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EVG 101116-WO js/au08 Method and Device for Permanent Bonding of Wafers, as well as Cutting
Tool Specification This invention pertains to a method for bonding a first bond surface of a first
solid substrate that consists of a first material to a second bond surface of a second solid substrate
that consists of a second material, in accordance with Claim 1, as well as a corresponding device in

accordance with Claim 7 and a cutting tool in accordance with Claim 9, The p_Ofe %f permanent
. . . . . E&G 101116- is aaO .
or irreversible bonding of solid substrates is to produce as strong a bond as possible ‘@and especially an

irreversible bond, i.e., a high bonding force between the two contact surfaces of the solid substrates.
For this purpos&thetemkiBtitcthiaphiomeant aarius apgprd 8o s andwploduCtioimmEtudds, especially the
welding of the bond or the creation of a diffusion bond between the surfaces at elevated temperatures.
All kinds of materials, but primarily metals and/or ceramics, are permanently bonded. One of the most
important permanent bonding systems is a @eta -metal system, In recent years Cu-Cu systems have
. .. . CC alttGgn ]

been the primary systems gaining in populan]fy. e 8eve|opment of 3-D structures specifically
requires in most cases the joining of different functional layers. This joining being done created more

and more often.u iqg 59-calle ISVs gh[o el ili%on Vi?.s Ensuring.co taFt ?et\{v en these TSVs is
ony oo domd B B e o ot ection

Structures, JoL EXAMRIGyi U CHOCRIDSn S DA QUEM ABEAAV.PERSCRL AL QNG Q1QIESHraRss of the solid

substrates. Since different materials with different thermal expansion coefficients are used in the
MicrochiRssiai§isEal ReteMPRERALLES, GLilag-bReRaHTNekde Sk akie s SUEHah SlRvaliga REtRMperature

can lead to thermal expansion and thus to thermal stresses that can destroy the parts of the microchip
or its viciattytdance with Claim 7 and a cutting tool in accordance with Claim 9.

The purpose of permaﬁem orlirreversibic bonding of solid substrates is to produce as
strong a bond as possible and especially an irreversible bond, i.e., a high bonding force between
the two contact surfaces of the solid substrates. For this purpose there exist in the prior art
various approaches and production methods, especially the welding of the bond or the creation of
a diffusion bond between the surfaces at elevated temperatures.

All kinds of materials, but primarily metals and/or ceramics, are permanently bonded.
One of the most important permanent bonding systems is a metal-metal system. In recent years.
Cu-Cu systems have been the priméry systermns gaining in popu%arity; T he-deveiopment. of 3-D
structures specifically requires in most cases the joining of differeﬁt functional layers. This
joining being done created more and more often using so-called TSVs (Through Silicon Vias).
Ensuring contact between these TSVs is very often done by means of copper contact points. At
the time of the bonding, full-fledged, functional structures, for example, microchips, are very
often already present at one or more surfaces of the solid substrates. Since different materials
with different thermal expansion coefficients are used in the microchips, a rise in temperature
durin'g bonding is not desirable. Such an elevation of temperature can lead fo thermal expansidn

and thus to thermal stresses that can destroy the parts of the microchip or its vicinity.



EVG 101116-WO jsku08 The known production methods and approaches taken thus far
frequently lead to unreproducible or poorly reproducible results that especially can hardly be
transferred to different conditions. In particular, production methods that are currently being used often
employ high temperatures, especially >400C, to guarantee reproducible results. Technical
problems such as high energy consumption and possible destruction ogvséructures that are present on
the solid substrates result from the high temperatures, some of which grea%@}%%?é%’@d’%%, that have
been required for a high bonding force to date. Other requirements are: Front-end-of-line compatibility.
This is definedlas Haevaopnphidoiditynof tbéspracesscdeiiagtiee productiequefithaésedactrically active
components. The bonding process must therefore be designed in such a way that active components
such asuragrsistord et preslalreadihsiblsentsdn tire streclisataydifedt ydre rrostomplomised or damaged
during processing. The compatibility criteria primarily include purity of certain chemical elements
(primarilfi st oG tiapsci rssj . RreeRe e arBadi gt apciterssputig N T o fsadsratsing from
thermal stresses. Low contamination. No application of force, or application of as little force as
ip|ehigh temperatures, especially >400°C, to guarantee reproducible results.
possible’
Technical problems such as high energy consumption and possible destruction of
structures that are present on the solid substrates result from the high temperatures, some of
which greatly exceed 300°C, that have been required for a high bonding force to date.
Other requirements are:
- 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 in such a way that active
components such as transistors that are already present on the structural wafers are not
compromised or damaged during processing. The compatibility criteria primarily include purity
of certain chemical elements {primarily the CMOS struciuresy and mechanical loading capacity,
especially for loads arising from thermal stresses.
- Low contamination.
- No application of force, or application of as little force as possible.
- Lowest possible temperature, especially in the case of materials with different thermal
expansion coefficients.
Against this backdrop there has fong existed a need to create a direct, permanent

connection between two metal surfaces under conditions of the lowest possible temperatures and

pressures/forces. A direct permanent connection is preferably defined by one skilled in the art as



-

Lowest possible temperature, especially in the case of materials with different thermal expansion“
coefficients. Against this backdrop there has long existed a need to create a direct, permanent
connection between two metal surfaces under conditions of the lowest possible temperatures and
pressures/forces. A direct permanent connection is preferably defined by one skilled in the art as EVG
101116-WO js/au08 the production of a completely new structure over {H}g ]%?ll.med\%% Ezggge between

two metal surfaces that are in contact. In this case the formation of a hew structutéis preferably

done by recrystallization. Recrystallization is defined as the production of a new structure by means of
grain grdwthxotineiprefequisipés dorrsuctirgeaire grontte ineludieyhigtiade freesotdefoemiation that
increase the dislocation density of a material and thus bring the material into an energetically
metastapiefasesttahdie m gaidiial temperature is exceeded, this leads to new grain formation. In heavy

industry massive transformation processes such as (olligégﬁ, forging, deep drawing, twisting, shearing,
etc. are primari/itissestohechidvaipigh deghedderthsiceatstply done by recrystallization.

Recrystallization is defined as the production of a new structure by means of grain growth. The
prerequisites for such grain growth include high degrees of deformation that increase the
dislocation density of a material and thus bring the material into an energetically metastable
state; when a crifical temperature is exceeded, this leads to new grain formation. In heavy
industry massive transformation processes such as rolling, forging, deep drawing, twisting,
shearing, etc. are primarily used to achieve hi gh degrees of dislocation.

Such massive transformation processes with which the above-mentioned metastable
dislocation-rich microstructure can be created at low temperature cannot be used in the
semiconductor indusiry because of the very thin substrates with extremely fine structures and the
thin, fragiie wafers. Neither the structures nor the wafers can or should be subjected to massive
transformation since they will be destroyed thergby.

The object 6f this inve_ntion is therefore to propose a method and é device/a cuttiﬁg tool
with Which the bondin g of two solid subétrai:es canbedoneina 1"%';anner that 1s mﬁre gentle and
more effective for the substrates and any structures on the substrates.

This object is achieved with the features of Claims 1, 7, and ¢. Advantageous
developments to the invention are indicated in the dependent claims. The invention also includes
all combinations congsisting of at least two features indicated in the specification, the claims,
and/or the figures. In the case of the value ranges indicated, values lying within the limits
presented are also to be regarded as disclosed as boundary values and can be claimed in any

combination.



Such massive transformation processes with which the above-mentioned metastable dislocation-rich
microstructure can be created at low temperature cannot be used in the semiconductor industry
because of the very thin substrates with extremely fine structures and the thin, fragile wafers. Neither
the structures nor the wafers can or should be subjected to massive transformation since they will be
destroyed thereby. The object of this invention is therefore to propoge. %OT%%h%d and 8device/a
cutting tool with which the bonding of two solid substrates can be done’ina Phannar that 1€ more gentle
and more effective for the substrates and any structures on the substrates. This object is achieved
with the featurgseddaitaidas df, tis anckitidhdvantdgeus d éwelepmenis: tovtheimventiorss and indicated in
the dependent claims. The invention also includes all combinations consisting of at least two features
indicatepréfiethiel s petifioatiowflthe bkdimsthandtobtheshignte somathaitsigd ofthe thal te mirfges indicated,
values lying within the limits presented are also to be regarded as disclosed as boundary values and
can be énighaerirapfyedintiratiseeCE v aindized s fauogd oerherbkeid 188 this invention is to
planarize at least one_of the two bond surfaces and preferably both bond surfaces before they are
brought G ESMRIERAY SHER WA (AL BRE B FREE SOty A S Bo6H RIS BUTEEEH B minimized in
order tonvl\{ataledfgo%ﬁatherl bon theﬁRase OEurfa es osatiim r they are, brought into on act. hi this
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P ing. ' i ' t j d at the bond
Frcs B P ond surfoce.
The high;dispianemantdrpsity ARoihmanarRhaus IRYRN REemaies andiohBRCRlgrAIGs:Ihe

recrystallization process. In this process a smooth surface is provided in particular (reduction of

surface #erghnessir the alb@UdiiaRy dgRbrEbIRERANQIRNOYS AIRAS @S AIRYIARG ek er to ensure
better bonding of the two surfaces. The production of amorphous materials in industry is mainly done

by vaporhileosiion oficotinatefied animeaeteth sabstrzigsdayihootingfioascopiradjation, by extremely
powerful mechanical deformation, etc. The invention disclosed here discloses a way of creating
already existinip ndditisurfgeesuréas wittHighs dispiace meviddénsitide aneiorantighondiazgeas.
The planarization and production of the metastable structure are preferably done by means of a cutting
method ot the two suriaces. The production of amorphous materials in industry is mainly done by vapor

deposition of a material onto cooled substrates, by shooting ions or irradiation, by extremely

powerful mechanical deformation, etc. The invention disclosed here discloses a way of creating

already existing near-surface areas with high displacement densities and/or amorphous areas.

