PROCESS FOR CLEAVING A SUBSTRATE FIELD OF THE INVENTION The present invention
relates to a process for cleaving a substrate for the purpose of 5detaching a film from said substrate.
BACKGROUND OF THE INVENTION  The detachment of thick films from a substrate is performed
particularly in the semiconductor industry. 10Various detachment processes are already known and
widely employed.  Certain processes comprise the formation, within the substrate, of a weakened
zone defining the film to be detached followed by the application of stresses to the substrate or to the
weakened zone so as to cleave the substrate in the wdakened zone. These stresses may be of
thermal origin and/or mechanical origin, etc. 15Thus, the Smartcut(tm) process comprises the
formation, in a donor substrate, of a weakened zone by implanting atomic species, defining the film to
be transferred, followed by the bondlr?d?mﬁl?%grqﬁ 9&@&@ g"tlé%\?w&gbstrate and the cleavage
of the donor substrate in the weakened zone, resulting in the film being transferred onto the receiver
substrate. 20Howq:4gggttﬁ:nrngqmmg appropriate for transferring thin films, that s to say typically
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defining the film to be detached followed by the application of stresses to the substrate or to

the weakened zone so as to cleave the substrate in the weakened zone. These stresses may
be of thermal origin and/or mechanical origin, etc.

15 Thus, the SmartCut™ process comprises the formation, in a donor substrate, of a
weakened zone by implanting atomic species, defining the film to be transferred, followed by
the bonding of the donor substrate to a receiver substrate and the cieavage of the donor
substrate in the weakened zone, resulting in the film being transferred onto the receiver
substrate.

20 However, this process is more appropriate for transferring thin films, that is to say
typically having a thickness of less than 1 micron.

industrial implanters currently have an energy of up to 200 keV, thereby achieving an
implantation depth possibly up to about 2 microns, depending on the materials and the ionic
species implanted.

25 For exampie, by implanting H' ions into silicon it is possible to achieve a depth of about
1.8 microns, but the depth achieved will be smaller in GaN, which is denser,

There are high-energy implanters, i.e. operating at around 1 MeV, which would ailow a
depth of up to 20 microns to be achieved, but the process is not economically viable because
of the high cost of these machines.

30 Patent application US 2007/0249140 describes a method of detaching a layer from a
silicon substrate, in which a metal layer, in particular a silver and/or aluminium paste, is
deposited on the surface of the substrate.

Applying a thermal stress to the substrate covered with the metal layer generates a
cleavage stress in the substrate at a depth corresponding to the thickness of the layer that is



intended to be detached, resulting in the cleavage of the substrate and detachment of the desired
layer. The cleavage stress obtained depends on the difference in thermal expansion coefficient (TEC)
between the material of the metal layer and the material of the substrate. 5Thus, for example, the
thermal expansion coefficient of silicon is 4.6 x 106K1 whereas that of silver is 20 x 104 K-1 and that of
aluminium is 24 x 10-6  However, depositing metals on the silicon substrate runs the risk of
contaminating the semiconductor layer, which would be prejudicial to the operation of the device
fabricated from this layer. 10Moreover, the thermal exgansion coefficient of the stress-generating layer
depends on the nature of the material employed.  As a result, a person skilled in the art is
necessarily limited in the definition of the process by the materials that are commercially available.
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substrate for the purpose of detachin IIm therefrom, comprising the following successive 35steps:

3 As a result, a person skilled in the art is necessarily limited in the definition of the
process by the materials that are commercially available.

In particular, he may necessarily be unable to form a stress-generating layer having the

15 desired thermal expansion coefficient.

Finally, to make the stress-generating layer expand according to the aforementioned
method, it is generally necessary to heat it fo a high temperature, that is to say typically
around 800°C.

However, in this temperature range silicon is ductile, making it unfavourable for cleaving

20 the substrate.

One of the objects of the present invention is therefore to provide a process for
detaching a film from a substrate, typically having a thickness of between 1 and 100 microns,
which avoids the drawbacks of the abovementioned methods.

More precisely, the aim of the invention is to enable a fiim to be detached from a

25  substrate without the risk of contaminating the material of the substrate.

