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.
The objective in permanent or irreversible bonding of substrates is to produce an interconnection
which is as strong and especially as irreversible as possible, therefore a high bond force, between the
two contact surfaces of the substrates. There are various approaches and production methods for this

purpose in the prior art. Tﬁﬁ&m}y@op@Mgﬂ&%&gméw%pgproaches which have been

followed to date often lead to results which cannot be reproduced or can be poorly reproduced and
which can hardly be applied especially to altered conditions. hi particular, production methods which
are used at present often use high temperatg%%%iﬁséﬁ%ﬁially > 400C, in order to 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 to some extent far

above 300C ’fﬂ?M}]‘g%%1?%?&1&3‘%8%?@%%&?@@?%86{%% Qﬁhﬁ?&%‘aé&%%%u%%{;‘e%ﬁﬁ ﬂlg&%%&%é' tin the

following: - front-e -line compati ed as the compatibility o process during the

produgt&g@o% t&%t%'&%‘iﬂ%'@’ of a second substrate.

The objective in permanent or irreversible bonding of substrates is to produce an
interconnection which is as strong and especially as irreversible as possible, therefore a high bond
force, b_etween the two contact surfaces of the substrates. 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
applied especially to altered conditions. In particular, production methods which are used at present
often use high temperatures, especially > 400°C, in order to 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 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 is 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, 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 (majp{nitc OB Jrecirshenstmerhanicahinadabilinvmeinh. dydhe rmahRitrasest low

contamination. no application of force. temperature as low as possible, especially for materials with
different coelfief@hiktns Mipki AveRpandishicsses- 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. bwhodianantgiofi this invention devise a method for careful production of a permanent
bond with a bond force which is as high as possible at a temperature which is at the same time as low
as possible. ;o 1ARRAAIAG @R aspect of the present invention, there is provided a method for
bonding of a first contact surface of a first substrate to a second contact surface of a second substrate,

the second %%%Sﬁé%ﬁr%aa‘é'P&vaés'e%&}i&%?ere%&%g? Byﬁrat@'ﬁ%stuﬁﬂg%ﬁ%%% %8%?%@@%&%%1@@1? .
following sequence: fonning a reservoir’adapted-for retention of a first educt, in a reservoir formation
layer on the fixpagentact surface, at least partial filling of the reservoir with the first educt or a first

group of educts, thinning of the second substrate, the first contact surface making contact with the

second contgtesdagaios fanapsian fafta pabond.casnestn watkinminghe peitiarenikeasdbetween
the first and second contact surface, at least partially strengthened by the reaction of the first educt

with tHRFSExBAEALEHS ebRG ALt fPERRaRLlHER IS IB‘F%@’?@I: BBbstrate, wherein an average

distance between the reservoir and the reaction layer immediately before formation of the permanent
bond is betwBep@limsmsarfdhis innentgviclsvesp roatgtiad by tpareful production of a permanent bond

with a bond force which is as high as possible at a temperature which is at the same time as low as

possible.

According to an aspect of the present invention, there is provided a method for bonding of a
first contact surface of a first substrate o a second contact surface of a second substrate, the second
substrate having at least one reaction layer, with the following steps, especially the following
sequence: forming a reservoir adapted for retention of a first educt, in a reservoir formation layer on
the first contact surface, at least partial filling of the reservoir with the first educt or a first group of
educts, thinning of the second substrate, the first contact surface making contact with the second
contact surface for formation of a prebond connection and forming a permanent bond between the
first and second contact surface, at least partially strengthened by the reaction of the first educt with
the second educt contained in the reaction layer of the second substrate, wherein an average distance
between the reservoir and the reaction layer immediately before formation of the permanent bond is

between 0.1 nm and 15 nm, which is produced by thin.



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 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.a i JhERARIGIdeaiasRenRBPadimanizoLHNS iNVERUARITiaHRIAYVIse adfsemainfor
holding a first educt at least on one of the substrates, which educt after making contact or producing a

tempdhsriiBBavabeniderithie SupSanerbdtha iy @deronttbe gl sPRsseTAIeIE BiRer
substrge; and iy iotNR By iRt oL R maasRiReAd LetwreR tha subsipies Refrn el after
forming the reservoir in a reservoir formation layer on the first contact surface, generally cleaning of
the sUBSIXEOBIYRABKFates, especially by a flushing step, occurs. This cleaning should generally
ensure that there are no particles on the surfaces which would result in unbonded sites. The reservoir
and the eductlenhsainedeindhparessbedincenaatef dischnicdlopdssibifityist imdeseingia fredutidmgfiast educt
or first.group with the second educt or the second,group) which increases the hondin eed and
i R R R R R R e
reversibtehand boral dedicste thn sutérgtess pecial by iby deforminefattedstbne pkthet cordacbtuwrfaces by
the reaqlion, Prefeiablyihe.contact surface apposiie-ihe tesgruolt, O (s, donosing gecondiganiact
surface as c,ialme i the Invention there is grO\favI%ﬁnlayer in'Which the deformation as claimed in the
inventformtaeab qlecevandithedist eddotniotithéafirstogroupne actsawithethecs gconed bddietiog thie second
group),present in the reaction layer of.the secqnd substrate. To accelerate the reaction between the
rot SRR R o g By s nd G s cor s Thi i e R
the invemtienitiiah¢heagrowth layer located between the reaction layer of the second substrate and the
reservoir be thinned before the substrates make contact since in this way the distance between the
reaction partners is reduced and at the same time the deformation/formation of the growth layer as
claimed in the invention is promoted. The growth layer is removed at least partially, especially mostly,
preferably completely, by the thinning. The growth layer 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 inhibiting the growth of the growth layer before the contact surfaces make contact,
especially by passivation of the reaction layer of the second substrate, preferably by exposure to N2,
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 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. Alternatively or in addition to this measure, it is advantageous as
claimed in the invention to minimize the time between the thinning and the contact-making, especially
<2 hours, preferably <30 minutes, even more preferably < 15 minutes, ideally < 5 minutes. Thus the
oxide growth which takes place after thinning can be minimized.

2a



The diffusion rate of the educts through the growth layer is increased by the growth layer which has
been thinned and thus is very thin at least at the beginning of the formation of the permanent bond or
at the start of the reaction. This leads to a shorter transport time of the educts at the same
temperature. 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 least bya or of pecjally by a factor of 5, preferably actor of 15, still
more pr%?é?aamﬁ?ef) S(simed %swﬁfﬁgé?ﬁlf Vit %P?ﬁ% Sﬁ‘ieé ﬁ?&%ﬁﬁﬁf@éﬁlﬁﬁ{% nonactivated,
hydrophili gmg% Wlth rou hla/t 100 2 anlrglp p asma-a tlv dth drodp?h ed silicon with

SETVOIT OSS are lon HCct
roughlycfél f?m are men one e pre nds eqt\l\% ecu e- Wet substrates arise

mainly dye 1o hewan:derr Waals, @%&%&58%%9 fuee m?esegémgﬁdﬂ {dtg.diffggent water sides.