The planarization and production of the metastable structure are preferably done by
means of a cutting method.

Solid substrates made of the following materials are suitable as solid substrates according

10 the invention:



Solid substrates made of the following materials are suitable as solid substrates according to the
invention: EVG 101116-WO js/au0S Cu-Fe, Cu-Ge, Cu-In, Cu-Li, Cu-Mg, Cu-Mn, Cu-Nb, Cu-Nd,
Cu-Ni, Cu-Si, Cu-Sn, Cu-Zn, Cu-Zr, Cu-Ti, Cu-W, Cu-Ti, Cu-Ta, Cu-Au, Cu-Al, Cu-Cu W-Fe, W-Ge,
W-In, W-Li, W-Mg, W-Mn, W-Nb, W-Nd, W-Ni, W-Si, W-Sn, W-Zn, W-Zr, W-Ti, W-Ti, W-Ta, W-Au,

W-AIl Ti-Fe, Ti-Ge, Ti-In, Ti-Li, Ti-Mg, Ti-Mn, Ti-NDb, Ti-Nd, Ti-Ni, Ti-Si, Ti-Sn, Ti-Zn, Ti-Zr, Ti-Ta, Ti-Au,
Ti-Al EVG 101116-WO js/aul8

- Cu-Fe, Cu-Ge, Cu-In, Cu-Li, Cu-Mg, Cu-Mn, Cu-Nb, Cu-Nd, Cu-Ni,
Cu-8i, Cu-8n, Cu-Zn, Cu-Zr, Cu-Ti, Cu-W, Cu-Ti, Cu-Ta, Cu-Ay,
Cu-Al, Cu-Cu

- W-Fe, W-Ge, W-In, W-Li, W-Mg, W-Mn, W-Nb, W-Nd, W-Ni,
W-8i, W-8n, W-Zn, W-Zr, W-Ti, W-Ti, W-Ta, W-Au, W-Al

- Ti-Fe, Ti-Ge, Ti-In, Ti-Li, Ti-Mg, Ti-Mn, Ti-Nb, Ti-Nd,

Ti-Ni, Ti-S8i, Ti-8n, Ti-Zn, Ti-Zr, Ti-Ta, Ti-An, Ti-Al

- Ta-Fe, Ta-Ge, Ta-In, Ta-Li, Ta-Mg, Ta-Mn, Ta-Nb, Ta-Nd, Ta-Ni,
Ta-Si, Ta-Sn, Ta-Zn, Ta-Zr, Ta-Ti, Ta-W, Ta-Ti, Ta-Ta, Ta-An, Ta-
Al

- Au-Fe, Au-Ge, Au-In, Au-Li, Au-Mg, Au-Mn, Au-Nb, Au-Nd, Au-
Ni, .Au—Si, Au-8n, Au-Zn, Au-Zr, Au-Ti, Au-W, Au-Ti, Au-Au, Au-
Au, Au-Al

- Al-Fe, Al1-Ge, Al-In, Al-Li, Al-Mg, Al-Mn, AL-Nb, Al-Nd, Al-Ni,
Al-Si, Al-Sn, Al-Zn, Al-Zr, A1-Ti, AL-W, AL-Ti, Al-Al, Al-Al, Al-Al

. The following mixed forms of semiconductors are also conceivable as solid substrates:

- I[1-V: GaP, GaAs, InP, VinSb, InAs, GaSbh, GaN,; AIN, InN, Al Ga;.

- IV-IV: 8iC, SiGe,
- TEI-VI: InAlP,

non-linear opties: LiNbQO;, LiTa0;, KDP (KHPOy)

- solar cells: CdS, CdSe, CdTe, CulnSes, CulnGaSe;, Culn$;, CulnGaS,

- conductive oxides: InpSnxOs.y



-

Ta-Fe, Ta-Ge, Ta-In, Ta-Li, Ta-Mg, Ta-Mn, Ta-Nb, Ta-Nd, Ta-Ni, Ta-Si, Ta-Sn, Ta-Zn, Ta-Zr, Ta-Ti,

Ta-W, Ta-Ti, Ta-Ta, Ta-Au, Ta- Ad Au-Fe, Au-Ge, Au-la, Au-Li, Au-Mg, Au-Mn, Au-Nb, Au-Nd, Au- Ni,
Au-Si, Au-Sn, Au-Zn, Au-Zr, Au-Ti, Au-W, Au-Ti, Au-Au, Au-Au, Au-Al Al-Fe, Al-Ge, Al-In, Al-Li, Al-Mg,
Al-Mn, Al-Nb, Al-Nd, AI-Ni, Al-Si, Al-Sn, Al-Zn, Al-Zr, Al-Ti, Al-W, Al-Ti, Al-Al, Al-Al, Al-Al The following

mixed forms of semiconductors are also conceivable as solid substrateg\:fé%allp GaAs )nP InSb, InAs,

GaSbh, GaN, AIN, InN, ,As, InGal N 116-WO J5/au08

In order to explain the application of the idea of the invention to structures in the micro-
range and/or the nano-range, an explanation will first be given of general physical, chemical, and
materials-science prineiples. When the term tool is used hereinafter, said term generally refers to
the too! that is capable of striking a workpiece with a speed v at a certain temperature T. This
means impact stress on the workpiece, The tool is preferably a standardized tool, for example, a
Charpy notched-bar impact testing machine (DIN EN 10045-1). The workpiece is preferably a
standard sample. Figures 3a and 3b schematically depict the effect of tool speed (Figure 3a) and
iemperature (Figure 3b) on cieavége fracture strength (T) and ductile fracture strength (Gg) in the
case of bulk metals. The diagrams are schematic representations of these two physical properties.
Since the numerical values differ for different materials, no absolute numerical values are given.
In Figure 3a the dependency of the cleavage fracture strength and ductile fracture strength of the
material is presented as function of tool speed.

Cleavage fracture strength Ty is the resistance that the material puts up against a force
that attempts to sever the material without plastic deformation, 1.e., in an ideal brittle manner.
Ductile fracture strength Gris the resi étance that the material puts up against a force, more
specifically a thrust force, that atterapts to deform the material plastically. The mechanisms of
plastic deformation in this case are primarily the mechanical plastification mechanisms of
dislocation motion and dislocation production and the formation of crystallographic twins, The
distinction between cleavage fracture strength and ductile fracture strength cannot be made
completely based on the material. Thus, it is entirely possible for even ductile materials to
exhibit brittle fracture behavior if they have embedded intermetallic phases or if unfavorable
stresses conditions prevail because of the sample geometry. Moreover, the impact conditions of

tools and sample temperature play decisive roles. Figures 3a and 3b show schematic plots of



- IV-IV: SIC, SiGe, - llI-VI: InAIP. non-linear optics: LIN603, LiTa03, KDP (KH2PO4) solar cells: CdS,
CdSe, CdTe, CulnSe2, CulnGaSe2, CulnS2, CulnGaS2 conductive oxides: In2_,Snx031 EVG
101116-WO js/au08 In order to explain the application of the idea of the invention to structures in
the micro-range and/or the nano-range, an explanation will first be given of general physical, chemical,
and materials-science principles. When the term tool is used hereinafter, said term generally refers to
the tool that is capable of striking a workpiece with a speed v at a certa‘fr“{‘?elﬁi‘ﬁé?ﬁ‘ﬁﬁgésﬁa.“%is means
impact stress on the workpiece. The tool is preferably a standardized tool, for example, a Charpy

notchedckarigeatiesting paachini iDL NE0dh . 2F henvarkpigaens pegierabitssstandard
sample. Figures 3a and 3b schematically depict the effect of tool speed (Figure 3a) and temperature

(Figure 3izedrocheatsdgdnfiagtued sivendthr (hak ankhductil spiraixtbetr strangita| GCeimvihendadse of bulk
metals. The diagrams are schematic representations of these two physical properties. Since the
numericeirpiiodlsy dicferoreditferatit arratinslis, moalssdrine paieyidatNeirasedie gilgkpesh. Figure 3a the
dependency of the cleavage fragture strength and ductile fracture strength of the material is presented
as functstes ngﬁeﬁé@pg{h Grhas lower values than cleavage fracture strength Ty Accordingly, at

tool speeds below the critical speed vy the material will fracture more readily by deformation

fracture (i.e., ductile fracture) than by cleavage fracture. Above the critical speed vy, the values

for cleavage fracture strength Ty lie below those for ductile fracture strength Gy, Tools that strike

the material at speeds above the critical speed vk. will cause the material to fracture in-a brittle

mannet, 1.e., by cleavage fracture. From Figure 3a it is clear that ductile fracture strength Gyis

heavily dependent on tool speed vy, while cleavage fracture strength Trvaries hardly at all with

tool speed. Cleavage fracture strength and ductile fracture strength additionally depend on the

temperature of the material (Figure 3b). At temperatures above the critical temperature Ty

material failure oceurs primarily due to ductile fracture, while, by contrast, below the critical

temperature Ty material failure occurs primarily due to brittle fracture (i.e., cleavage fracture).