Another object of the invention is to limit the temperature needed to cleave the
substrate.

Furthermore, the invention must also provide a greater freedom of choice in the thermal
expansion coefficient of the stress-generating structure, in particular for the purpose of

30  optimally cleaving the substrate.

BRIEF DESCRIPTION OF THE INVENTION
In accordance with the invention, what is proposed is a process for cleaving a

substrate for the purpose of detaching a film therefrom, comprising the following successive
35 steps:



() the formation of what is called a stress-generating structure, locally bonded to the surface of the
substrate and designed to expand or contract in a plane parallel to the surface of the substrate under
the effect of a heat treatment; and (ii) the application of a heat treatment to said structure, designed to
cause said 5 structure to expand or contract so as to generate a plurality of local stresses in the
substrate, the combination of which generates a stress greater than the mechanical strength of the
substrate in a cleavage plane parallel to the surface of the substrate defining the film to be detached,
said stress leading to the cleavage of the substrate ovey said plane. 10The term "bonded" is
understood in the present text to mean that the cohesion force between the stress-generating structure
and the surface of the substrate must be greater than the stresses exerted during expansion or
contraction of the structtiie faroaiientabrbat incalied s stratraenrratingstvdtthat itvalbtimgsied ¢etierated
by deforming the structuigfate tiinenaiitet it thessudsirale 16 expafdocRprad.id 2Thenepaalready” is
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Particularly advantageously, said stress-generating structure is a cellular structure, the
walls of the cells of which are perpendicular to the surface of the substrate and are composed

20 of at ieast two materials having different thermal expansion coefficients designed to aliow
said walls to deform under the effect of said heat treatment, providing a bimaterial strip effect.

The expression “providing a bimaterial strip effect” is understood in the present text to
mean that two materials having different thermal expansion coefficients are placed so as to
be bonded to each other in such a way that the assembly deforms by expanding or

25  contracting, under the effect of a heat treatment and, optionally, of a magnetic field if one of
the materials is also magnetostrictive.

According to the embodiments described below, the two materials may take the form of
two strips bonded together, the interface between the two materials having a surface
substantially perpendicular to the surface of the substrate.

30 By extension, the term “bimaterial strip” is also understood to mean any arrangement of
two or more materials having different expansion coefficients, in the form of multiple strips
bonded together, the interfaces between each of the materials being in the form of a surface
substantially perpendicular to the surface of the substrate.



According to one embodiment of the invention, the walls of the cells are bimaterial strips 5formed from
first and second materials that have thermal expansion coefficients differing by a ratio of at least 2.
For example, the stress-generating structure comprises bimaterial strips formed from the following
pairs of materials: Si/Ag, Si/Al, Si/Cu, Si/Si02, Ge/Ag, Ge/Al, Ge/Cu, Gel/Fe, Ge/Si02, sapphire/Ag,
sapphire/Al, sapphire/Cu and/or sapphire/Si02. 10According to another embodiment, the walls of the
cells are bimaterial strips formed from first and second materials, one having a positive thermal
expansion coefficient and the other a negative thermalexpansion coefficient.  For example, said
bimaterial strips are formed from the following pairs of materials: Si/Zrw208, Cu/Zrw208, Al/ZrW208
and/or Ag/Zrw208. 15According to another embodiment, the first and second materials of the
bimaterial strip arel Bispdefindipm jhereface dpalydesaiiofaierial ditrataposed deoricoiamiie ofiaasnie strip
being formeddiiptioe AeV\EPBRRieany HetwisipOs thatdial maiegal Peneiiean.and Ragtigulsrly
advantageougly,4hg n%éﬁgqr%gyﬁégpegye@% lied at a temperature of between 20 and 500C.