Accordingly, mainly molecules with permanent dipole moments are sm or enabling prebonds

betwee@%ﬁéﬁ{&ﬂ%&ﬂﬁﬁ\@ﬂ%mm&%mﬁ%ﬂﬁa e r&ﬁ@ﬁﬁ%@éxﬂé"@f%ﬂiﬁ%@?gﬁms by way of
example, but not limited thereto - water - thiols - AP3000 - silanes and/or - silanols. Substrates as

claimedrifvdheinveniipn dedithpaenahese malariaisiabla o reackasmaneugivithamaiher supplied
educt to form a product with a higher molar volume, as a result of which the formation of a growth layer

on the sbibtkratecisocausiechbFhbdolimaingréambipationscarecesiie Cially agyasitageans, to the left of the
arrow the educt being named and to the right of the arrow, the product/products, without the supplied
educt orchypebeuiies wiitthrediot it s eilietdde ing avenlesicpahiidufar deformation as

claimed in the invention takes place and the first educt (or the first group) reacts with the second

educt (or the second group) present in the reaction layer of the second substrate. To accelerate the

reaction between the first educt (or the first group) and the second educt {or the second group) it is

provided as claimed in the invention that the growth layer located between the reaction layer of the

second substrate and the reservoir be thinned before the substrates make contact since in this way

the distance between the reaction partners is reduced and at the same time the

deformation/formation of the growth layer as claimed in the invention is promoted. The growth

layer is removed at least partially, especially mostly, preferably completely, by the thinning. The

growth layer 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 inhibiting the growth of the growth layer
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 suitable. Here forming gas is



- SiSi02, Si3N4, SIN"Oy - Ge Ge02, Ge3NI4 - a-Sn Sn02 - B B203, BN - Se -3. Se02 - Te Te02, Te03 -
Mg MgO, Mg3N2 - Al Al203, AIN Ti Ti02, TiN -V V205 Mn --> MnO, Mn02, Mn203, Mn207, Mn304
-Fe --> FeO, Fe203, Fe304

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.

Alternatively or in addition to this measure, it is advantageous as claimed in the invention to
minimize the time between the thinning and the contact-making, especially <2 hours, preferably
< 30 minutes, even more preferably < 15 minutes, ideally < 5 minutes. Thus the oxide growth
which takes place affer thinning can be minimized.

The diffusion rate of the educts through the growth layer is increased by the growth layer
which has been thinned and thus is very thin at least at the beginning of the formation of the
permanent bond or at the start of the reaction. This leads to a shorter transport time of the educts at
the same temperature.

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 least by a factor of 2 to 3, especially by a factor of 5, preferably by a factor of 15, still
more preferably by a factor of 25. As guideline values the prebond strengths of pure, nonactivated,
hydrophilized silicon with roughty 100 mJ/m?* and of pure, plasma-activated hydrophilized silicon
with roughly 200 - 300 mJ/m® are mentioned. The prebonds between the molecule-wetted
substrates arise mainly due to the van-der-Waals interactions between the molecules of the different
wafer sides. Accordingly, mainly molecules with permanent dipole moments are suitable for
enabling prebonds between wafers. The following chemical compounds are mentioned as
interconnect agents by way of example, but not limited thereto

- water



COOQO, C0O304, Ni--3 NiO, Ni203 - Cu -3 Cu0, Cu20, Cu3N - Zn --->7ZnO - Cr -3 CrN, Cr23Cs, Cr3C,
Cr7C3, Cr3C2 - Mo Mo3C2 - TiTiC -1\Tb -4 Nb4C3 - Ta Ta4C3 - Zr ZrC

- thiols

- AP3000

- silanes and/or
- silanols.

Substrates as claimed in the invention are those whose material is able to react as an educt
with another supplied 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 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;

- 8i == 810y, SisNy, SiN,Oy
- Ge — GeO,, GeaNy

-~ g-Sn — SnO,

-B — B,03, BN

- Se —» Se(,

- Te — TeO,, Te(s

- Mg — MgO, MgsN,

- Al — AL O, AIN

- Ti — TiO,, TIN

-V s Va0

- Mn - MnO, MnO,, Mnx0s, Mny 07, MOy

-Fe— FBO, Fez03, F6304



- Hf HfC V -3 V4C3, VC - W -> W2C, WC - Fe -> Fe3C, Fe7C3, Fe2C The following mixed forms
of semiconductors are also conceivable as substrates: -GaP, GaAs, In!), InSb, InAs, GaSb, GaN, MN,
InN, AlxGaT,As, InxGal,N - IV-IV: SiC, SiGe, -InAIP, - nonlinear optics: LINbO3, LiTa03, KDP
(ICH2PO4) - solar cells: CdS, CdSe, CdTe, CulnSe2, CulnGaSe2, CulnS2, CulnGaS2

-Co — Co0, Co30y,
- Ni — NiQ, Ni,O;
- Cu — CuO, CwpO, CusN
-Zn — 7Zn0
- Cr — CrN, CrnCs, Cnl, CryCs, CraCy
- Mo —» Mo3Cy
-Ti— TiC
- Nb — Nb4C;
« Ta — TasCy
-Zx — ZrC
- Hf — HIfC
-V s VG5, VC
- W — W,C, WC
- Fe — FelC, FesCa, Fe,C
The following mixed forms of semiconductors are also conceivable as substrates:
- [II-V: GaP, GaAs, InP, InSbh, InAs, GaSh, GaN, AIN, InN,
AL GarAs, InGa N
-IV-IV: SiC, SiGe,
- TI-TV: InAIP,
- nonlinear optics: LINDOs, LiTa0;, KDP (KH;POq)
- solar cells: CdS, CdSe, CdTe, CulnSe;, CulnGaSe;, CulnS;, CulnGaS,

- conductive oxides: n.SnxOs.y



- conductive oxides: In2.,,Snx03_y As claimed in the invention, on at least one of the wafers there
is the reservoir (or reservoirs), directly on the respective contact surface, 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, H20, N2, NH3, H202, etc. Due to the expansion, especially dictated
by oxide 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 regigns. In the best possible
case the existélsgcgaérﬁgg‘o esirg"ﬁ?itigg\ﬁﬁ@éfg?g &on) Fg?e\fﬂ?%ﬁgée(’ieéﬁtﬁ%ﬁﬂ%o&]@e bonding area
increas ] he b force as claimed in.the.invention rises accordingly. . The.contact
o e S S oy i

conespads i Bealila RERK ARS8l suilaces, DR (BRGE ELLOM, ThAsGemaioal values were

determined with Atomic Force Microscopy (AFM). The reaction as claimed in the invention is

suitablecfaralloning.the arawtiiayerdo QeomubYant 3 MN-ipEduapaventiopabywaler surface of a

circular wafer with a diameter of 200 to 300 mm with 1 monolayer (ML) of water. As claimed in the
inventiofrdtgytbexeforatprevittad o gartauian thatatdeastidcbvspretacably-atdeasi-pdML, even more
preferably at least 10 ML of fluid, especially water, be stored in the reservorr. The formation of the

reservoiromg.exgosutes beiesmbdisespe siaflypraterabie)sihoel glasord xposunereasrbover causes
smoothing of the contact surface and hydrophilization as synergy effects. The surface is smoothed by
plasma HefiEgH predomimanitly dyaacoidusnechioby sfliataarshetot shasdséivbisfonysdtion layer and
optionally of the reaction layer. The increase of the hydrophilicity takes place especially by the
increas&8f tARCSifEBH B é@ﬁﬁﬁ&ﬁ%@?ﬁ%‘?@k&%@@%%ﬁ@@f@%@ b8 ds present on the

surface, such asespecially accarding tQ the followin o X
ncreases angrt)hus ?h bong(%orce ags claimed 1n the 111%611‘[1011 rises accordingly.

The contact surfaces conventionally show a roughness with a quadratic roughness (Rg) of
0.2 nm. This corresponds to 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 nm for a conventional wafer surface of a circular wafer with a diameter of 200 to 300 mm
with 1 monolayer (ML) of water.