According to the invention, "freezing” of the dislocations thus takes place at low temperatures.

Dislocation motion as a material-physical process islexp’iiciﬂy dependent on ltempera’{ure. The

lower the tenlaperature, the lower the dislocation mobility and the more difficult it will be to

move the dislocations of the solid substrates. Figures 3a and 3b show that in general a metal

fractures in a more brittle manner, the higher the tool speed and the lower the temperature. In

order to categorize different materials according to their fracture behavior, the experimentally

determined notched-bar impact work X that i takes to fracture the material is plotted as a

function of temperature (Figure 3¢). In this way a notched bar impact work-temperature diagram

is obtained which, depending on the material in question, has an explicit drop-off in notched-bar



Cleavage fracture strength Tf is the resistance that the material puts Lip against a force that attempts
to sever the material without plastic deformation, i.e., in an ideal brittle manner. Ductile fracture
strength EIf is the resistance that the material puts up against a force, more specifically a thrust force,
that attempts to deform the material plastically. The mechanisms of plastic deformation in this case are
primarily the mechanical plastification mechanisms of dislocation motion and dislocation production
and the formation of crystallographic twins. The distinction between cleﬁ\(%b%lﬁﬁt\?{ﬂéséﬂ@ﬁgth and
ductile fracture strength cannot be made completely based on the material. Thus, it is entirely possible
for eveniglygtile nraterialsvoexhibihbtitie rpatuteRenaidond theyhave emeaagpe-inigrmetallic phases
or if unfavorable stresses conditions prevail because of the sample geometry. Moreover, the impact
conditionsmgé tdais3andsample tbripenaturplplay decisivevote s Eigurds:GhaandBbt shiolv schematic
plots of EVG 101116-WO js/au08 cleavage fracture strength and ductile fracture strength as a
function ¥fetshspatinireanditvoramseddoraiietascd mpigreyIteioinitarn firsiueidlictbighspeeds below a
critical speed vk which is empirically determined in each case for the material, (especially with
allowand&dethiekHaee: Horkile fracere Grethgtn BfmbdRWERERIEOth T Rsava et ure strength |,
Accordingly, at tpol s _eedjﬁb%%qw the crijtical speed yk the material will fracture more readily by
ceformaRioN AR PSS LA R HIes SHSTF P clehAGE S ALtHam ARG HE TN Speed vk, the

values f%ra cleaqu)\e fﬁggtg{%]gtrgﬁlggh Tf lie below thosde for ducﬁil f u strlen\g}her. Tools that strike

ract
the material at &écpee(-) s above the cri ?é:%eé%%r&favqgevﬁﬂ cause the erfr%%g?%ﬁg fracture in a brittle manner,

l.e., by cleayage fiRcke,JriRm-Eio H{m%e?&?éﬁé%g'ﬁ%é@%%@ﬁeffé?c‘fttﬂﬁ?a%"yr%%it‘tﬁ@ g heavily

dependent on tool speed vk, while cleavage fracture strength If varies hardly at all with tool speed.
Cleavaggfractdrassirenrgthand dustiefpctdra.stzenaihaddiiapalydepend enithedennsrature of the
material (Figure 3b). At temperatures above the critical temperature Tk material failure occurs primarily
due to duetiecfrastuemwhilechycontastrheiow henoslicakinmpeaeratyaddd matesialfailise occurs
primarily due to brittle fracture (i.e., cleavage fracture). According to the invention, "freezing" of the
dislocatientthustakest plabel ataibvichhpefatefesnidlobhtionnpotioras & materisophysical process is
explicitly dependent on temperature. The lower the temperature, the lower the dislocation mobility and
the mordhgiffiefmeiiiplseviornovickné-bhsiomatbrmsieh the soiidvsuetfaleShisiglireés B4 and 3b show that
in general a metal fractures in a more brittle manner, the higher the tool speed and the lower the
temperaftffe0if brifer tstieg dirra difrsrnemErsrurd ackardsiRr iHa iR @ Wenavior, the
experimentally determined nPtched- ar impact work K that it takes to f(%%t&lre,thq material is plotted as
a functiofr SFEEripart ’ﬁ?@sfﬁg%%‘@% H ChiRSVAY SR ORERRSE ?rﬁﬁ%%‘f Ok tEMMBErature diagram is
obtained which, depending. on.the material in guestion, has an explicit drop-off in notched-bar EVG
oL 116 ) P B D ot work varies only shighty over the

temperature rapge (kO HeMaledalswith the @inesnlol (hhreayig arvenelaigepRiched-bar impact

work over the entire temperature range and are fractured mainly by deformation fracture. The higher
notched-banimpast svarkdsieue (et faci-thatis argetitealiol enelgy.gRasinte genresating and moving
dislocations. Materials with the curve plot (3) require a very small amount of notched-bar impact work
over the &ntirkde mpanature) rahg&and abehmadn byl Faditradebydclesivagecfiactisresmitis low notched-bar
impact energy is the result of the fact that any crack that is formed or is present has to muster only the
energy tdascitibakés tonyedid). B ghthedsgtidinigeainksr gabretwd eprthdcatdit fmsdnthadtetsrdeformation
fracture, no energy is expended for the formation and/or movement of dislocations. Therefore the
notched-#eaeitbisiet eHerdyipner kbieboar! théreibe wigkeHdhsswRuss tistdan bapiniptct energy
has a curve plot (3). This curve_plot exhibits a clear transition fr,o%g?formatipn fracture to cleavage

fracture S5 TEPERrBYs SPesEEe! AR D5y YPALRNRILAIGH Thid by SREFH S BBy, the fracture

havior can rdingly. xplicitly infl m r riation. .
behavio ng%er%?scgla? ar lepc ogetp Lgrg%ng a%g a%n%ﬂabr ot%nep s%ﬁ;[e %\{wa{i gre now to be exploited,

on the one hand, to planarize the surface of structures already located on a wafer and, on the



. It should be mentioned here that the notched-bar impact work of materials such as Al, Cu, Ni, or
austenitic steels (generally primarily materials with face-centered cubic lattices) is described by curve
(2). The fracture behavior of body-centered cubic materials is primarily described by curve (2).
High-strength materials, glass, and ceramic exhibit mainly the behavior described by curve (3). One
skilled in the art is familiar with all these properties from the physics of materi nore specifically
from the group of bulk materials. All properties of bulk materials that ar%is%%?éﬁ%e’f%%% are
familiar to one skilled in the art are now to be exploited, on the one hand, to planarize the surface of
structuredetrtaklynptrtechopusiavafesaint, ometretably Gak0hinGWOgsades stsatatesbring the
near-surface area into a metastable state that promotes and/or accelerates bonding to other surfaces
of otherttpdbtatesther syifeserctfteihpestystatization to occur, according to the invention two conditions
are to be met cumulatjvely. First, a highly deformed metal has to be heated to above the
recrystallizatioff (ST EPRHGTEY A ZROP BXARTEHE, FEQYSRBIRES S Spira il oess srdabe
approximﬂ%tgl}/milgadc gluminum at approximately 100C, copper at approximately 270C, iron at
approximaie y ‘8 and tungsten at approximately 1200C. In general it must be assumed that the

actual recrystatizatig éﬁl’}“ﬁ?ﬁo@%ﬁ%‘é‘fﬂ\ HESEI‘Q‘BX%e%EeQ%OA’B Pesg Yé};'%é%t%l[ HRGIBNE lcﬁé?a‘%t%?é&for

recrystallization temperature is contamination by alloying additives. Thus, for exam

recrystalfization.{emneraiueofi98 999% SoRRRI o8t IR0 Stthe rrsrvaializatin smperature of

electrolytically deposited copper, which by nature is rather impure, lies at approximately 200C. The
depositigpvaheaRRey oelgetplysia ippwavsassooratetlyith Migatie asditves ians, and impurities.
Copper deposited by CVD and/or PVD processes is, by contrast, of high purity. The second
conditiorufgsteecrygiatizationiis A Helgeticaty imetsstalbbe statedAicbording tocyetatizrition, this state
is produced by a high dislocation density and/or an amorphous-crystalline structure and/or a
quasi-crigsnatiiarisiidtUrie abevamdiphioikepsatiies préferahiastovideddrysidlishipartially crystalline
phases and/or quasi-crystalline phases are present, most preferably microcrystals and/or nanocrystals
with a hi§HeREBEaiforPHeRLRImRY cdr e B st toTqrasinty SarscaEa ismbrphous structural
components in any volume ratio is also caonceivable, In order to make the rest of the text clearer,

crystallitETRABPREAS Strchr R B bhariy U ssggallization temperature of

etectrolytically deposited copper, which by nature is rather impure, lies at approximately QGOOC.
The deposition of copper by electrolysis is always associated with organic additives, ions, and
impurities. C0p§6f deposited by CVD and/or PVD processes is, by contrast, of high purity. .