Vv

20According to one partictlarly advantageous embodiment of the invention, the stress- generating

structure is furtherfGRENESIG P88 RreRIrRMbPidBR NP Shs i fifbeierlisats hipalesrtiryios
substratéeundermie tenoirseadeegneticnitddals tHabhevis therpes exsaidistressfipemsadifigrisgugtare is
a cellular strugty ef thesw@lts of the cells of which are perpendicular to the surface of the substrate and

are composed of qgég%%% IR ggqigé?Is ha\éj{? dif[frer LI?II thermal ex%qrrﬁgoga.o§tfici<?cr}1rts,egef§(i3%1ed to

. ener S COMPIISE ri
allow said walls to deform under ‘ A ot?sal ea ?rea ment and one of sal MAtENals IS A
magnetostriciffe {liuing PairpbraiBlipith S gy s itire RiSiCHaGe/AgaRePinBHEn aff8fF &uch
as terfenol-D Gerika2 sappha /g, T9ebphirelAl shpphireCmatelizl samihoel§iSiC or germanium. 30In this
case, preferably theshealrigeRimesthis apmiiRfhalR BIEREIALUSE PRIQMISC uiiRdempRBY oahike
magnetostriciys, material ada madnel ied is,aiso applisd (9 5aid sttess:generating, stuctyre
suitable for causing 2410 ma%%e oStrictive materal o elgnga € or comract PR SIHAEE Pas
[

an elongate sHapE2 RIAHFIBEMaPPREsiencrefiErstably static 35and oriented parallel to the largest
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P palsa Eccor ing to another esmbogment, the first and second materials of the bimaterial strip

are separated by a void or by a strip of a third material, in particular the bimaterial strip being
formed by the Ag/ZrW,0; pair and the strip of the third material being silicon.

Particularly advantageously, the heat treatment of step (i) is applied at a temperature of
between 20 and 500°C.

20 According to one particularly advantageous embodiment of the invention, the stress-
generating structure is furthermore designed to expand or contract in a plane parallel to the
surface of the substrate under the action of a magnetic field.

For this purpose, said stress-generating structure is a cellular structure, the walls of the
cells of which are perpendicular to the surface of the substrate and are composed of at least

25  two materials having different thermal expansion coefficients, designed to allow said walls to
deform under the effect of said heat treatment and one of said materials is a magnetostrictive
material,

Preferably, the magnetostrictive material is a rare-earthfiron alloy, such as terfenol-D,
SmFe;, DyFe, or TbFe,, and the other material is silicon, SIC or germanium.

30 In this case, preferably the heat treatment is applied at a temperature below the Curie
temperature of the magnetostrictive material and a magnetic field is also applied to said
stress-generating structure, suitabie for causing said magnetostrictive material to elongate or
contract.

If the substrate has an elongate shape, the applied magnetic field is preferably static

35 and oriented parallel to the largest dimension of the substrate.



According to one particular embodiment of the invention, the stress-generating structure 5is bonded to
the surface of the substrate by a bonding layer. = The stress-generating structure, before being
bonded to the substrate, may be fabricated by etching trenches in a layer of the first material, filling
said trenches with the second material, masking portions of the layer of the first material that are
intended to form the bimaterial strip, and selectively etching said layer so as to remove the
non-masked 10portions of the first material.  Alternatively, the stress-generating structure is bonded
to the substrate by depositing a layer of the first matertal onto the surface of the substrate, followed by
the etching of the trenches in said layer, the filling of said trenches with the second material, the
masking of the portions of the layer of the first material that are intended for forming the bimaterial strip
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The thickness of the film detached from the substrate is between 1 and 100 microns,
preferably between 30 and 70 microns, for example about 50 microns.

Typically, the ratio of the thickness of the film to be detached to the thickness of the

20  stress-generating structure is between 0.1 and 10.

According to one particular embodiment, before step (ii), a weak zone is formed in the
substrate so as to cause the cleavage over said weak zone.

For example, said weak zone is formed by ion implantation in the substrate at the depth
of the cleavage plane with a dose of between 5 x 10" and 10'® atoms/em’.

25 Alternatively, the substrate and the film to be detached are made of silicon and the
weak zone is a layer of Si.Ge,, where 0<x<0.8, in which the proportion of germanium
gradually changes between a minimum value at the interfaces and a maximum value at the
cenfre.

According to one embodiment, before step (i), a fracture initiator is produced in the

30  substrate at the depth of the cleavage plane.