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

The fox%nation of the reservoir by exposute to plasma is especially preferable, since plasma
exposure moreover causes smoothing of the contact surface and hydrophilization as synergy effects.
The surface is smoothed by plasma activation predominantly by a viscous flow of the material of

the reservoir formation layer and optionally of the reaction layer. The increase of the hydrophilicity



reaction: Si-O-Si + H20 2SiOH Another side effect, especially as a result of the aforementioned
effects, consists in that the prebond strength is improved especially by a factor of 2 to 3. The
reservoir in the reservoir formation layer on the first contact surface of the first substrate (and
optionally of a reservoir kmnation layer on the second contact surface of the second substrate) is
formed for example by plasma activation of the first substrate which has been coated with a thermal
oxide. The plasma activation is carried out in a vacuum chamber in order to be able to adjust the

conditions necessary fqr the plasma. As.claimed in the invention, for the sma discharge N2 gas, 02
s o ST BRE SRR B A oo FaE PO SOUE B e heoL YU hich o
reservoy; i ' to 20.nq), prafe to. 4 more;preferably up to 10
nm, mog% %r%é%%@%%éﬁl%ge@ gﬁ%gfs t e%eggtglé sgu]r ac%, i%??rél}l%ﬁ?gse tﬁle irst contact s%rface. As
claimed,ipthginvention any particle type, atoms and/or molecules which are suitable for producing the

reservoir can be used. Preferably those atoms and/o olecules are used which the reservoir produces
with the required properties. The relevantysoperies-argimainly the pore size, pore distribution and
pore density. Alternatively, as claimed in the invention gas mixtures such as for example air or forming
gas consisting/eh9esids dhdt 54pdRban beused (Refendingiarndhégaswsadsin thae deservoir during
the plasma treatment among others the following ions are present: N+, 142+, 0+, 02+, Ar+. The first
educt carebadctoninodaadyied tvpaanbybypibdifrad spate of the reservoir/ reservoirs. The reservoir
formation layer and accordingly the reservoir can extend into the reaction layer. Advantageously
there are differditregpragiorphedrserspio bianain ctyean taadeshiontie seietontgy@stand which consist at

least partially, preferably mostly of the first educt. To the extent the second educt is Si/Si, an 0" plasma
speci es%ﬁf&}%@‘g&\?&ﬁ?ﬁ&%Bﬂ%_mﬁww formation layer on the second contact surface of the second

substrate) is formed for example by plasma activation of the first substrate which has been coated
with a thermal oxide, The plasma activation is carried out in a vacuum chamber in order to be able
to adjust the conditions necessary for the plasma. As claimed in the invention, for the plasma
discharge N gas, O gas or argon gas with ion ¢nergies in the range from 0 1o 2000 eV is used, as a
result of which a reservoir is produced with a depth of up to 20 nm, preferably up to 15 nm, more
preferably up to 10 nm, most preferably up to 5 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 ators and/or molecules are used
which the reservoir produces with the required properties. The relevant properties are mainly the
pore size, pore distribution and pore density, Altematively, 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+, Np+, O, Oy#, Art+, The first educt can be accommodated in the unoccupied {ree space

of the reservoir/ reservoirs. The reservoir formation laver and accordingly the reservoir can extend



The reservoir/reservoirs is/are formed based on the following considerations: The pore size is smaller
than 10 tun, preferably smaller than 5 nm, more preferably smaller than | nm, even more preferably
smaller than 0.5 nm, most preferably smaller than 0.2 nm. The pore density is preferably directly
proportional to the density of the particles which produce the pores by striking action, most preferably
can even be varied by the partial pressure of the striking species, and depending on the treatment time
and the parameters, especially of the plasma system used. The pore distribution preferably has at
least one region of greatest pore concentration under the surface, by variation of the parameters of
several YRRTEGRINE ¥Eh are superimposed into a preferably plateau-shaped region (see Figure 7).
The pore distripution converges toward zero with.increasing.depth. The region near the, surface during
bombardment éa{l”éln r?i R e ) f%gﬁff‘cggie?éeﬁw‘%hﬁgr%aﬁéeﬁ%t‘i‘/qﬁle%? & Qitace. After
the end I freatment t or nsity on,the surf can.be reduced as a result of stress
relaxati(l) %%a%%rr%?%%?ét&%g %{?;tﬁﬁ)ﬂ%gneﬁg%gl %ﬁ{;fgk%%%s% &%teecgt?g%dyﬁ@erggggé fo the surface has

one stegp. flankanel with respelidthe Lk aratherdalel, Ayt continuously decreasing flank (see

Figure 7). For the pore size, the pore distribution and pore density, similar considerations apply to

all methods natpreskieseadthyplasmss The-reseniel taTdIewasignelibyeantraled usgand
combination of process parameters. Figure 7 shows a representation of the concentration of injected

nitrogersatois: yplEsma pasfarftlction oftthe pengitationedeptly intalla-silicomexidedayer 1t was
possible to produce two profiles by variation of the physical parameters. The first profile 11 was
producedetyabip renhlightieadte leratedateihsimomatiecpy inXhesilicon oxide, conversely the profile 12
was produced after altering the process parameters in a lower density. The superposition of the two
profiles yields E8BRtCCEHvAEM S efiepbls emeihcrernstidonst théealsaripiv! thaeadiigionsislp between the
concentration of the injected atom and/or molecule species is evident. Higher concentrations

designaltEragidhisrrith Wi et s trretaretctrly B 8vRdIe \ep st Bt PG RGHATR the subsequent

educt. A continuous chan f the process parameters which is controlled especially in a dedicated
manner’ usr’}ﬁiél?ﬁépﬁfé%sn?giééﬁéﬁg% RIARR LGRS IBTS PR RATE SRS SVET ﬂ?éLﬁistribution of the

added i%p rgvgyr {Qg quggth, which (distribution) is as uniform as possible. As a reservoir,

alternatively ?o aS reservoir produced by plasma, the use of a TEOS (tetraethyl orthosilicate)-oxide layer

on at least onarf e, suksiatss,RLIeARHe ek subsials: i aoncevable, Thia s ngeneraly less

dense than theal oxide, for which reason compaction is advantageous as claimed in the invention. The

compactier:igkesiace-Ryhaakdierimeant with theiabisctiveringting.a defingdporasity of the

reservoir.
preferably 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 is
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).

For the pore size, the pore distribution and pore density, similar considerations apply to all
methods not produced with plasma.

The reservoir can be designed by controlled use and combination of process parameters.

O



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 layer with a porosity in the nanometer range or as a layer which has channels
with a channel density smaller than 10 nm, more preferably smaller than 5 nm, even more preferably
smaller than 2 nm, most preferably smaller than | nm, most preferably of all smaller than 0.5 mu,

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

inventio & foiSiT L SO R GG S OB AL o BRSO RIS IBY BRIB& G the reservoir to
the am 'eré]éigtrgpégheeggﬂ_ f&il)sh(ig V\{:iltt% gs&ecﬁi}g{lﬁ %E%)’n’jﬁd Wateribf{g Ohirgng\(/}it%ﬂ%%i\é\éhich contains
the educt 6F which cOnsIsts of itrespecially F120, CNITADI T BXP oSG e TeSBNVGI o any gas
atmosF)B? (Gr&FhS &l %Qp%%%p%?ﬁn%% eﬁi‘é -9 %?dfgg ‘?Irgwifég%gfgéaced by more highly
accelerated atoms more deeply in the silicon oxide, conversely the profile 12 was produced after
altering the process parameters in a lower density. The superposition of the two profiles yields a
sum curve 13 which is characteristic for the reservoir. The relationship between the concentration
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 makes it possible to achieve a reservoir with a distribution of the
added ions over the depth, which (distribution) is as uniform as possible.
As areservoir, alternatively to a reservoir produced by plasma, the use of a TEOS
{tetracthyl orthosilicate)-oxide layer on at least one of the substrates, at least the first substrate, is
concetvable. This oxide is generally less dense than thermal oxide, for which reason compaction is
advantageous as claimed in the invention. The compaction takes place by heat treatment with the
objective of setting a defined porosity of the reservoir.
According to one embodiment of the invention, the filling of the reservoir can take place
especiaily 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 fayer with a porosity in the nanometer range or as a
tayer which has channels with a channet density smaller than 10 nm, more preferably smailer than 3

nm, even more preferably smaller than 2 nm, most preferably smaller than 1 nm, most preferably of