The second condition for :eqrystailization is an energetically metastable state. Accorc_iir‘}g
to the invention, this state is producéd by a high dislocation density and/or an amorphous-
crystalline structufe and/or a quasi-crystalline structure. An amorphous matrfx is preferably
érovided in which partially crystaliine phases and/or quasi&rystalﬁne phases are present, most
preferably microcrystals and/or nanocrystals with a high dislocation density. Any combination of
crystals, quasi-crystals, and amorphous structural components in any volume ratio is also
conceivable. In order to make the rest of the text clearer, crystalline-amorphous structures wili be

primarily addressed.



EVG 101116-WO0 js/au08 It is known that so-called "size effects" can radically alter the
physical-chemical behavior of materials. The recrystallization of copper, especially for very small
dimensions, can take place even below the above-mentioned minimum recrystallization temperature of
120C. Thus, high-purity materials with microstructures or nanostructures whose surfaces are worked
by high speed tools at the temperatures provided produce, according to the invention, mare efficient
recrystallization at lower temperatures than do corresponding bulk mat@ﬁﬁa@?ms'wﬁcé%?a?ﬁg to the
invention, it especially advantageous if, as soon as possible after the first working (and optionally the
second working)s specialyswithirdwe haififsyprefe rabibaithin:3eminsies.cavai shbekapiaferably
within 10 minutes, and ideally within 5 minutes, the solid substrates are brought into contact. This
measurefensigres bt anyysatiesited stantienssechiisioxidatiomal divechsstioral fakeeplarethe surfaces
of the solid substrates are minimized, The bond surfaces according to the invention are worked to
a surface o liglieds ehwienerefinirhidiolghiress EREpoFdsR praf Tuph | peferdbiy fégls than 100 ma,
most preferably less than 10 nm, and even more especially less than 1 nm. These empirical values are

determiRBG A RHE GrEbe MBS P L ARG Y s AF IR et BRpRRA 6 FTRES SRt 8t 067 Sists of the

formation if a s'e%mless ttransition ffﬁtwe n the tw% solid_gubstrait’es to be banded. A seamless
transitiol? & A& HITSE S8 PSR RS SEifiRE St A 1Ak SRS R B IRtHton in the grain

structure. om0 e oLs hendad Wafel th e, oliet The frsalian of such a seamiess transiton i
done especially by recrystallization under the conditions o e above-described parameters that are

empirically relajec AR AN GG MAlsKamokie sl suhsiciss anddhaiidimensions

Recrystallization is the formation of a new structure caused by a high dislocation density and a

temperagwewhiah ias beemampiicalydeiemine darcondingdadhe dmwantionRygrainigipwth. EVG
101116-WO /au08 |

30 minutes, even more preferai*}ly within 10 minutes, and ideally within 5 minutes, the solid

substrates are brought into contact. This measure ensures that any undesired reactions such as

oxidation of the functional laver or the surfaces of the solid substrates are minimized.

The bond surfaces according to the invention are worked to a surface roughness O with a
quadratic roughness (Ry) of iess than 1 pm, preferably less than 100 nm, most preferably less
than 10 nra, and even more especially less than | am. These empirical values are determined by
Atomic Force Microscopy (AFM); |

Another aspect of j:he invention consists of the formation of a seamless transition betweeﬂ:
the two solid substrates to be bonded. A seamless transition is defined as a polycrystalline
structure that extends, with no interruption in the grain Structulrf:, from one side of the bonded.
wafer to the other. The creation of such a seamless transition is done especially by
recrystatlization under the conditions of the above-deseribed parameters that are empirically
related in particular to the materials of the solid substrates and their dimensions.

Recrystallization is the formation of a new structure caused by a high dislocation density and a

temperature which has been empirically determined according to the invention by grain growth.

s



Because of the high dislocation dénsity provided for according to the invention, the structure is in a
metastable state. This metastable state is created by overlapping strain fields of the dislocations.
Below the recrystallization temperature thermal motion is not sufficient to cause the dislocations of the
dislocation network to begin sliding by themselves due to the mutually repelling strain fields. The
dislocations are quasi-"frozen". If the temperature exceeds the recrystallization temperature, thermal
motion is sufficient to reduce the dislocation density by means of dislocaffolP St &/ &dfiplete
reformation of the structure is associated with the reduction in dislocation density. The effect achieved
accordimg¢authe Myeniianicenrsisis diie, factibal theefarmatiomefihesin eiueriakes iplace beyond
the bond interface (which is defined/limited by the surface roughness 0) and so causes the interface to
disappear ainiiadtyboosmpte iz metastAtde orainglyscated dthoddegerdingso fhédimfahtion has, especially in
its most general form, the following steps, especially in the following sequence, for bonding a first bond
surface O kpditstrsoltdienrfacecennsisingooierfipstamesttiansd aditong Yontisundesara becond solid
substrate consisting of a second material: working of the first and/or second bond surfaces with a

cutting tB6letrErBa RS Binbtioseannsivietie hydr Ridiahy Brarsdisscts theedriedund, especially at

ture T, that lies above a critical

a speed vs that lies below a critjcal speed vk and.a temperat
e ST PG L QDR ACBUE o S o e BISR E GiH adatic

roughnesscs(Rf 1of less than 1 um "r,efelrablé{ less than 1dp nm, most pr fergblydles tlgan 10 nm, and
ot oA e o R T L R0 IR ubstace

into CO”%&&&W&&&%&H&T@@&%@‘@%E&@ R HARMP IR/ ure is associated with the

reduction in dislocation density. The effect achieved according to the invention consists in the
fact that the reformation of the structure takes place beyond the bond interface (which is
defined/limited by the surface roughness O} and so causes the interface to disappear virtuaily
completely.

Accordingly, & method according to the invention has, especially in its most general
form, the following steps, especially in the following sequence, for bonding a first bond surface
of a first solid surface consisting of a first material to a second bond surface of a second solid
substrate consisting of a second material: |
- working of the ﬁfst and/or second. bond surfaces with a cutting tool to create a n’%etast&bie
structure in at least the area close to the surface and, especially at a speed v, that lies below a
criticéi speed vy and a temperature T, that lies above a critical temperature Ty and preferably with
simultaneous or subsequent planarization to a quadratic roughness (Ry) of less than 1 pm,
preferably less than 100 nm, most preferably less than 10 nm, and most especially less than 1
nm,

- _ bringing the first solid substrate and the second solid substrate into contaet at the bond

surfaces, and
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exposing the solid substrates in contact to temperature in order to form a permanent bond, created at
least primarily by recrystallization, at the bond surfaces in each case down to a recrystallization depth
R that is greater than the surface roughness 0 of the bond surfaces with a bond temperature TB that
exceeds the recrystallization temperature. A corresponding device according to the invention has,
especially in its most general embodiment, the following features: a cutting tool to work the first
and/or second bond surfaces to create a metastable structure in at Iea&vﬁéoé?gﬁ“wga‘ts/tﬁ‘é’ssurface,
especially at a speed vs that lies below a critical speed vk and a temperature T, that lies above a
critical temperatigigihk ocotiaasise gevin densutfrcempughress Qdef leseithandrpan:prefetably less
than 100 nm, most preferably less than 10 nm, and most especially less than 1 rim, means for
bringingctieetfifst sokdpsuipstiate iroyconitiact wvitht the isecondfsalidrsedobtrate dithadyond surfaces, and
means for exposing the solid substrates in contact to temperature, for the purpose of forming a
permanéei beipidzatoadebtt Retst pravearstinp iberysfatizatishratsticobtsd et farsssn wilkeh case down
to a recrystallization depth R that is greater than the surface roughness 0 of the bond surfaces with a
bond tePtARTRS i thin GREesssdhisderpetallizatioh tegetitire. A cutting tool according to
the invention is designed or working the first and/or second bond surface.at a speed v? that lies below

the critical spefd U BRI IEMPAFSATE it s ISBUR S & iticRIYt D BritPSSTRERW does so down

to a surface roughness O, of less.than 1 pm, preferably less than 100 um, most preferably less than 10
nm, andeﬁgcs’ ‘gsgﬁgc?ﬁaﬁlfﬂg’s%‘%ﬁgﬁa%rﬁ?h. EVG 101116-WO js/au08

- a cutting tool to work the first and/or second bond surfaces to ¢reate a metastable
structure in at least the area near the surface, especially at a speed v, that lies below a critical
speed vy and a temperature T; that lies above a critical temperature Ty and does so down to
surface roughness O of less than 1 um, preferably less than 100 nm, most preferably less than 10
nm, and most especially less than 1 nm,
- means for bringing the first solid substrate into contact with the second solid substrate at
the bond surfaces, and
- means for exposing the solid substrates in contact to temperature, for the purpoese of
forming a permanent bond created at least primarily b? recrystallization at the bond surfaces in
each case downtoa recrystalliz:ation depth R that isl greater than the surface roughness O of the
- bond surfaces with a bond temperature Ty that exceeds the recrystallization temperature.