Before step (i), electronic devices may be formed in or on the film to be detached from
the substrate, said devices being for optoelectronic and/or photovoltaic and/or power
applications and/or for electronic circuits and/or for microsytsems.

The stress-generating structure may be removed from the film after the latter has been

35 detached from the subsirate.



said substrate.  Another subject of the invention is an assembly comprising a substrate and a
stress-generating structure bonded to the surface of said substrate, characterized in that said
stress-generating structure is a cellular structure, the walls of the cells of which are perpendicular to 10
the surface of the substrate and are composed of at least two materials having different thermal
expansion coefficients suitable for allowing said walls to deform under the effect of a heat treatment.
Finally, another subject of the invention is a semiconductor device for photovoltaic, optoelectronic or
electronic applications, comprising a film of semicondugtor material and a 15 support which is a
cellular structure bonded to the surface of said film, the walls of the cells of which are perpendicular to
the surface of the film and are composed of at least two materials having different thermal expansion
coefficients suitabEPfP@RRIEN Y8 SHarEISe aéTe FHusider Ty bEdecysiedrster iteaemewr! ToBRIEF

DESCRIPTIOMterheBHIImDiaAWE Mo se Stngndendysastartbady andaigeasrd the invention will become
apparent from th(=T f?B@gﬂ@&ﬁ@@&%&@?&HR}&%%{‘%{@M%SF&I%EP%&%&?PGnded drawings in which:

Figure 1 is a sectignal view of a substrate and a stress-%eneratln%structure according to the invention,

25-Figure 2 is a secRNANGi& SPeRaLRIRTMARE AL Bt R INFTUQRTRR SO R I& 2N INg%tAte 3 is
a top view of BiseEr8od 4D ershermiesiaybirktimee fofosy dnassisiytHetathiosaerlsradityneldfifomiram
plurality of celisidlaebatedis of which are bimaterial strips,  -Figures 4A to 4E illustrate steps of the

process for producig,ihie Stictire: 9 EiRR3n 30 FHUISRRASRIHANR Yayiianing sohepatcall
-FI reéK f

;
the application of a magnetic tield to the stress- eneratlng structure, IS a sectional view o

one embodimEFGFIRE FHYSHEB RIAIFRIH RS WiRrafeAi8 pubsalf-ehAtRCIsERR R Salsh sliesihd
Figure 7 is a geogmtabvebuchiraisdteeiiatvetwetbsditnensits whibh ceflaofuvbi@bariiamspéndicotiuded in

the substrate gebg.glRavetihé sularateldd arsigsnpaMinethedduaiatinasitie ralpg QfitBrent
thickness of tﬂ?e%ﬁéioé&?:i%%rﬁ &%ﬁc@?x@&ﬁ%ﬁg%’ 5{%%'}‘&;%%%9\5 to deform under the effect of a
heat treatment.
Finally, another subject of the invention is a semiconductor device for photovoltaic,
optoelectronic or electronic applications, comprising a film of semiconductor material and a
15 support which is a cellular structure bonded to the surface of said film, the walls of the cells of
which are perpendicular to the surface of the film and are composed of at least two materials
having different thermal expansion coefficients suitable for allowing said walls to deform
under the effect of a heat treatment.

20 BRIEF DESCRIPTION OF THE DRAWINGS
Other features and advantages of the invention will become apparent from the foliowing
detailed description, with reference fo the appended drawings in which:
- Figure 1 is a sectional view of a substrate and a stress-generating structure
according to the invention,
25 - Figure 2 is a sectional view of the cleaved substrate of Figure 1 and said structure,
- Figure 3 is a top view of one particular embodiment of the invention, in which the
structure is formed from a plurality of cells, the walls of which are bimaterial strips,
- Figures 4A to 4E illustrate steps of the process for producing the structure of
Figure 3,
30 - Figure 5 is a sectional view showing schematically the application of a magnetic
field to the stress-generating structure,
- Figure 6 is a sectional view of one embodiment of the invention in which the
substrate to be cleaved has been preweakened, and
- Figure 7 is a sectional view of an alternative embodiment in which a fracture
35  initiator is produced in the substrate to be cleaved.