10



exposing the reservoir to a water vapor- or hydrogen peroxide vapor-containing atmosphere and
depositing a reservoir already filled with the educt as a reservoir formation layer on the first substrate.
The following compounds are possible as educts: Ox I-, 02, 03, N2, NH3, H20, H202, and/or NH4OH.
The use of the above cited hydrogen peroxide vapor is regarded as the preferred version in addition to
using water. Hydrogen peroxide furthermore has the advantage of having a greater oxygen to
hydrogen ratio. Furthermore, hydrogen peroxide dissociates above certain temperatures and/or via the
use of hi %ﬁqmﬁ fields in the MHz range into hydrogen and oxygen. Mainly when using
materia i £ Wfficients of thermal expansion the use of methods for dissociation of the

aforementionei_d S ec{es \?’HFh d(% lgot cause ar.% ngt worthy te IQeraturefiné;r ase qr.at Qesta
e n Of the step of Iiling of the reservolr with a hirst educt ralg]t oup Of educts, as claimed . . .
local/specific tempera?are Incréase s aceivantageous. n particular fherR 95 Microwave irradiation which

at least pramatesy araferahly, sausas e dissasialionpin.AGCQrding da,gne advantageous embodiment

of the invention it Is provided that the formation of the growth layer and strengthening of the

irreversible bongdakemplace oy diffusipnrhthefissheduct into the reaction layer. According to
another advantageous embodiment of the invention it is provided that the formation of the irreversible

bond takes placghaiaviemperatiiselobiypicaltdess than 300C, advantageously less than 200C, more
preferably less than 150C, even more preferably less than 100C, most preferably at room temperature,
especially durihglanmaximiuind 2idelysomtore theefarablywvaichaxiwistolidayyceidn morélgeferably a
maximum 1 hour, most preferably a maximum 15 minutes. Another advantageous heat treatment
method is dield&trietheating by microwaves.

- exposing the reservoir to any gas atmosphere, especially atomic gas, molecular gas, gas
mixfures,

- exposing the reservoir to a water vapor- or hydrogen peroxide vapor-containing atmosphere
and

- depositing a reservoir already filled with the educt as a reservoir formation layer on the first
substrate,

The following compounds are possible as educts: 0", 0a, 03, N, NHi, Hy0, H, 0, and/or
NH,;OH.

The use of the above cited hydrogen peroxide vapor is regarded as the preferred version iﬁ
addition to using water. Hydrogen peroxide furthermore has the advantage of having a greater
oxygen to hydrogen ratio. Furthermore, hydrogen 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 dissoctation of the aforementioned species which do not cause any noteworthy

temperature increase or at best a local/specific temperature increase is advantageous. In particular

11



Here it is especially advantageous if the irreversible bond has a bond strength of greater than 1.5
Jim2, especially greater than 2 .1hu2, preferably greater than 2.5 J/m2. The bond strength can be
increased especially advantageously 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 layer.
In this way growth on the second substrate is effected, as a result of which gaps between the contact
surfaces can be closed by the chemical reaction as claimed in the invention. As a result, the distance
betweerr]jthe. contact surfaces, therefore the avera%e disé%rajée, IS red caij?, and.dead spaces are

m.inimize(‘?lr.('3 ® ‘ O the exte W’ﬁ}é 0 aat%??%f)fﬂlgﬁ} SV Y(g%ufﬁ% Sﬁféfgf?ﬂ% activation, especially
uih an actvarlon (EGLE1G REMEEIOARIRNOK R ANAaL B RRACL ARRSINRepeon 0.075 and 0.2

watt/cm2 and/or with pressurizatio a pressure between mbar, additional effects such

as smoqihing Hf Jhe.contast suiface AR AISeA slearincrenssd-udronhiisity afihe gaptact surface

are effected. Alternatively thereto, the formation of the reservoir can take place as claimed in the
inventiopdy-ysa.ef Adptiasthaxysiane oxide layer compacted in a controlled manner to a certain
porosity as reservoir formation layer. According to another advantageous embodiment of the
invention it is pravided thatdheresenticdorssiinayer consisisiargalyprespedialytessentially
completely, of an especially amorphous silicon dioxide, especially one produced by thermal oxidation,
and thefremetiondaiperncorsists biahtdxidikable materalvespiygiathilptedahainéiit¢, preferably
essentially completely, of Si, Ge, InP, GaP or GaN (or another material mentioned alternatively
above).3drreispecidiyestaisie oA iomwniefriabpdeialfreffel ivelpeiventhisrekistisgthamps is enabled
by oxidatiop. Here it is provided as claimed in the invention that there is a growth layer, especially
predomifrith sEheiE Sl B SaB S P stReT Hia iU AL meRteHEY ‘2 EMatively above) between

the second cqntact surface and the reaction Jayer. The growth layer is subject to growth caused by the
ronction L R T BT, FE T kB pHEUBE G enansition S1-Si03 (7

by re-formation,of-amorphous 5102 and the deformation caused hierely, especially bulding, of the
growth layer, espécially on the interface to the reaction layer, and especially in régrons of gaps
between, the firstand the second contact surface. This causes a reduction of the distance or a

reduction of the dead space between the two contact surfaces, as a result of which the bond strength

between the twp,SHISURRSIE NARRSRG.ALBTPRIRIISNeHIEENA00ARLARG: Regferably roughly
200C and 150C, more preferably a temperature between 150C and 100C, most preferably a
temperalgr@heweenbogeaanthi00MHe pRefal eriseInachdly/m?.
The bond strength can be increased especially advantageously 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 layer. In this way growth on the second substrate is effected,
as a result of which gaps between the contact surfaces can be closed by the chernical reaction as
clatmed in the invention. As a result, 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 activation, especially with

an activation frequency between 10 and 600 kHz and/or a power density between 0.075 and 0.2

watt/em?® and/or with pressurization with a pressure between 0.1 and 0.6 mbar, additional effects
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advantageous. The growth layer can be divided into several growth regions. The growth layer can at
the same time be a reservoir formation layer of the second substrate in which another reservoir which
accelerates the reaction is formed. Here it is especially advantageous if the growth layer has an
average thickness A between 0.1 tun and 5 nm prior to formation of the irreversible bond. The thinner
the growth layer, the more quickly and easily the reaction takes place between the first and the second
educt through the growth layer, especially by diffusion of the first educt through the growth layer to the
reaction layer. The diffusign rate of the educts, thro the growth | s increased by the growth
layer Wﬁ’ilgg %Sass%jgte%nn (f#]%lgﬁoé]n “HUETE %‘/ré%rf/Li ih ﬁﬁci%lé’algf %ﬁﬁ%%%%‘ﬁ&yo? tﬁ& ?Sngtion of the
permangnt hond %&E@e start of the reaction. This leads to a lower transport time of the ed cts at the
same temperature. Here the thinning as claimed in the invention can play a decisive part since the

reaction can bgfurther.ASREILAIRSHETER ARHOLR SETRAIRIER&AR be fiithergeduced. Thinning

can be done especially by etching, preferably in a moist atmosphere, still more preferably in-situ.