A cutting 100l according to the invention is designed for working the ﬁrst and/or second
bond surface at a speed v, that lies below the critical speed vy and a temperature T, that lies
above a critical temperature T and does so down to a surface roughness O of less than 1 um,
preferably less than 100 nm, most preferably less than 10 nm, and most especially less than |

1mn.
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An advantageous embodiment of this invention calls for the'first and second materials to be selected
to be identical. This promotes recrystallization. Another embodiment according to the invention
calls for the first and/or the second material to be metal. This invention is especially suitable for
metallic materials so that optimum results can be obtained with them. To the extent that the
formation of the permanent bond takes place at a bond temperature TB that exceeds the critical
temperature Tj" the formation of the permanent bond is accelerated. EVWrP&ﬂJré’rV&%\}é(ﬁi‘%eous
embodiment calls for the working with the cutting tool to be done in such a way that at the first and/or

second bond sykfage:ARRNERIKIMsIaYesfand/BF enlayer0f alevaiestislpsaiian siersitkis formed. The
parameters of working speed and temperature are in this case especially dependent on the materials

of the sbkddulistraiés akdtitdiTdimensiansrespediadhyitheir thickness. Suitable parameters can be
empirically determined, especially specific to the material. In another embodiment, it is
advantageousKmpibvicdetbedimenfasr thifiy &t orkingtimdDeferetbofitsiciid/ sndteseaosécond working of
the first and/or second bond surfaces is done with a cutting tool, especially the same tool, at a speed
vO that IBE B ensicAh B irndnasactatHp sraahis T tagpllisdtoni oottt Ptdmiserature Tk
and does sg to reduce surface roughness 0 to less than 100 nin, preferably less than 10 nm, more
preferadFIUESALR MR BT especially less than 0.1 nm. This ensures that, after the

microstructure s greated ({is! woping), swface toughness b educed, espedally by, dlpavage
fracture. If the SUMTace roughness has arready been reduce enoug%gby%e Irs Woﬁqng,ﬁmis process

step is nel REPESARNL e ol PIIBGRIC. BRI AR MRdE REpRRNAN SlRde Al glaauage Tracture:

intercrystalline cleavage fracture and transcrystalline cleavage fracture (very often the literature also
refers to EVG AQAd6:WEA /@ 98mbodiment calls for the working with the cutting tool to be done

in such a way that at the first and/or second bond surface an amorphous layer and/or a layer of
clevated dislocation density is formed. The parameters of working speed and temperature are in
this case especially dependent on the materials of the solid substrates and their dimensions,
especially their thickness. Suitable parameters can be empirically determined, especially specific
to the material.

In another embodiment, it is advantageously provided that, after the first working and
before contact is made, a second working §f the first ancifor second bond surfaces is done with a
cutting tool, especially the same to_oi,) at é speed v, that lies above the critical épeed Vi an& a
temperature T, that les below a critical temperature Ty and does so to reduce surface roughness
O to less than 100 nm, preferably less than 10 nm, more preferably less than 1 nm, and most
especially less than 0.1 nm. This ensures that, after the microstructure is created (first working),
surface roughness O is reduced, especially by cleavage fracture. If the surface roughness has
already been reduced enough by the first working, this process step is not necessary.

In principle, a distinction is made between two kinds of cleavage fracture: intercrystalline

cleavage fracture and transcrystalline cleavage fracture (very often the literature also refers to
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cleavage fracture as brittle fracture). In the case of intercrystalline cleavage fracture, the crack runs
along the grain boundaries of a grain. In the case of transcrystalline cleavage fracture, the crack runs
transversely through the grain. If it should emerge from the empirical data that the material is fracturing
due to intercrystalline fracture, resulting in an unfavorable surface roughness, i.e., a high surface
roughness, then the parameters according to the invention have to be modified in such a way that
surface roughness is minimized. Contrary to the invention that is explicif§ dXd¢iSsW8 Hdpre%%his state
can also very easily result from ductile fracture alone. It should be mentioned, however, that the
microstryeivigotihematerials pead-bamarainsdseisrablysaithe nanemetatiandse anditherefore even
in the case of intercrystalline cleavage fracture there will be roughness only in the nanometer range. In
particulatntheofip eandrgiiabo didmieterr witkihe nhiectte diphernboyndime e thigd freany rdieghness. If the
structure should have grains in the micrometer range, then in any case transcrystalline cleavage
fracture iszdesinsdiahentioly siroujd e pradd hierbofibt exarpplieyhttarmt pricekdhisivetbasis, of
intergranular precipitations, intermetal lie phases within the grain, oriented microstructure elements
that canrers¢ieatie faadtarieaciun g dreialsisbag Becutnagstbra gaiyinarsaseBteferably along the
grain boundary when the strength between the grains is less than that of the atoms within a grain.
The invePtigHtFerétold IEIAEERS 2 1RRTASH BY Wi CHTRC IIE ARSRIMR&TOH 61 FRERSAVEHE material of
the solidsubstrates) is carried out at comparatively.low.temperature in the near-surface areas of the
c{ﬁ%cﬁ? Blaay k hied 5 '

bond suPABERIBLE AR LIEAHGA oA HIStASAIRS EARIYY Kate AR ST et TR R

. 3
Ate iR the structure . in this way two bond

surfaces. ALALERANANLION GONIAC W ONGANGIOR AL PRUBANERIbLARRSRMICRPlY Jomed Lo one
another With a gomparatlve y very low surface roughnéess 0. A metastable energy state is preferably

created gy, in,PEAIEHIACE AVEAS, AlANe RNt SUHRGES R S8 GUINNGLPRLs Gosisting especially of
multiple tools, is used that is/are EVG 101116-WO isiau08 capable of establishing a certain

microstrylirendt thenbanch sidiface by, meansdabiiequencineling shaedstaakgermay, and/or cutting
edge insertion angle. In this case it is especially advantageous, according to the invention, if the tool
parametgsstanrdirmbidinbparagheter sidydistleniadnrisuchg Wapdhet thetacdmaredthie surface and the
bond surfaces have an elevated dislocation density after the tool passes through. After
recrystatfizatita, Wilktserutuhe ippreberablyydebar foagrairadmspdésiisletrvivouskenlgrbived structure
has very low thermal resistance and, in particular, very low electrical resistance. Thus, such
coarse-graifie i ShusigGrevcivhianesr & preterButpsevenTHoHeL s tithmEdVar e intsHitce, are especially
suitable for electrically conductive connections. Since the industry will use the method according to the
inventioniSFErST SRRy bbit MG e ReiGsIveRr o thEub POHORESH BF 1Bt eonTTdRIE 88 eRictrically conductive
connections, as low an electr'ﬁgl ri%sista%% as possible and,thus a coarse- rain%%a? structure as

. recipitations, mtermefs S W ne gram, griented microstruciure elevhen ¢ .
possmlepare%eswedm MOoSt cases. Fof compo Atg fhat are Thterconnected y%ﬁe method according

to the inygq ia%&%%g@gﬁ%gs% 19 ave.Qnix Ameshanicaly sIRRIiZRgElact,Baaticua a

thermo-mechanic ng effect, then on the contrary a fine-grained structure€ is preferred since.
such a syt WA ARigheh falisie SiEeRdP RsRecal iR dhe dresensssal-aliarating thermal loads.

The invention therefore relates to a method by which the recrystallization of a material
{the material of the solid substrates) is carried out at comparatively low témperature in the near-
surface areas of the bond surface through the creation of a metastable energy state in the
structure, In this way two bond surfaces that are brought into contact with one another are
permanently and seamlessly joined to one another with a comparatively very low surface

roughness O. A metastable energy state is preferably created only in near-surface areas of the

bond surfaces. Here a cutting tool, consisting especially of multiple tools, is used that is/are
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In an advantageous embodiment of the invention, the tool parameters and environmental parameters
are selected in such a way that, after the first working, i.e., after the tool passes, the bond surface and
the area near the surface consist of an amorphous layer in which crystalline areas are provided that
preferably have a very high dislocation density. The thickness of the amorphous layer is determined in
particular by the (empirically established) tool speed. Another, elementary aspect of the invention
is the recrystallization beyond the contact plane/beyond the near-surfaé¥Gdyet §r ¥Bne¢Sn particular,
in the area of surface roughness 0). EVG 101116-WO js/au08 According to the invention, this is

achieved,and optimizediiy.setting the suifacarouanpessdkione comparativelylewsynamely by means
of the working with the cutting tool. By adjusting the speed of the tool and the temperature in a

targetedcoamngs S HRCeJaHgRNass /& caniiecain imizedn khihe basa ofsnnst sepdeials, the minimum
surface roughness 0 is associated with a high tool speed and a low temperature since
cleavagedfrattgre sy Hacediaréoshrdothedidhaf butfad pathattiéravedmads cgope anplasticedeformation
process. While from the standpoint of physics the lower surface roughness does not change anything
with regasgaetiystalizativnihpethaemsdifibatoiet did dwdbontcuthecioivss supfareisdughness does,
however, allow the newly formed grains to bridge the contact plane more easily since there are more
contact éﬁfﬁfét&ﬁiﬂﬁ’§6)tﬁ3€IbW%F°§lhlf%qéésr%ff@’rﬁ’?ess. The recrystallization temperatures are