DETAILED DESCRIPTION OF THE INVENTION 5Cleaving process  Referring to Figure 1, a
structure 2, suitable for deforming under the application of a heat treatment, is formed on the surface
of the substrate 1.  The substrate may be any material (semiconductor, metal, etc.) and whatever its
crystalline structure (single-crystal, polycrystalline, amorphous). 10Preferably, the substrate is made of
a semiconductor material, such as Si, SiC or Ge, a substrate of the IV, IINI or llIN type, such as GaN,
InGaN, GaAs or InP, and other binary, ternary or quaternary alloys of these elements.  According to
one particular embodiment, the film that has to be detazhed from the substrate is an active film formed
by a plurality of superposed semiconductor materials and/or 15 comprises electronic devices for
optoelectronic applications (for example for LEDs or lasers) and/or photovoltaic applications (such as
multijunction cells TorrtaHe disapiendosparaing ik dushaiomactiitmatics dlthe dbisknése eldoeronipus

circuits, in parsigarahioe povv@icagpinaliens AR@EYanicrosystems. Said devices are formed in or
on the film to be detached before the stress-generating 20structure is bonded to the substrate.  This
structure must be %%?ded to the surface of the substrate so as to transmit thereto the stresses that will

result in cleavage %’ISEBQE%'?R'Pﬂ%i%@ﬁéﬂy&f‘wgyﬂding between the structure and the
substratebis therefiieayinggracesiDepending on the materials present, the bonding may be carried out
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especially on%ﬁylig%ggﬁdigq?ﬁégg%% ] eﬂ%% a(r:nepoe\'kﬁ:ugg of the heat treatment that will be carried out
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. e strateé 1. .
in order to result in_cleavage of the substra en ﬁ'ue structure must be removed from the film
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employe is an eppPifRehPsiNg substEd i hadd eply sdnasJhg. e YaRIARI0ERaING Ry dsplySpRlE it can
therefore be r?dB&‘r’a‘%%' B ! ‘éQV/,tﬂ?\/?%tﬂﬁ/\?ft%%?%&ﬁ %QQ'.%N, inGaN, GaAs or InP, and other binary,
ternary or quaternary alloys of these elements.
According to one particular embodiment, the film that has to be detached from the
substrate is an active film formed by a plurality of superposed semiconductor materials and/or

15 comprises electronic devices for optoelectronic applications (for exampie for LEDs or lasers)
and/or photovoltaic applications (such as multijunction cells for terrestrial and space
applications). The film may also comprise electronic circuits, in particular for power
applications and/or microsystems.

Said devices are formed in or on the film to be detached before the stress-generating

20 structure is bonded to the substrate.

This structure must be bonded to the surface of the subsirate so as to transmit thereto
the stresses that will result in cleavage of the substrate.

A suitable method of bonding between the structure and the substrate is therefore
chosen,

25 Depending on the materials present, the bonding may be carried out by molecular
adhesion (usually called direct bonding), by soidering or by an appropriate adhesive,
especially one having good resistance to the temperature of the heat treatment that will be
carried out in order to result in cleavage of the substrate.

When the structure must be removed from the film that will be detached from the

30  substrate, it is preferable to provide a reversibly bonding adhesive, i.e. one that will allow the
structure to be dismantied non-destructively.

For example, the adhesive employed is an epoxy adhesive.
Such an adhesive has the advantage of being hydrolysable — it can therefore be
removed through the action of steam at 100°C.