Alternativelhinging: eikasnlaca espacaliiyyerkpiehing iR refarabivdinsitit: Heredmssitu means

performance in the same chamber in which at least one previous and/or one following step is/are
done. Amathay sysienvarfangementsvhich is included in the concept of in-situ used here is a system in
which the transport of the substrates between individual process chambers can take place in an
atmosphere whislirdans beradhestdulingcontrobed meanfeheforexamiple preivideintet Gases, but
especially in a vacuum environment. Wet etching takes place with chemicals in the vapor phase, while
dry etcHRH§TTARES Braden Witer epRsAiT RS HY tREpiidiY srsnslalin conandsiebnptise efrswithifayer consists of
silicon dioxide, etching with, hydrofluaric acid or diluted hydrofluoric acid can be done. To the extent the

growth FARPREHSIHEBITECSTSRACHP P Rap s ge e Rt erdationgad ShaigriobligeEmbodiment of
the invention it i% advant%gfously. rovided that the fornl?tion of the rese_r\ﬁoir is carried qut in a

vacuurm ™ FREE hMtSrHansH G T S Rar T Rt A Redtir e RhAS BHA0H FOBIIIE &R be avoided.
ot et eion L seran R e g g gpesevor hes
filling the.JeR61VRIWED AIMoSRREHL B, ARdME PXYaeR SOMRIRE d ARG A
Here it is provided as claimed in the invention that there is a growth layer, especially

predominantly of native silicon dioxide (or another material mentioned aiternatively above)

between the second contact surface and the reaction layer, The growth layer is subject to growth

caused by the reaction as claimed in the invention. The growth takes place proceeding from the

transition Si-5i02 (7) by re-formation of amorphous Si0O2 and the deformation caused thereby,

especially bulging, of the growth layer, especially on the interface to the reaction layer, and

especially in regions of gaps between the first and the second contact surface. This causes a

reduction of the distance or a reduction of the dead space between the two contact surfaces, as a

result of which the bond strength between the two substrates is increased. A temperature between

200 and 400°C, preferably roughly 200°C and 150°C, more preferably a temperature between 150°C

and 100°C, most preferably a temperature between 100°C and room temperature, is especiatly



exposing the first contact surface to a fluid consisting especially predominantly, preferably almost
completely, of especially deionized H20 and/or 1-1202, exposing the first contact surface to N2 gas
and/or 02 gas and/or Ar gas and/or forming gas, especially consisting of 95% Ar and 5%1-12,
especially with an ion energy in the range from 0 to 2000 eV, vapor deposition for filling the reservoir
with any already named educt. It is especially effective for the process sequence if the reservoir is
formed preferably in a thickness R between 0.1 nm and 25 nrn more preferably between 0.1 nm and

15 nm, en more %‘t&fera etwee Odlv?n and 10 rim, mo refera[% be“yt\éelen 0.1 n{’n and 5 nm.
I

Further V?% 8EEBdingHS One o dimen he ?ﬁ‘\f/eéﬂarlllt%n Vanta égus if the average distance

B between he sservaland the eaction laver umediately %%%% I9nPLR reversible bond i

between 0.1 N an 1 am espema y b tween 0.5 mn an nm pre era y between 0.5 nm and 3

nm. Th%vﬂi&ﬁ%%e%@_tﬁ@é@&%ﬂ@s%%@&e”“0” is influenced or produced by thinning. A device for

executing the method is formed as claimed in the invention with a chamber for forming the reservoir, a

chamber providgd ieanasialiseparmielnion ilingihe rasenoim and-20 BrReciallybserarately provided
chamber for forming the prebond, all of which chambers are connected directly to one another via a

vacuunosysteaad 5 nnipanathiembodine nidhe difintood thecrésertaliccasvalsiaytakaqiaee directly via
the atmosphere, therefore either in a chamber which can be opened to the atmosphere or simply on a
structurguivkighrdces indidraveifacketimipbubcanchamdiesthedtiafescsedrdutomatidally and/or completely
automatically. Other advantages, features and details of the invention will become apparent from

the follogwirgdessriptioriadiy predereignroxchpisncombbuiab e Sipathdire théharawtingdayer
The diffusion rate of the educts through the growth layer is increased by the growth layer which has

been thinned and thus is very thin at least at the beginning of the formation of the permanent bond
or at the start of the reaction. This leads to a lower transport time of the educts at the same
temperature.

Here the thinning as claimed in the invention can play a decisive part since the reaction can
be further accelerated hereby and/or the temperature can be further reduced. Thinning can be done
especially by etching, preferably in a moist atmosphere, still more preferably in-situ. Alternatively
thinning takes place especially by dry etching, preferably in-situ. Here in-situ means performance in
the same chamber in which at least one previous and/or one following step is/are done. Another
system arrangement which is included in the concept of in-situ used here is a system in which the
transport of the substrates between individual process chambers can take place in an atmosphere
which can be adjusted in a controlled manner, for example using inert gases, but especially in a
vacuum environment. Wet etching takes place with chemicals in the vapor phase, while dry etching
takes place with chemicals in the liquid state. To the extent the growth layer consists of silicon

dioxide, etching with hydrofluoric acid or diluted hydrofiuoric acid can be done. To the extent the
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Figure la shows a first step of the method as claimed in the invention immediately after the first’
substrate makes contact with the second substrate, Figure Ib shows an alternative first step of the
method as claimed in the invention immediately after the first substrate makes contact with the second
substrate, Figure 2 shows a step of the process as claimed in the invention which takes place
before contact-making, specifically thinning of the second substrate, Figures 3a and 3 b show
other steps of the method as claimed in the invention for forming a higher bond strength, Figure 4
shows another step of the method as claimed in the invention which follows the steps according to

Figure I§'6MB R GRS Shaicbingsa Bhianandhbstfite contact surfaces which are in contact,

Figure 5 shows a step as claimed jn the inyention for formation of an irreve s'bﬁzlp rmanent bond
between the st?‘ﬁg?fré? to one ?‘ig%ﬁ’ “%‘J‘%W?\}\g’se W@H%&éﬁgﬁmﬁ?}%‘%@%@é Rl processes which
proceed;on. (e, (W contact sutfaces duiing e siepsaceording te Fidue 4 and Figyre S Figure 7
shows a further enlargement ot the ¢ emlcal‘/}p%ysma processes Which proceed on the interface

betweeqlﬁmgrﬁ&@@gw(ﬁ%gﬁngyEiﬁgogla%%%gs according to Figure 4 and Figure 5 and

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 humidity and/or oxygen contained in the air,

- exposing the first contact surface to a fluid consisting especially predominantly, preferably
almost completely, of especially deionized HyO and/or HyOs,

exposing the first contact surface to N gas and/or Oy gas and/or Ar gas and/or forming gas,

especially consisting of 95% Ar and 5% H,, especially with an ion energy in the range from

010 2000 eV,

vapor deposition for filling the reservoir with any already named educt.

It 15 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 between 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 laver immediately before formation of the frreversible bond is
between 0.1 nm and 15 nm, especially between 0.5 nm and 5 nm, preferably between 0.5 nm and 3
nm. The distance B as claimed in the invention is influenced or produced by thinning.