dependent on the material used for. the solid substrates, and this is espgcially endent on the
istocation dertS CTHHE HIKGATHA: b IHETBEDECEETEh 1S SRR S0 TN G port of

the material iiago&tue_d as the rlecr¥stalli4atio temgeéaiurergho ologous te[n‘gera{ure of 0.5).
. ra%ne Sirl T€ has ver ow therm IB%IS 138 n ,mﬁ)a 1CUIAE, V#% ({.WEE FICd
Accordlr‘%g o the invention it 1S concelvable to influence the recrystallization temperature through the

targeted. agdifion of,addifives,espsaialy alloying Slemenis i dLasteck caNARInation. ng: preferably

to use high-purity metals to reduce it to a min mum. The empirical determination of

material;spagifit.paaneiRS SRR baloRs espsrially Ryarichedrhrtimpask i enotimeasurement on
bulk materials. Furthermore, the empirical determination of parameters according to the invention can

be doneby meansoéithe acitdhaxecutionantbhyateaby ahiessiseirsivaih theddepicduadenrding to the
invention. This is especially preferred because the transfer of standard values of bulk materials for the
parametef s:according,tes tHecinvelltiomtudtiie subsirates, s hov easikciposkiblietaiciesst not directly.

possible and thus as coarse-grained a structure as possible are desired in most cases. For

components that are interconnected by the method according to the invention and are intended to

have only a mechanicaily stabilizing effect, in particular a thermo-mechanically stabilizing

effect, then on the contrary a fine-grained structure is preferred since such a structure has a

hi‘gher fatigue sfreng,th, especially iﬁ the presence of éltemating thermal loads.

In an advantageous embodiment of the invention, the tool parameters and environmental

parameters are selected in such a way that, after the first working, i.e., after the tool passes, the

pond surface and the area near the surface consist of an amorphous layer in which crystalline

areas are provided that preferably have a very high dislocation density. The thickness of the

amorphous layer is determined in particular by the (empirically established) tool speed.

Another, elementary aspect of the invention is the recrystallization beyond the confact

plane/beyond the near-surface layer of contact (in particular, in the area of surface roughness O).
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EVG 101116-WO js/au08 Moreover, accbrding to the invention it is advantageous in one ~
embodiment of the invention to carry out the step of working of the first and/or second bond surfaces in
a first module, while the step of bringing them into contact, aligning them, and temperature exposure of
the solid substrates that are in contact is done in a separate, second module (physically separate from
the first module). By way of example, but not limiting, Figure 4 shows in sketch and greatly
simplified form a top view of a possible tool holder with cutting tools; sidGa8t HetEr ideafds around its
axis and is pushed by a forward feed over the wafer to be worked. One skilled in the art is best

acquainied wih Jhear lodsiehanlsordaolsdhal warkin @y Tilan Jash ok e rofifnetding:to the

invention, a sample holder is provided that can be appropriately actively heated and/or cooled in order

to bring thesiaieniodpeivwarkadde tedesirediiempaiaiuian s algpdiseloseddhstibenbvo wafers
can/must be aligned with respect to one another after the treatment process according to the
inventiospeed oAblditidralaty antages: featurescaddpanseartaeitheinvariomake given in the
following description of preferred example embodiments as well as in the drawings. Here: Figure
lashowsrairproeesdistepragcof ding toathbainvdativniformyeking wediidsubstratewittt avsating tool
according to the invention; Figure lbshows a bond surface worked according to the invention with a
near-surtiPe9a) aetH a0 2 eTerrdy tilee slrarraeiiggire surfaces are smoother than

surfaces that have undergone a plastic deformation process. While from the standpoint of physics
the lower surface roughness does not change anything with regard to crystallization, i.e., the
modification of the structure, the lower surface roughness does, however, aliow the newly

- formed grains to bridge the contact plane more easily since there aré more contact points owing
to the lower surface roughness.

The recrystallization temperatures are dependent on the material used for the solid
substrates, and this is especially dependent on ‘i:hé dislocation density of the material, For the
purposes of this specification, 50% of the melting point of the material is adopted as the
recrystallization temperature (homologous temperature of 0.5), Accordiﬁg to the invention it is
concei';'able to influence the recristallization tex11pérature through t_he targeted addition of
additives, especially alloying elements, or targeted cont'aminati.on, and preferably té use high-
purity metals to reduce it to a minimum.

The empiricél determination of material-specific parameters can be done especially by
notched-bar impact strength measurement on bulk materials. Furthermore, the empirical
determination of parameters according to the invention can be done by means of the actual
execution and by means of test series with the device according to the invention. This is
especially preferred because the transfer of standard values of bulk materials for the parameters

according to the invention to thin substrates is not easily possible, at least not directly.
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Figure lcshows a bond surface worked according to the invention with a near-surface amorphous
layer; Figure ldshows a bond surface worked according to the invention with a near-surface
amorphous layer that has an elevated dislocation density; Figure 1 eshows a bond surface worked
according to the invention with a near-surface amorphous layer with crystalline areas that have an
elevated dislocation density; Figure 2ashows a process step of the working of a first and a second
bond surface similar to Figure Ib according to the invention; EVG 101116-WO js/au08

Moreover, according to the invention it is advantageous in one embodiment of the
invention to carry out the step of working of the first and/or second bond surfaces in a first
module, while the step of bringing them into contact, aligning them, and temperature exposure of
the solid substrates that are in contact is done in a separate, second module (physically separate
from the first module).
By way of exampie, but not limiting, Figure 4 shows in sketch and greatly simplified
form a top view of a possible tool holder with cutting tools; said tool holder rotates around its
axis and is pushed by a forward feed over the wafer to-be worked. One skilled in the art is best
acquainied with these kinds of tools or tools that work in a similar fashion.
According to the invention, a sample holder is provided that can be appropriately actively
heated and/or cooled in order to bring the wafer to be worked to the desired temperature. It is
also disclosed that the two wafers can/must be aligned with respect to one another after the
treatment process according to the invention.
Additional advantages, features, and particulars of the invention are given in the
following descriptieﬁ of preferred example embodiments as well as in the drawings. Here:
:Fig.ure la shows a process step accofdiilg to the iﬁveﬁtion for working a solid substrate with
a cutting tool according t«:.} the invention;

Figure 1b shows é bond surface worked according to the invention with a neébsurface faver
that has an elevated dislocation density;

Figure lc shows a bond surface worked according to the invention with a near-surface
amorphous layer;

Figure 1d shows a bond surface worked according to the invention with a near-surface

amorphous layer that has an elevated dislocation density;
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Figure 2bshows a process step according to the invention for bringing the solid substrates into contact;
Figure 2cshows a process step according to the invention for temperature exposure of the solid
substrates that are in contact for the purpose of forming at the bond surfaces a permanent bond that is
at least primarily created by crystallization; Figure 3ashows a diagram of the dependency of
cleavage-fracture strength and ductile- fracture strength on the speed of the tool; Figure 3bshows a
diagram of the dependency of cleavage-fracture strength and ductile- EVG 101116-WG js/au08

Figure le shows a bond surface worked according to the invention with a near-surface
amorphous layer with crystalline areas that have an elevated dislocation density;

Figure 22 shows a process step of the working of a first and a second bond surface similar to
Figure 1b according to the invention;

Figure 2b -shows a process step according to the invention for bringing the solid substrates
into contact;

Figure 2¢ shows a process step according to the invention for temperature exposure of the
solid substrates that are in contact for the purpose of forming at the bond surfﬁces
a permanent bond that is at least primarily created by crystatlization;

Figure 3a shows a diagram of the dependency of cleavage-fracture strength and ductile-
fracture strength on the speed of the toof;

Figure 3b shows a diagram of the dependency of cleavage-fracture strength and ductile-
fracture strength on temperature;

Figure 3¢ shows a diagram of the dependency of notched-bar impact work on temperature
for three typical classes of materials, and

Figure 4 shows a possible émbodiment of ﬂ1e metal—cufting toél.

Figure 1a shows a first solid substrate 1 that consists of a first material (iﬁ this case
. metal) and that on a bond side 1s has a comparatively high surface roughness O (mean quadratic

roughness relative to the overall bond side 1s and a bond surface 1o, to be bonded, of the bond

side 1s of the first solid substrate 1). Figures fato le and Figures 2a to 2¢ show in each case only

sma}l area cross-sections of the first solid substrate | and a second solid substrate 2 (Figures 2a

to 2¢).
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fracture strength on temperature; Figure 3cshows a diagram of the dependency of notched-bar impact
work on temperature for three typical classes of materials, and Figure 4shows a possible embodiment
of the metal-cutting tool. Figure la shows a first solid substrate 1 that consists of a first material (in
this case metal) and that on a bond side Is has a comparatively high surface roughness 0 (mean
guadratic roughness relative to the overall bond side Is and a bond surface lo, to be bonded, of the
bond side Is of the first solid substrate 1). Figures 1 a to le and Figurest¥4 t8'2¢%6ws3488ch case
only small area cross-sections of the first solid substrate | and a second solid substrate 2 (Figures 2a

to 2c). EVG 19444 Grijsiaul& king of a first bond surface To, a cutting tool 5 is provided that can
move with a speed v, along the first bond surface 1o in such a way that material is removed at
the first bond surface lo. The relative speed v, of the cutting tool 5 as well as the temperature T
during the first working have a significant effect on material removal. In addition, other factors
of influence are the shape of the cutting tool 5 (tool geometry), the temperature of the tool itself,
and a cutting edge insertion angle o with respect to the direction of motion (speed vector vg) of
the cutting tool 5.

