoiwelden fiundamentatly eantfibutes-io-dnereasingithe boheforce: Fheltype ofbond
between the two native silicon oxide surfaces which are welded to one another is a mixed form of
covalent antdbnicpertiod. fundhetaforemahtionedreastioniefine firsteduct H20)oWith the second
educt (Si) takes place in themi layer 7 especially quickly or at temperatures as low as possible to the
extent antaVERIGEICE BBEIREERPTHE ST EGKEaCI St aE R & 118 FRECRDR 14)BFY RS Small as
possible. Therefore the ¢hoice of the first substrate | and the selection/pretreatment of the second
substrate®d WA AEOAYSEEBLA reaction lay 7 (and optionally 7') of silicon and a native oxide layer as
(hin as possible 32 &gt '%Xyaege%c&%g%ﬂdﬁ%!%Qq%'!ﬁg%)-ﬁ!@;d&%%%e?ﬁgon@&%@%}'&@%@ thin ihie is

provided as claim.ed In ue to additional thinning; so that ormed reactionrociuct 10 on the

reaction Igyer 7.foward the surface.layer 6 of the apposite substrate s whishrsutiaeedaver is likewise

= o b

made as a native oxide€ layer, predominantly in regions of the nanogaps 9. Furthermore, diffusion

paths as shoit-asipessiplearedesiredinardertaachiavaitbe-desied effactas,quigkly as possible and
at a temperature as low as possible. The first substrate | likewise consists of a silicon layer and a

native oxigledayer as thin as possible present on it as a surface layer 6 in which the reservoir P is
formed at least partially or completely. The reservoir 5 (and optionally the reservoir 51 as claimed
in the invention & itiédatedsiacdondifiglyswithithé arbthsictiis hetasyary 1 dloswehe nanogaps 9
so that an _ _ o ) _

substrate 2 which consists of a reaction layer 7 (and optionally 77 of silicon and a native oxide layer

as thin as possibie as a growth laver 8 (and optionally 8') are decisive. A native oxide layer as thin

as possible is provided as claimed in the invention for two reasons. The growth laver § is very thin,

especially due to additional thinning, so that it can bulge through the newly formed reaction product

10 on the reaction layer 7 toward the surface laver 6 of the opposite substrate 1, which surface tayer

i likewise made as a native oxide layer. predominantly in regions of the nanogaps 9. Furthermore,

diffusion paths as short as possible are desired in order to achieve the desired effect as quickly a3

possible and at a temperature as low as possible. The first substrate 1 likewise consists of a silicon

layer and a native oxide laver as thin as possible present on It as a surface layer 6 in which the

reserveir 5 is formed at least partially or completely.

The reservoir 5 (and optionally the reservoir 3') as claimed in the invention is filled at least

accordingly with the amount of the first educt which is necessary o close the nanogaps 9 so that an

L L



optimum izrowth of the Lrrowth layer 8 (and optionally 8) can take place to close the nanogaps 9 in a
time as short as possible and/or at a, temperature as low as po bk. Reference number list 1first.
substrate second substrate first contact surface 4second contact surface 5., 5'reservoir 6, 6'surface
layer 7, 7'reactio

optimum growth of the growth layer 8 (and optionalty 8') can take place to close the nanogaps 9 ina

time as short as possible and/or at a temperature as low as possible.



8, 8growth layer 9nanogaps 10reaction product 11first profile 1.2second profile sum curve average
thickness average distance averac'e thickness 1. A method for bonding of a first contact surface
(3) of a first substrate ) to a second contact surface (4) of a second substrate (2) with the olio na steps,
especially the following sequence: forming a reservoir (5) in a surface layer (6) on the first contact
surface (3), the surface layer (6) coting at least largel, of a native oxide material, at least plling of the
reservoirwith a first educt or a first group of educts, bringing the first contact surface (3) in contact with
the second contact surface (4) for formation of a prebond connection,

Refterence number Hst

1 first substrate

2

second substrate

i

first contact surface

4 second contact surface
55 reservolr

6, 6 surface layer

7.7 reaction laver
8,8 arowth laver

9 nAnogaps

10 reaction product
11 first profile

12 second profile

13 ST CUrve

A average thickness
B average distance
R average thickness
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forming a permanent bond between the first and second contact surface (3, 4), at least Partially
strengthened by the eaction of the first educt with a second educt contained in a reaction laj of thed
substrate (2). 2. The method as ci.aimed.in claim 1, wherein fhrma.tion andior stet:011min Ithe
permanent bond takes place by diffusion of the first educt into the reaction layer (7). 3. The
method as claimed in one of the preceding claims, wherein the formation of the permanent bond takes
place at a temperature between room temperature and 200C. specially during a maximum 12 days.