A device for executing the method is formed as claimed in the invention with a chamber for
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Figure 8 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. In the situation
which is shown Figure 1 and which only one extract of the chemical reactions which proceed during or
immediately after the prebond step between a first contact surface 3 of a first substrate 1 and a second
contact surface 4 of a second substrate 2 shown [sic]. The surfaces are terminated with polar OH
groups and are accordingly hydrophilic. The first substrate 1 and the second substrate 2 are held by
the force of attraction of the hydrogen hridges between the 01-1 %g)augs present on the surface and the

H20 moldEURE SO hARIRBRF RS KIS Fibfelicsesisinly n Sy B ITRENS ot fBast the first
bstrate 1 has b i d by pl t ti di Iti iall
et b I LT

€S (I)] I’% ar?
advantageous y subje econd substrate e second contact surface 4 to plasma

treatmegéhge%pe%cd%lgt tihe same time M&Eﬁ%‘ Srg)sqg}}rpa treatment of the first substrate 1 according to
the alternative embodiment. A'reservoir 5 in‘a reservoir formation layer 6 consisting of thermal

silicon dioxideyag el RsAlBEAie STRIIMEH AGCNIING iEigrredh asecond opposing

reservoir 5' in the reservoir formation layer 6 have been formed as claimed in the invention by plasma

treatmepinbipEGE, erdfRResRF fRHDREMI AL Gntdaarikianlawelimdsphewhichnganiain a second
educt or a second group of educts directly adjoin. Plasma treatment with 02 ions with ion energies in
the rangabeiwednch durd 20008ve Vaguelds ian avdrag thickaksseRinftthetedsruni’d of roughly 15 nm,
the ions forming channels or pores in the reservoir formation layer 6. Between the reservoir
formatiowiayerls anchthigcrBaction layer 7 there is a growth layer 8 on the second substrate 2 which
can be at the same time at least partially the reservoir formation layer 6'. Accordingly there can

additionally bePsstbegpsnrHoriyess petidal tldhessprbaiotikamemeapeienainitie reaction layer 7'.

following description of preferred exemplary embodiments and using the drawings.

Figure 1a shows a first step of the method as claimed in the invention immediately after the
first substrate makes contact with the second substrate,

Figure 1b shows an aliernative first step of the method as claimed in the invention
immediately after the first substrate makes contact with the second substrate,

Figure 2 shows a step of the process as claimed in the invention which takes place before
contact-making, specifically thinning of the second substrate,

Figures 3a and 3b show other steps of the method as claimed in the invention for forming a
higher bond strength,

Figure 4 shows another step of the method as claimed in the invention which follows the
steps according to Figure la or 1b, Figure 2, and Figures 3a and 3b, with substrate contact surfaces
which are in contact,

Figure 5 shows a step as claimed in the invention for formation of an irreversible/permanent

bond between the substrates,
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Likewise the reservoir 5 (and optionally the reservoir 5') is filled at least largely with H20 as the first
educt prior to the step shown in Figure 1 and after plasma treatment. Reduced species of the ions
present in the plasma process can also be located in the reservoir, especially 02, Nz, Hz, Ar.
Before or after the formation of the reservoir/reservoirs 5, 5', in any case before the substrates 1,2
make contact, the growth layer 8 (and optionally the other growth layer) is thinned by etching (here
after the formation of the reservoir 5, see Figure 2). In this way the average distance B between the
second contact surface 4 and the reaction layer 7 is reduced. At the same time the second contact

surface 4 is advaRtaRyREUS PR EsRement i G SRTRIEL AP PO SHT MAER SRt Awide gap,

eSpeCiaModci%%[g%u% Ct@ed{\gvnantef R E':sesnatcboe]f ween 1he cg{nag_?g%lsurgasces 3, 4, after making contact in the
stage shown’in Figures'la an B cor mglygt e egﬂ%eting on%lrstréngth is relatively low and is roughly

betueen 100 mlGET2. ANk 390 MG, Ssneaialy At 130,200 mulame. I dpis senngption the prior

plasma activation plays a decisive part, especially due to the'increase city of the

plasma-ggtivated firsteontactsuiacs. S andR smagthing sifectwhich, ﬁg&ﬁya%g@mdég% plasma
activation. The process which is shown in Figure 1 and which Is called prebond can preferably
proceedis¢ ambient temperature or a maximum 50 Celsius. Figures 3a and 3b show a hydrophilic

bond, the 51-0-Si bridge arising with splitting of water by -OH terminated surfaces. The processes in

Figures 3a andigirdastroughty-gt bahcponitampaihtureAbbAC onghly 60 invdiliestate in Figure 3b
occurs at the indicated temperatures without producing the reservoir 5 (or reservoirs 5, 55.

Between the cOmagnsurfapesBrd{aaiine moleotiies! angh fbasetcaridrprovideairiaastgartially for further
filling in the reservoir 5 to the extent there is still free space. The other H20 molecules are removed. In
the stepf%@érding to Figure | roughly 3 to 5 individual layers of OH groups or H20 are present and 1
to 3 monolayers of H20 are removed or accommodated in the reservoir 5 from the step according to

Figure 1 to the"SEpSHersiaivg b Egore axliewe h apbvdich spswrrirrEIguEEchs B drogen bridge
bonds are now formed directly between siloxane.groups, as a result of which a greater bond force
arises, PGB SO SR B S TR G GREACES G BHIOHRBE S S0ies the istance
between) thy ntact surf 3, 4. Accordingly.there are only | to 2.individual layers of .OH groups
petwoon T o S e I oo of oo

molecules acearding.ta s feackianwhichnas hesninseried delow, soualentaamRounds in the form

of silanol groups are now formed between the contact surfaces 3, 4'which lead to a much stronger
bond forgeane tegiigeesRraee s that theudistancslemvasnthescortactsuEagess 4 is further

reduced until finally the minimum distance shown in Figure 3 is reached based on the contact surfaces
3, 4 direstly eaeeitnQibpe R etbest on the surface and the H;O molecules and also between the H,O
molecules alone. The hydrophilicity of at least the first substrate 1 has been increased by plasma
treatment in a preceding step.
It is especially advantageous to additionally subject the second substrate 2 or the second
contact surface 4 to plasma treatment, especially at the same time with the plasma treatment of the -
first substrate 1 according to the alternative embodiment.
A reservoir 5 in a reservoir formation layer 6 consisting of thermal silicon dioxide as well as

in the altemative embodiment according to Figure Ib a second opposing reservoir §' in the reservoir

formation layer ¢' have been formed as claimed in the invention by plasma treatment. Under the
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Si-OH -I- HO-Si <-> Si-O-SUH20 Up to stage 3, especially due to the formation of the reservoir 5 (and
optionally of the additional reservoir 5'), it is not necessary to unduly increase the temperature, rather
to allow it to proceed even at room temperature. In this way an especially careful progression of the
process steps according to Figure la or Ib to Figure 4 is possible. In the method step shown in
Figure 5, the temperature is preferably increased to a maximum 500 Celsius, more preferably to a
maximum 300C, even more preferably to a maximum 200C, most preferably to a maximum 100C,
most preferably of all not above room temperature in order to form an in-eversible %é?ermanent bond
|

betweerHiE fif<P AR tRSEEShA EERtAR S acd. T 8%8%%?8?8?8& RiGhAFE P&y low, in
trast h j t I ibl .th ] ir 5 d opti i ition th
e R R e e o o

reservoit 5 €ncomp efirst e igure +2H20 Si02 +

2112 %&6@8%?@&8&&%%9 [ yolume ang fiftusinnes the L2l MalGcules, £ ngsialy on the

interfacglbetwee e reservoir formation layer 6' and the reaction’layer 7 (and optionally in addition on

the interface HetvesBstheHessmRlL iBrRatipndayer 6 and the reaction layer 7°), volume in the form of a
growth layer 8 increases, due to the objective of minimizing the free Gibbs enthalpy enhanced growth

taking place ingagiQnshvhare gaps9aie Rrsenhbewesnitheacantakis i tagesB | 4eThergaps 9 are
closed by the increase in the volume of the growth layer 8. More exactly: At the aforementioned
slightly ifereassdstéanperatuhis, dd2b:malecules idiffus&as the filstiedest fronfothvetreskereoir 5 (or the
reservoirs 5, 5') to the reaction layer 7 (and optionally 7'). This diffusion can take place either via a
direct contactof thelyrservairablitratibn YayeeBeraroichiie: forves 8 oxrteoin{ematiitlali respective
reaction layer 7, 7' (or growth layer 8) or via a gap 9 or from a gap 9 which is present between the
oxide laye#sd tépactiiideitiokide, therefore a chemical

Likewise the reservoir 5 (and optionally the reservoir 57) is filled at least largely with HyO as
the first educt prior to the step shown in Figure 1 and after plasma treatment. Reduced species of
the ions present in the plasma process can also be located in the reservoir, especially Oa, N, Ha, Ar.