8 Inthe embodiment illustrated in Figure 1, the structure 2 is bonded to the surface of the substrate
1 by means of a bonding layer 3. However, the bonding layer is optional and, depending on the
materials in question, a direct bonding operation may be carried out by bringing the stress-generating
structure 5directly into contact with the surface of the substrate.  The structure 2 is a cellular
structure as illustrated for example in Figure 3, one process for producing said structure being
explained in detail later. The walls 2" of the cells 2' consist of bimaterial strips (or even trimaterial
strips) of materials having significantly different thermakexpansion coefficients, said walls being
10perpendicular to the surface of the substrate.  The term "significantly different" is understood to
mean that there is for example a ratio of about 2 or more between the thermal expansion coefficients
of the two material8 Hetratbgdinggat iHaslexiednBibigesctitienntutwai@ mdenitdd trdthefsopfosivé thgn.
The interface utiwaen1the skass @enssating Riyeerire and the substrate is limited to the 15regions

where the walls of,_qg%éggllstﬂéebign i te tt tress- generating structure is
locally bonded to the substrate. aﬁ‘yig%%ye%ig %ﬁg é@%@gﬁ%ﬁ?ﬁ‘ gu %s%éeter?%t r;eag fred mgté'ﬁ{1 i

applied at a tSHFRRANENG,RRBIRIRST QARKIRG FRIMGRIOHIEY R5eRIRSHING, SHESSBRAREtSNStBICH Mane
parallel t& theddgmthcetofoprdast bitrdbe suda@wihihasubsrgéometry of the cellular structure, which gives

it a very high thermakeaxprnFon rogHigient ArRIIREES IR PAREWESRAPRNA PR i 9rOSBlYss

sufficient to dfﬁpﬁp&&ﬂgﬁ:&%ﬁu ot rérs lj‘%if]seglrg;%elratur is.a 9 Icgaorsen according to the nature of any

adhesive bonding the structure to the ratg,aé%easmndo 0 degrade it. 25Thus, if the adhesive is an

epoxy adhesive, it I§PrElRaBIyS IPRctrit 2 ieasishrirRimalsiipbaties (orsiver tHaagtisstboe)iof
bonded to thersigisratdavinbisgeficamdiyodifieretatberaaitressadnsibe swktickistgraaiar Wil theing

mechanigal sgenatyrlifadmalinREbensyBsbalseresulting in its cleavage in a plane C, parallel to
the surface of the %bs[grate.,s!ghn@cat ﬁcéﬁ{ftam OdeRHje'rsto The thlnne{htar;(;msetgg?ér?te, the more flexible

. fca fent . is u od 1o me
it is and the deeper the cléaviage n Ihe SUBStrats, an or example 2 ratio

of about 2 or more between the thermal expansion coefficients of the two materials or that the
thermal expansion coefficients of said materials are of opposite sign.

The interface between the stress-generating structure and the substrate is limited to the

15  regions where the walls of the cells are in contact with the substrate, so that the stress-
generating structure is locally bonded to the substrate.

To cause of the cieavage of the substrate, a heat treatment is applied at a temperature
suitable for causing the structure 2 to deform in the two directions of a plane parallel to the
surface of the substrate 1.

20 Owing to the geometry of the cellular structure, which gives it a very high thermal
expansion coefficient, a temperature of between 20 and 500°C is generally sufficient to
deform the structure,

The temperature is also chosen according to the nature of any adhesive bonding the
structure to the substrate, so as not to degrade it.

25 Thus, if the adhesive is an epoxy adhesive, it is preferably applied at a temperature
below 300°C.

Since the structure 2 is bonded to the substrate 1, this deformation generates a stress
in the substrate greater than the mechanical strength of the material of the substrate,
resulting in its cleavage in a piane C, parallel to the surface of the substrate, lying at a certain

30 depth.

The thinner the substrate, the more fiexible it is and the deeper the cleavage in the
substrate.

In contrast, a thicker substrate will give rise to shallower cleaving.



In contrast, a thicker substrate will give rise to shallower cleaving. 9  As may be seen in Figure 2,
the cleavage plane C defines a film 1' that can then be detached for subsequent usage, possibly by
applying a mechanical force to separate it from the rest of the substrate. Once the film 1' has
been detached, the structure 2 that has served for cleaving can be 5removed.  If the structure 2 is
not intended to be reused, it can be removed destructively, for example by mechanical and/or
chemical removal of material.  However, it is also possible for the structure 2 to be reused, in which
case it is removed from the film 1' non-destructively (fop example by etching the adhesive used to bond
the 10structure to the substrate) and then prepared (for example by gentle polishing) for the purpose
of reusing it. It is advantageous in particular when the structure 2 is expensive. Another possibility
is for the structure 2sriveyobiseseepanaiégiifeo e dedvaphaddnech definehedfiim jattistianifteeaidbe