According to the invention, the above-mentioned parameters are set in such a way
(especially by empirical determination of the above-mentioned parameters) that, after the {irst
working and optionally after at least a second working of the bond surface lo, a near-surface
area 3 (Figure 1b}, 3' (Figure lc), 3" (Figure 1d), or 3" (Figure le) is formed.

I the embodiment shown in Figure 1b, the above-mentioned parameters are selected in
such a way that, after the first working with the cutting tool 5, the near-surface area 3 has a
dislocgﬁ;ien density that is elevated compared to the Tirst material of the solid substrate | in
accordance with Figure la. |

In the embediment shown in Figure 1c, the above~menti0nea p'cl"rameters are selected in
such a way that, after the first working with the cutting tool 5, the near-surface area 3' consists at
least partially and preferabiy;' primarily of an amorphous material 4 which, especially in certain
areas, is completely amorphous.

in the embodiment shown in Figure 1d, the above-mentioned parameters are selected in
such a way that, after the first working with the cutting tool 5, the near-surface area 3’ consists

at least partially and preferably primarily of an amorphous material 4 which, especially in certain
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For a first step for working of a first bond surface lo, a cutting tool 5 is provided that can move with a
speed v, along the first bond surface | o in such a way that material is removed at the first bond
surface To. The relative speed vs of the cutting tool 5 as well as the temperature Ts during the first
working have a significant effect on material removal. In addition, other factors of influence are the
shape of the cutting tool 5 (tool geometry), the temperature of the tool itself, and a cutting edge
insertion angle a with respect to the direction of motion (speed vector V&Yt &Wthng/ t56% 5.
According to the invention, the above-mentioned parameters are set in such a way (especially by

empiricgl deterypatian el the Abeveimentiensd patrmetesslsthabraftesthepfinek watking and optionally

after at least a second working of the bond surface lo, a near-surface area 3 (Figure Ib), 3' (Figure Ic),
3" (Figuselid)caich' ddrigurenl dsitaanretelative o the mboidinentshomiinrdigfesl bothig.
above-mentioned parameters are selected in such a way that, after the first working with the cutting
tool 5, the neamstefacdaiead Hasva wisigoatibn de ity thatrisosteMaed com pareddodhafirst material
of the solid substrate tin accordance with Figure la. In the embodiment shown in Figure Ic the
above-rresitionet araatfietdrs fre welbiswwih Sirctnaingdypahatthermspiia fieg #rRingisvith the cutting
tool 5, the near-surface area 3' consists at least partially and preferably CPrimatil of an amorphous
materialfgfmﬁﬁcﬁﬁ,]%‘éblé%ﬁ%ﬂlyiﬁ"é‘éﬁ%fﬁﬁ%%&%‘ﬁé‘é%rﬂﬁét@ﬁpﬁ%%ﬁgﬁ§F‘ esPRTIEE embodiment shown

in Figure Id, the above-mentioned parameters are selected in such a way that, after the first working
it she GERIS o T RGO P 5 L S BV SEIGF AR B IEHEBE, primarly of an

amorph%u m teriéall 4.Whiche§pgpially in certain EVG 101116-WO js/au08 areas, is completely

1 OFTie . . . . .
amorphohssogzil'lE ,“es%lgc éli@; inthe area outside of the amorphous material, has a dislocation density

that is elevate%%%@m{?gtcg EH@iHG%B&&H%%H p&ﬁ@‘@a%l@%%@d‘#? tﬂﬁb‘@f%—lﬂ%ﬁoned parameters

for the above-mentioned embodiments during the first working and/or to provide additional
working steps in order to produce the above-mentioned features. In any case, the cutting tool 5
opetates at {east primarily and preferably completely with a speed v, that is below the critical
speed vy, according o Figure 3a so that the material is primarily removed by means of
deformation fracture. At the same time the temperature during the first working lies at least
primarily and preferably completely above the critical temperature Ty in accordance with Figure
3b so that deformation fracture is also promoted thereby. |

if after this first working step the necessary planarity haé nét yet been achieved, the
necessary planarity can be achieved by means of at least one additional working step. In the
second working step, the cutting tool 5 preferably has a speed v, that lies above the critical speed
vi according to Figure 3a so that the material is primarily removed by means of cleavage
fracture. At the same time the temperature during the first working lies at least primarily and
preferably completely below the critical temperature Ty in accordance with Figure 3b so that

cleavage fracture is also promoted thereby.
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In the embodiment shown in Figure le, the above-mentioned parameters are selected in such a way
that, after the first working with the cutting tool 5, the near-surface area 3" is formed at least partially
and preferably primarily of an at least partially and especially completely amorphous material 4 in
which crystalline areas 6, especially having an elevated dislocation density, are formed. According
to the invention, it is conceivable to modify the above-mentioned parameters for the above-mentioned
embodiments during the first working and/or to provide additional workif{f 3366y d¥ 8 produce the
above-mentioned features. In any case, the cutting tool 5 operates at least primarily and preferably
completely witlia gpeiedusihat i%@@&%ﬂ%&g@ﬁﬁﬁbﬁ&ﬁﬁ@ Mz @EEOI NG oI, §§r§8ﬁ£&3t the
material is primarily removed by means of deformation fracture. At the same time the temperature
during the fikstosnskiag lies at lcastpeimpsiycamd:paeiarablyncompleialtabavs the eitigaktemperature
Tk in accordance with Figure 3b so that deformation fracture is also promoted thereby. If after this
first workingegtep thepregessary planarity has not yet been achieved, the necessary planarity can be
achieved by means of at least one additional working step. In the second working step, the cutting tool
5 preferably has aapéatss s ihdbfidésvabive ithbcembalispaddakdiaiihguesHib ivd 8acso that the
material is primarily removed by means of cleavage fracture. At the same time the temperature during
the first WoYkIhaResiTehetiAiphALR, A dPreTefampcampldtely Delsprehbtbditetipdtature Tk in
accordance wijth Figure 3h so_that cleavage fracfure is also promoted thereby, EVG 101116-WO
fo/au08 PR TSRS B UHE g B R G 5 ARIGMBROLS PRASHAT A LIShred in particular by

the tool sgeed‘ Whi(‘fh is material-specific a e empirically de ine a function of material
¥ RIDEEY P%? nd can be em el c‘ﬁ g
tempera%ﬁjr%c‘fia Y ’i’K %c%%?agn%?e Wit gnflﬁ%en %n,ylr%{ﬁeaearﬁfag%liér(r%%aﬁttt ac’csé)rt |f% gﬁyirg?fr%s Ib to le not

only s a.6fiangs [0 materipLal s A6a; SfAGs 3RAR podard INAUGRY goM Ryt also i

particular e is a significant reduction in"surface roughnéss 0 by a factor of at least 5, especially by

a factor ghat jearstabd; REdRigTERabIMBRIaRaEab Bt least 20y $othat the surface roughness O is less
than 1 11111, especially less than 100 nm, preferably less than 10 nm, even more preferably less than

1 nm, and mos prederabliitessdivamkibd sithe abovByrRraanedihths.combinationekiading
above-mentioned measures and the corresponding working of the second solid substrate 2 on its bond
side 2s tocckertealsimitanderid subfiee: Zoaftebthd fidt Wworkingtandioptiohally byfaeadns of additional
working steps, the first solid substrate 1 and the second solid substrate 2 are, as Figure 2a shows,
orientecfifetiire Sise oy ook rectighepHerst sticheaiay addttbes boptkisitledesaihd el B side 2s are

arranged facing one another. ) ) ) )
substrate 1 and the second solid substrate 2 are, as Figure 2a shows, oriented with respect to one

another in sgzch a way that the bond side 1s and the bond side Zs are arranged facing one another.
- In the process step shown in Figure 2b, the first solid substrate 1 is brought into contact
with the second solid substrate 2 at the bond surfaces 10{20 {contact plane E}. Because of the
considerably reduced surface roughness O of the two solid substrates I, 2, the distance between
the solid substrates 1, 2 is extremely small, thus promoting recrystallization of the first material
of the first solid substrate 1 with a second material of the second solid substrate 2. Moreover, and
in combination therewith, recrystallization is promoted by the invention-specific formation of the
near-surface area 3, 3', 3", 3", so that after a recrystallization time, especially with exposure to
temperature, a permanent bond is created down to a recrystallization depth R that is greater than

the surface roughness O and that is greater in particular than the depth of the near-surface area 3,
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11'the process step shown in Figure 2b, the first solid substrate 1 is brought into contact with the
second solid substrate 2 at the bond surfaces lo, 20 (contact plane E). Because of the considerably
reduced surface roughness 0 of the two solid substrates 1, 2, the distance between the solid
substrates 1,2 is extremely small, thus promoting recrystallization of the first material of the first solid
substrate 1 with a second material of the second solid substrate 2. Moreover, and in combination
therewith, recrystallization is promoted by the invention-specific formatibffdfihteriéansefice area 3,
3', 3", 3", so that after a recrystallization time, especially with exposure to temperature, a permanent
bond is greated downdqa ey sializatisndenihde-Natdsaienerthandha swiace mg&*&ness 0 and
that is greater in particular than the depth of the near-surface area 3, EVG 101116-WO js/au08 31, 3",
3". A salif] subsitatecdiatdsthondediss aceatianeaiwithvthei sny entiomdsshaani s Figueac, in which,
because of the measures according to the invention, the bond surfaces lo, 20 are no longer
recognizeainder aseh gnipdriiculdirapsdingdangdse amosphousrhatsniadtdrisl prageantnEVG 101116-WO
js/au08 Reference Number List
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first solid substrate bond surface bond side second solid substrate bond surface bond side
near-surface area amorphous material cutting tool crystalline areas bonded solid substrate tool holder
for multiple cutting tools temperature