Before or after the formation of the reservoir/reservoirs 5, 5', in any case before the
substrates 1, 2 make contact, the growth layer 8 (and optionally the other growth layer) is thinned
oy etching (here after the formation of the reservoir 5, see Figure 2). In this way the average
distance B between the second contact surface 4 and the reaction layer 7 is reduced. At the same
time the second contact surface 4 is advantageously flatter.

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 in Figures la and

1b. Accordingly the existing bond strength is relatively low and is roughly between 100 mi/em?® and
300 ml/em®, especially more than 200 mJ/em®. In this connection the prior plasma activation plays
a decisive part, especially due to the increased hydrophilicity of the plasma-activated first contact

surface 3 and a smoothing eftect which is caused by the plasma activation.
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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 layer 7 with the growth layer 8 and/or the reservoir formation layer 6, 6 and thus forms the
growth layer 8 which is made especially 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
nanometer range, there is the possibility of bulging of the growth layer 8, as a result of which stresses

on the contact surfaces 3,4 can be reduced. In this way the distance hetween the contact surfaces 3, 4
is reduced, as'a r8SUfOF \WﬁT%ﬁ? &7ad :\J/%gc%en?fgfﬁss‘ﬂ\%ééclé %naﬁtﬁﬁeg%gec%ﬁg% Fhﬁﬁg}% 0?’;{;re(-{-i further

increasefl SHEITSANRCEON MG SO 1A RIS Wak DGR cIeREs AllRRTERARA Which fauns

over the entire watfet, in contrast to the products In the prior art which are partially not welded,

fundamentally GQUIKIgHIGS M’{L@ﬁ%ﬁgy%P%%@%iﬁ&%dtyﬁ%@sbﬂ%%%%%mw amorphous

silicon oxide surfaces which are welded to one another is a mixed form of covalent and ionic portion.

The afosgmprtiongdseastion ofdhedirstapettt 2Q)svithvthensesondreduet(SiFiakestplace in the

reaction layer 7 especially quickly or at temperatures as low as possible to the extent an average
distance@beinae mihatfiistopatactsuriace Brahdithalreastionitayer i2ssasrsmall.as possible.
Therefore the pretreatment of the first substrate 1 and the choice/pretreatment of the second substrate
2 which considistefen teactioaciayen@of, $ilidon mndcalprativdooxidetdyer ddethiteas posdible as growth
layer 8 are decisive. There is a native oxide layer as thin as possible for two reasons. The growth layer
8 is veryuhivfeessdiinglly Gasctertel fimfingprovided s kiBrmeach the sHve fhbhnesHst due to the
newly formed reaction product 10 on the reaction layer 7 it can buallge tow§rd the reser\ﬁlgo}iﬁs formation

layer 6 SFAFETOPFbMASHER Gt ANGRIEII LFIEaHA ddoas B liabaEsra Pt SPES AT ARt ih regions of

the nanogaps 9. Furthermore, diffusio ths as short as possible are desired in qrder tg achieve the
desired BFEEEY alﬁfgclkﬁ?/g;g’% @{ﬁ%fﬁ%ﬁéﬂg D ?a{fﬁ‘%%g% 6}\#\/&{5%& lﬁ]oélgi{)efék’.mloﬁrg w%lctns%%strate 1

likewise consists,of a si icon{ r and an Oéid nge olf Quced thereon as reservoir formation layer 6
) . : i ) . .
in whmh%%%%?%?ﬁ%g%%fﬁe; é%eé%e %%r%a’l?ﬁ or clg;r‘r\ff) etely. The reservoir 5 (or the reservoirs 5,

5) isfilled as glaimed nihednyeaionatieashwib hisamaun o H&%ffs%@&iuﬁ%? iGhiiadiecessary to
close the nanogaps 9 so that an optimum growth of the growth layer 8 can take place to close the
nanogapg R4, as Shetlias RRREIR e andihatadeIRRe AtuERIAS QN aSnRRSSIBIR.S 3,

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

Accordingly there are only | to 2 individual layers of OH groups between the contact surfaces 1, 2.

In the step shown in Figure 3b, in turn with separation of H,O molecules according to the

reaction which has been inserted below, covalent compounds in the form of silanol groups are now

formed between the contact surfaces 3, 4 which iead to a much stronger bond force 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

one another:

Si-OH ++ HO-81 « Si-0-81+H,0

Up to stage 3, especially due to the formation of the reservoir 5 (and optionally of the
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Reference number list 1first substrate 2second substrate 3first contact surface 4second contact
surface 5, 5'reservoir 6, 6reservoir formation layer 7, 7'reaction layer 8growth layer

additional reservoir 5, it is not necessary to unduly increase the temperature, rather to allow it to
proceed even at room temperature. In this way an especially careful progression of the process steps
according to Figure 1a or 1b to Figure 4 is possible.

In the method step shown in Figure 5, the temperature is preferably increased to a maximum
500° Celsius, more preferably to a maximum 300°C, even more preferably to a maximum 200°C,
most preferably to a maximum 100°C, most preferably of all not above room temperature in order
to form an irreversible or permanent bond between the first and the second contact surface. These
temperatures which are relatively low, in contrast to the prior art, are only possible because the
reservoir 3 (and optionally in addition the reservoir 5") encompasses the first educt for the reaction
shown in Figure 6 and 7:

St + 2H,O — Si0; + 2H,

By increasing the molar volume and diffusion of the H,O molecules, especially on the
interface between the reservoir formation layer 6' and the reaction layer 7 (and optionally in
addition on the interface between the reservoir formation layer 6 and the reaction layer 77, volume
in the form of a growth layer 8 increases, due to the objective of minimizing the free Gibbs enthalpy
enhanced growth taking place in regions where gaps 9 are present between the contact 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, 1,0 molecules diffuse as the first
educt from the reservoir 5 (or the reservoirs 3, 5) to the reaction layer 7 (and optionally 7. This
diffusion can take piace either via a direct contact of the reservoir formation layer 6, 6 which is
formed as oxide layers with the respective reaction layer 7, 7' (or growth layer 8) or via a gap 9 or

from a gap 9 which is present between the oxide layers. There, silicon oxide, therefore a chemical
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9nanogaps 10reaction product 11first profile 12second profile 13sum curve Aaverage thickness
average distance average thickness Claims

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 layer 7 with the growth layer 8 and/or the reservoir formation laver 6, 6" and thus forms the
growth layer 8 which is made especially as native oxide in the direction of the gaps 9. Here H;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 growth layer 8, as a result 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 surface and thus the bond strength are further increased. The weld connection
which has arisen in this way, which closes all pores, and which forms over the entire wafer, in
contrast to the products in the prior art which are partiaily not welded, fundamentally contributes to
increasing the bond force. The type of bond between the two amorphous silicon oxide surfaces
which are welded to one another is a mixed form of covalent and ionic portion.

The aforementioned reaction of the first educt (H,0) with the second educt (Si) takes place
in the reaction layer 7 especially quickly or at temperatures as low as possible to the extent an
average distance B between the first contact surface 3 and the reaction layer 7 is as small as
possible.