structure has detbtaderddRaiesndunngstye syhsmslyentdppyaigldthetatachad iy sepblats, if®om
example, the ﬁ,té%&!r&‘r %Mé}%@eserved and serve as support for a photovoltaic film, with the

advantage that its transparent structure enables electrical contacts to be made on the back side of the
photovoltaic film. ©Onceriig 8imduhizs Perayraiashednibasirvairpin el b bserRbaNAleavipgfanib8lar

when it 2Bhageowwrall a thickness to be self-supporting (i.e. able to be handled independently), that

is to say typically whei itgriickaes sindsatha P Wierissdh aRRIAP HRtee MR SaMRNINSHPATIGR Of
the substrate maﬁ] e Brgﬁ)ared for, bemgr%gnded Fo a new ress}?a(?nerating structure in order to
[

h I ) . .
detach a further film there r%nglm?%earﬁrocesse G2 MaKkes I|t0pgqsast| e for an ingot to be progressively cut

into a plurality of 25¥ygver. it is fise Kevaikiader drermiysteme ddodameausad sirurbin @spibipagransess
great freedonfrofrctiedinm defmminipstaitiesiyalfexpaasioe tyeéichiny.the lipestieulmedhe eietithior
defining {fe theipriexpamaion capilisi e AR HikpLIng MatelalsamHeYsdRUbaIRAINS Rirape and
the dimensions, of (e ¢elSsing it.

It is advantageous in particular when the structure 2 is expensive.

Another possibility is for the structure 2 not to be separated from the 1’ that has been
detached, in particular if said structure has fulfilled a function during the subsequent use of

15 the detached film.

Thus, for example, the structure 2 may be preserved and serve as support for a
photovoltaic film, with the advantage that its transparent structure enables electrical contacts
to be made on the back side of the photovoltaic film.

The structure 2 may also serve for stiffening the detached film 1', in particular when it

20 has too small a thickness to be self-supporting (i.e. able to be handled independently), that is
to say typically when its thickness is less than 50 microns.

If appropriate, the remaining portion of the substrate may be prepared for being bonded
to a new stress-generating structure in order to detach a further film therefrom.

The process thus makes it possible for an ingot to be progressively cut into a plurality of

25 films.

A first advantage of this process is that the structure employed aliows great freedom of
choice in defining its thermal expansion coefficient.

in particular, the criteria for defining the thermal expansion coefficient are not just the
materials empioyed, but also the shape and the dimensions of the celis.

30 A second advantage is that the structure employed has a much higher thermal
expansion coefficient than the individual thermal expansion coefficients of the materials
constituting it

Moreover, by judiciously choosing the materials and the geometry of the structure it is
possible, depending on the requirements, to form a structure having a positive or a negative

35  thermal expansion coefficient,



30A second advantage is that the structure employed has a much higher thermal expansion coefficient
than the individual thermal expansion coefficients of the materials constituting it. Moreover, by
judiciously choosing the materials and the geometry of the structure it is possible, depending on the
requirements, to form a structure having a positive or a negative 35thermal expansion coefficient. 10
Consequently, heating to a lower temperature than in the prior art is sufficient to generate a stress in
the substrate higher than its mechanical strength. Thus, when the substrate is made of silicon, it is
brittle at room temperature. The application of stressegwia the substrate therefore results in easier
cleavage of the 5substrate than if it were at a temperature above 500C, i.e. above a brittle-ductile
transition of silicon.  Moreover, this heat treatment at lower temperature is more favourable for any
devices that will béRirsRaEEMbr BeRNG detachewefiltemuatrturetbas o tHik piefaathdgnguifidentbto
affecting theirgﬁﬁﬁﬂt@ﬁ@ﬁ@séﬁﬁﬁél@lﬂisﬁét&ﬂi@ﬁer théﬂ@ﬁ&&gdﬁ@ﬂ@t@ﬁ@ﬁdiment illustrated in Figure