preferablyl day, even more preferably a maximum | hour, best a maximum 15 minutes. 4. The
method as claimed in one of the preceding claimsinwherein the irreversible bond has a bond strength
of greater than 1.2, especially greater than 2 Prn2 preferably neater than 2.5 Jim2. 5. The

method as claimed in one of the preceding claims, wherein during the reaction a reaction product (10)
with a greater molar volume than the molar volume of the second educt is formed in the reaction layer
(7). 6. Thé methibdbschairied th:oie ofitiel praeeding claimissuvtierein the5469stmed by plasma
activation. 7. The method as claimed in one of the preceding claims, wherein the surface layer
(6) consiStEBESEHESIG EBhpTataN WP AR amorIRols Msmsihas esp ety Sifon sRIdE produced by
thermal oxidation and the reaction layer (7) consists of an oxidizable material specially predominantly,
preferably@&§€&htially completely, of Si, Ge, InP, GaP or GaN. 8. The method as claimed in one

of the preceding claims herein:betvesn ihe. second saniac suiface L endbe feaetan aver (1)
there is a growt rfgyefr (53 consisting espeme%ﬁy at ’leastclarge y of a native oxide material, preferably
predominantly ?8%%@1&&%%&&%9& af a native oxide material,
- at least partial filling of the reservoir (37 with a first educt or a first group of educts,
- bringing the first contact surface (3} in contact with the second contact surface (4) for
formation of a prebond connection,
- forming & permanent bond between the first and second contact surface (3. 4), at least
partially strengthened by the reaction of the first eduet with a second educt contained in a
reaction laver (71 of the second substrate {2).
2. The method as claimed in Claim 1. wherein {ormation and/or strengthening of the
permanent bond takes place by diffusion of the first educt into the reaction laver (7).
3. The method as claimed in one of the preceding claims, wherein the formation of the
permanent bond takes place at a temperature between room temperature and 200°C, especially
during a maximum 12 days. preferably a maximum 1 day, even more preferably a maximum 1
hour, best a maximum 15 minutes.
4, The method as claimed in one of the preceding claims, wherzin the irreversibie bond has
a bond strength of greater than 1.5 J/m?, especially greater than 2 Jimt, preferably greater than 2.5

Jme.



9. The method as claimed in Claim wherein before the thrmation of a perma.nent bond the growth
la.(8) and/or41 layerhas an average thicknes.s A between | angstrom a nm. method as claimed in one
of the preceding claims,-e ns forrned in a vacuum. Il. The method as claimed in one of the
preceding claims, wherein the reservoir is filled by one or more of the steps cited below: exposing the
first contact surface (3) to the atmosphere. especially with a high oxygen and/or water content,
exposing the first contact surface (3) to a fluid consisting especially predominantly. preferably almost
compleTely. ot especially deionized H20 and/or H202. inn the first contact surfa&or 02 (las and/or A

72dlor formil gas, Bspeeimily-consisting 6{95%Arandh%d172s, espesiallyiwith-aniemenergy in the
range from 0 to 200 eV. 12. The method as claimed in one of the preceding claims, wherein the
formation-andtherfilling of) arésemaictaképlateradditionrally. an thesecondeontact:s(4), especially in
the
formed in the reaction layver (7).
6. The method as claimed in one of the preceding claims, wherein the reservoir {5} is
formed by plasma activation.
7. The method as claimed in one of the preceding claims, wherein the surface layer (6}
consists essentially completely of an amomphous material. especially silicon oxide produced by
thermal oxidation, and the reaction laver (7) consists of an oxidizable material, especially
predominantly, preferably essentiaily completely, of 51, Ge. InP, GaP or Gal.
8. The method as claimed in one of the preceding claims, wherein between the second
contact surface {4) and the reaction laver (7) there is a growth laver (8), consisting especially at least
largely of a native oxide material, preferably predominantly of native silicon dioxide.
9. The method as claimed in Claim 8, wherein before the formation of 2 permanent bond the
growth laver (8) and/or the swriace Jayer {6} has an average thickness A between | angstrom and 10
nimn.
10 The method as claimed in one of the preceding claims, wherein a reservoir is formed in
& VACUUITL
11. The method as claimed in one of the preceding claims. wherein the reservorr s filled by
one or more of the steps cited below:
- exposing the first contact surface (33 to the atmosphere, especially withy a high oxvgen

and/or water content,

- exposing the first contact surface {33 to a fluid consisting especially predominantly,

[
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growth layer (8), and the formation of the permanent bond is additionally strengthened by reaction of
the first educt with a second educt contained in a reaction layer (7') of the first substrate (1). 13.
The method as claimed in one of the preceding claims, wherein the average distance (B) between the
reservoir (5) and the action layer (7) immediately beforc format )11 of the permanent bond is between
0.1 nm and 15 nm, especially between 0.5 nm and 5 nut preferably between. 0.5 nm and 3 nm.
14. The method asle of the precedingtsible bond. has a bond strength which comprises twice,
preferably 4 times, more preferably 10 times, most preferablyes the prebond strength.

preferably almost completely, of especially deionized FO and/or HoOn,

- exposing the first contact surface (3} to N, gas andfor O, gas and/or Ar gas and/or forming
gas. especially consisting of 95% Ar and 5% Hs, especially with an fon energy in the range
from 010 200 eV,

12, The method as claimed in one of the preceding claims, wherein the formation and the
filling of a reservoir take place additionally on the second contact surface (43, especially in the
growth layer (8}, and the formation of the permanent bond is additionally suengthened by reaction
of the first educt with a second educt contained in a reaction laver (7°) of the first substrate (1),

13. The method as claimed in one of the preceding claims, wherein the average distance (B}
berween the reservoir (5) and the reaction laver (7} immediately before formation of the permanent
bond 1s between 0.1 nm and 15 nm, especialiy between 0.5 nm and 5 nm. preferably between 6.5
nm and 3 nm.

14, The method as claimed in one of the preceding claims, wherein the ireversible bond has
a bond strength which comprises twice, preferably 4 times, more preferably 10 times, most

preferably 25 times the prebond strength,
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