Therefore the pretreatment of the first substrate I and the choice/pretreatment of the second
substrate 2 which consists of a reaction layer 7 of silicon and a native oxide layer as thin as possible
as growth layer § are decisive. There is a native oxide layer as thin as possible for two reasons. The
growth layer 8 is very thin, especially due to the thinning provided as claimed in the invention, so

that due to the newly formed reaction product 10 on the reaction layer 7 it can bulge toward the
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1. A method for bonding of a first contact surface (3) of a first substrate (1) to a second contact surface
(4) of a second substrate (2), the second substrate (2) having at least one reaction layer (7), with the
following steps, especially the following sequence: forming a reservoir (5) adapted for retention of a
first educt, in a reservoir formation layer (6) on the first contact surface (3), at least partial filling of the
reservoir (5) with the first educt or a first group of educts, thinning of the second substrate (2), the first
contact surface (3) making contact with the second contact surface (4) for formation of a prebond
connection and forming a permanent bond between the first and second contact surface (3, 4), at least
partially&FeiRgtFemedopyase tebbsommsrikeisaLctirHars seeskdemrRi®Eed in the reaction
layer (7) of the second substrate (2), wherein an average distance (B) between the reservoir (5) and
the rea RSITRYRR TR W@ﬁﬁ@%§rrﬁ%ﬁ%ﬁh§f§%ﬂemﬁﬁﬁmﬁ§s@8m $7%6.1 nm and 15

nm, whigh is produced bihiny, oo 2.1he.method as dlaimed.n Glaim 3, wherein, e tinning takes
place by etching, especially 1h a'moist atmosphere, fefera y in-Situ. . I'he method as claimed in

claim L ¥eteif s (Una R pack R A R RSPaRIAbORES T prodticlie method as

claimedpln one of the preceding claims, wherein in a reservoir formation layer (6') on the second

contact gurface(thal aEreand b SR eHe) ARaADHeNkormed at least partially or
completely.
The reservoir 5 {or the reservoirs 3, 5" is filled as claimed in the invention at least with the
amount of the first educt which is necessary to close the nanogaps 9 so that an optimum growth of
the growth layer 8 can take place {o close the nanogaps 9 in a time as short as possible and/or at a

temperature as low as possible.
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reservoir (5') is formed, especially simultaneously with the formation of the first reservoir (5). 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. The method as claimed in one of the preceding claims, wherein the reservoir/reservoirs (5,
5") is/are foinied by plasma activation. 7. The method as claimed in one of the preceding claims,
wherein the reservoirs (5, 5') are formed by using an especially compacted tetraethoxys lane oxide
layer as the reservoir formation layer (6 eferer% Tnhglge'nleﬁjgpd as claimed in one of the preceding claims,
wherein the reservoir formation layer (6) consists \largely, especially essentially completely, of an
especiajly amorphoysnaissial, especially a silicon dioxide produced by thermal oxidation, and the
reaction layer (7) consists of an oxidizable material, especially predominantly, preferably essentially
completely, of Si, Geedpii ot GaN. 9. The method as claimed in one of the preceding claims,
wherein there is a growth layer (8), especially predominantly of native silicon dioxide, between the
second Tontact surfaie bhandidbeceeaction layer (7), the growth layer (8) being at least partially,
especially completely removed by the thinning.

4 second contact surface

55 reservoir

6,6 reservoir formation layer
7T reaction layer

8 growth layer

9 nanogaps

10 reaction product
11 first profile

12 second profile

13 sum curve

A average thickness
B average distance
R average thickness
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10. The method as claimed in Claim 9; wherein before the formation of a permanent bond and after
the thinning, the growth layer (8) has an average thickness A between 1 angstrom and 10 nm. 11.
The method as claimed in one of the preceding claims, wherein the formation of the reservor is carried
out in a vacuum. 12. The method as claimed in one of the preceding claims, wherein the reservoir
is filled by-gng,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, of especially deionized
H20 and/or H202, exposing the first (3) to N2 gas and/or 02 gas and/or Ar gas and/or forming gas,
especially consigting-f@%Ataad 5% H2sespesialyiwith ariamanangy-i: the tange dram 0 to 200
eVv. 13. The method as claimed in one of the preceding claims, wherein the reservoir (5) is formed
in an average:thickness4(RY betvwanddsrna ANtk aspacially) hevivgeniésd am and 20 nm.

reaction layer (7), with the following steps, especially the following sequence:

forming a reservoir (5) adapted for retention of a first educt, in a reservoir formation

layer (6) on the first contact surface (3),

- at least partial filling of the reservoir (5) with the first educt or a first group of educts,

. thinning of the second substrate (2),

- the first contact surface (3) making contact with the second contact surface (4) for
formation of a prebond connection and

- forming a permanent bond between the first and second contact surface (3, 4), at least
partially strengthened by the reaction of the first educt with the second educt contained

in the reaction layer (7) of the second substrate (2), wherein an average distance (B)

between the reservoir (5) and the reaction layer (7) immediately before formation of

the permanent bond is between 0.1 nmm and 15 nm, which is produced by thin.

2. The method as claimed in Claim 1, wherein the thinning takes place by etching,
especially in a moist atmosphere, preferably in-situ.

3. The method as claimed in Claim 1, wherein the thinning takes place by dry etching,
especially in-situ.

4. The method as claimed in one of the preceding claims, wherein in a reservoir
formation layer (6") on the second contact surface (4) of the second substrate (2) an additional
reservoir {5') is formed, especially simultaneously with the formation of the first reservoir (5).
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
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" 14. The method as claimed in one of the preceding claims, wherein the average distance (B) is
between 0.5 tun and 5 nm, preferably between 0.5 mn and 3 nm. 15. The method as claimed in
one of the preceding claims, wherein the irreversible bond has a bond strength which comprises twice,
preferably 4 times, more preferably 10 times, most preferably 25 times the prebond strength.

is formed in the reaction layer (7).

6. The method as claimed in one of the preceding claims, wherein the
reservoir/reservoirs (5, 5" is/are formed by plasma activation.

7. The method as claimed in one of the preceding claims, wherein the reservoirs (5, 57
are formed by using an especially compacted tetracthoxysilane oxide layer as the reservoir
formation layer (6).

8. The method as claimed in one of the preceding claims, wherein the reservoir
formation fayer (6) consists largely, especially essentially completely, of an especiéily
amorphous material, especially a silicon dioxide produced by thermal oxidation, and the
reaction layer (7) consists of an oxidizable material, especially predominantly, preferably
essentially completely, of Si, Ge, InP, GaP or GaN.

9. The method as claimed in one of the preceding claims, wherein there is a growth
layer (8), especially predominantly of native silicon dioxide, between the second contact
surface (4) and the reaction layer (7), the growth layer (8) being at least partially, especially
completely removed by the thinning,

10. The method as claimed in Claim 9, wherein before the formation of a permanent
bond and after the thinning, the growth layer (8) has an average thickness A between 1
angstrom and 10 nm.

11. The method as claimed in one of the preceding claims, wherein the formation of
the reservor is carrted out in a vacuum.

12. 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,
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preferably almost completely, of especially deionized H,0 and/or H; 05,

- exposing the first (3) to N gas and/or O, gas and/or Ar gas and/or forming gas,
especially consisting of 95% Ar and 5% H,, especially with an ion energy in the range from 0
to 200 eV,

13. The metﬁod as claimed in one of the preceding claims, wherein the reservoir (5) is
formed in an average thickness (R) between 0.1 nm and 25 nm, especially between 0.1 nm and
20 nm.

14. The method as claimed in one of the preceding claims, wherein the average
distance (B) is between 0.5 nm and 5 nm, preferably between 0.5 nm and 3 nm.

15. The method as claimed in one of the preceding claims, wherein the irreversible
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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