EVG 101116-WQ js/aul8

Reference Number List

1 first solid substrate
lo bond surface

Is bond side

2 | second solid substrate
20 bond surface

2s bond side

3,3,3", 3" near-surface area

4 amorphous material

5 cutting tool

6 crystalline areas

7 bonded solid substrate
8 tool holder for multiple cutting tools
'Ts femperature

Ty critical temperature
Ta . bond temperature

Yy speed

Vi critical speed

O surface roughness

R recrysiallization depth
E contact plane
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critical temperature bond temperature speed critical speed surface roughness recrystallization depth
contact plane EVG 101116-WO js/au08 cutting edge insertion angle

EVG 101116-WO js/aul8

& cutting edge insertion angle
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EVG 101116-WO js/au08 Method and Device for Permanent Bonding of Wafers, as well as Cutting
Tool Claims 1. Method for bonding a first bond surface (10) of a first solid substrate (1) consisting
of a first material to a second bond surface (20) of a second solid substrate (2) consisting of a second
material with the following steps, especially in the following sequence: working of the first and/or
second bond surfaces (lo, 20) with a cutting tool (5) is done to create a metastable structure in at least
the near-surface area and to produce a reduced surface roughness of B&s1$4h5180 iway@referably
less than 10 nm, even more preferably less than 1 nm, and most preferably less than 0.1 nm.

bringing the frtstald SReiSale (Wi samiacl i e seqand.solih bsliale (B)! (e bond

surfaces (I o, 20), exposure of the solid substrates (1,2) that are in coftact to temperature to
form a permanent bond that is at least primarily produced by recrystallization at the bond surfaces (to,
20) in each case down to a recrystallization depth R that is greater than the surface roughness 0 of the
bond surfaces ( lo, 20) with a bond temperatur€EB:that exceeds the recrystallization temperature.
2. Method in accordance with Claim 1, in which he first and second materials are selected to be
identical.
1. Method for bonding a first bond surface (1o) of a first solid substrate (1) consisting of

a first material to a second bond surface {20) of a second solid substrate (2) consisting of a

second material with the following steps, especially in the following sequence:

- working of the first and/or second bond surfaces (1o, 20) with a cutting too! (5) is done to

create a meiastable structure in at least the near-surface area and to produce a reduced surface

roughness of less than 100 nm, preferably less than 10 nm, even more preferably less than 1 nm,

and most preferably less than 0.1 nm.

- bringing the first solid substrate (1) into contact with the second solid subsirate (2) at the

bond surfaces (1o, 20}, and

- exposure of the solid substrates (1, 2) that are in contact to temperature {0 form a

permanent ‘bond that is at least primarily produced by recrystallization at the bond surfaces (lo,

20) in cach case dowﬁ to a recrystallization depth R that is greater than the surface roughness O

of the bond surfaces (1o, 20) with a bond temperature T that exceeds the recrystallization

femperature.

2. Method in acecordance with Claim 1, in which the first and second materizls are
selected to be identical.

3. Method in accordance with one of the preceding claims in which the first and/or

second materials are metals.
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3. Method in accordance with one of the preceding claims in which the first and/or second materials
are metals. EVG 101116-WO s/au08 4. Method in accordance with one of the preceding claims in
which the formation of the permanent bond takes place at a bond temperature TB that is greater than
the critical temperature Tk 5. Method in accordance with one of the preceding claims in which the
working with the cutting tool (5) is done in such a way that an amorphous layer (3) and/or a layer (2) of
elevated dislocation density is formed at the first and/or second bond s@vfagelfles-2@).is/au06. Method in
accordance with one of the preceding claims in which, after the first working is done and before

contact is madg, ,58¢0Ng %9&@8@&9%@?0%&%9’8@%9@85&@ %?#gf@%ﬁ% ﬁ&q}%‘?&a}?\’iﬂﬁetoo' (5),

especially the same tool, is carried out at a speed Vo that exceeds critical spee especially at a

tem peraﬁéfﬁliﬁﬂf‘%dﬁ Qﬁé@‘fﬁ&t@&ﬁ%ﬁ%@ﬁ&%&@ﬁg hdnioweniprerucethrsutasesakghness 0 to
less than 100 nni, preferably less than 10 rim, even more preferably less than 1 nm, and most

preferabfy less than 0.1 nun. 7. Device for bonding a first bond surface (10) of a first solid
substrate (1) consisting of a first material to a second bond surface (20) of a second solid substrate (2)
consisting of a Sebtutichdnatertatduvith:with one of the preceding claims in which the working with the

cutting tool (5) is done in such a way that an amorphous layer (3) and/or a layer (2) of elevated
dislocation density is formed at the first and/or second bond surface (1o, 20).

6. Method in accordance with one of the preceding claims in which, after the first
waorking is done and before contact is made, a second wérking of the first and/or second bond
surfaces (10, 20) with a tool {5), espécialiy the same tool, is Carried out at a speed v, that exceeds
the critical speed vy, especially at a temperature T, that is below the critical temperature Ty in
order to reduce the surface roughness O to less than 100 nm, preferably less than 10 nm, even
more preferably less than | nm, and most preferably less than 0.1 nm.

7. Device for bonding a first bond surface {10) of a first solid substrate (1) consisting of a
first material o a second %qgnd surface {20} of a second solid substrate {2) consisting of a second
material, with:

- ‘ écuﬁting-tool (3 for wofking the first and/or second bond surfaces (1o, 20) to cz.’eaté a
metastable structure in at least the near-surface area and a reduced surface roughness of less than
100 nm, preferably less than 10 nm, even more _?)referably less than 1 nm, and most preferably
less than Q.1 nm,

- means for bringing the first solid substrate (1) into contact with the second solid substrate
(2} at the bond surfaces (1o, 20), and

- means for exposing to temperature the solid substrates (1, 2) that are in contact to form a

permanent bond that is at least primarily produced by recrystailization at the bond surfaces (lo,
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a cutting tool (5) for working the first and/or second bond surfaces (lo, 20) to create a metastable
structure in at least the near-surface area and a reduced surface roughness of less than 100 nm,
preferably less than 10 nm, even more preferably less than 1 nm, and most preferably less than 0.1
nm, means for bringing the first solid substrate (1) into contact with the second solid substrate (2)
at the bond surfaces (lo, 20), and means for exposing to temperature the solid substrates (1,2)
that are in contact to form a permanent bond that is at least primarily pryGuéesipyVedrpstlllization at
the bond surfaces (lo, EVG 101116-WO s/au08 20) in each case down to a recrystaltization depth R
that exceeds 1he, SULARKJPHINRESAR LIS hopd RUHASKSHle: AR 2banderepsrafure TB that is

greater than the recrystallization témperature. 8. Device in accordance with Claim 7, in which the

cutting tQald3):eaRr408 Adivisiad IMHEReA AV IRAT A1SRGORLWORKINNIIS RRFIQH P8 a speed va that
exceeds the critical speed vk, especially at a temperature To that is below the critical temperature Tk,

in ordertanfeehiee the surface roughness 0 to less than 100 urn, preferably less than 10 nm, even
more preferably less than | nm, and most preferably less than 0.1 nm. 9. Cutting tool (5) for
working the fir§t Badiariseconddondisuates (o, Zoplathe spaed wsitifatas beladjuatatitical speed vk
and at a temperature Ts that is above a critical temperature Tk and down to a surface roughness 0 of
less thappdhpay that a second working is carried out at a speed v, that exceeds the critical speed vy,

especially at a temperature T, that is below the critical temperature T, in order to reduce the

surface roughness O to fess than 160 nm, preferably less than 10 nm, even more preferably less

than 1 nm, and most preferably less than 0.1 am.

9. Cutting tool (5) for working the first and/or second bond surfaces (1o, 20} at a speed vq

that is below a critical speed vy and at a temperature T that is above a critical temperature Ty and

down to a surface roughness O of less than 1 pm.
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