3 in top view, the s}m&sm&?{ 'Q@b%%k%tw%bgdg SPQ T\SH%C VRBCATEY, % ?%egé? I’?él'[y of cells 2', the
icula ace o

walls 2" of which are bimaterial strips 2a, 2b perpen r to the sur substrate 1. Each
bimaterial strip corisIEtERFSAHRY Hﬁa?fé‘?'%fe?d’ iﬁébﬁ]é”&? raerBermiaTepavisdn SeRiBeriRNATREtEe
second niatesabgietetiag dibweonat thiampsrexperaiovedtiiticient siyniéicamiljiadiftatdntrinsitichefirst.
Advantageousiysdhe cells are identical and are repeated in a defined pattern in a plane parallel to the
surface of the sub T yeasul ble sh for beln able t eform qn two
directions in a plar?\t};alr %O\éer%l gllst(')% t(eft(? séu%&'a%%?o t g%rt@ Sotra etra %reexarr%ur bf’?us{ra{]é{d8 Elgure 3,
the cells havéh‘f%ﬂ‘ﬁg%f%mﬁﬂéﬁaﬁo?fbﬂ%ﬁ?@%ﬁﬁ E‘.‘I’écé%@ﬁ/éﬁ?%f?c%é ‘ﬁ'ﬁ@%@?ﬁ@ﬂ'%ﬂ%@"ﬁrﬂi in
which the matgigstingrigeorpeneim@eml side of the cell is alternately the material 2a and the material
2b. 10Howeve©égtj‘@r§ﬂ@gﬁ§ of cells, such as octagonal or other shapes, may be envisaged
25without thereby gegg h F? frorrr1|tatré§n Bcgpee% Ius ?esdent kpventl i to Mathematical method
published in the scienti e

Fatlire SERVE To-define ThE Shapesana timiRsIGHYE dp ?h%rggﬁsqenera?mg
structure is a cellular structure comprising a pluraiity of cells 2', the walls 2" of which are

bimaterial strips 2a, 2b perpendicular to the surface of the substrate 1.
Each bimaterial strip consists of a first material 2a having a first thermal expansion
15 coefficient and a second material 2b having a second thermal expansion coefficient
significantly different from the first.
Advantageously, the cells are identical and are repeated in a defined pattern in a plane
paraliel to the surface of the substrate.
The cells 2" have a suitable shape for being able to deform on two directions in a plane
20  paraliel to the surface of the substrate.
tn the example illustrated in Figure 3, the cells have a substantially hexagonal shape,
with successively concave and convex walls, and in which the material lying on the internal
side of the cell is alternately the material 2a and the material 2b.
However, other shapes of cells, such as octagonal or other shapes, may be envisaged
25  without thereby departing from the scope of the present invention.
Mathematical methods published in the scientific literature serve to define the shape
and dimensions of the cells.
A process for fabricating such a structure is described with reference to Figures 4A to
4E, which are views on the line of section A-A shown in Figure 3.
30 The first step, illustrated in Figure 4A, starts with a layer of the first material 2a.
For example, said layer is a layer of silicon 50 ym in thickness.
This layer is deeply etched so as to create trenches T1, T2, T3, the path of which
defines the walls of these cells.
The shape and dimensions of the cells will have been defined beforehand according to
35 the required thermal expansion properties.



A process for fabricating such a structure is described with reference to Figures 4A to 4E, which are
views on the line of section A-A shown in Figure 3. 30The first step, illustrated in Figure 4A, starts with
a layer of the first material 2a. For example, said layer is a layer of silicon 50 pm in thickness.  This
layer is deeply etched so as to create trenches Ti, 12, 13, the path of which defines the walls of these
cells. The shape and dimensions of the cells will have been defined beforehand according to
35the required thermal expansion properties. 11 For this purpose, the size may be based on the
following publications: "Cellular solid structures with unbounded thermal expansion" by R. Lakes,
Journal of Material Science Letters, 15, 475-477 (1996); and "Toward the topology design of
mechanisms that exhibit snap-through behaviour” by T.E. Bruns and 0. Sigmund, Computer Methods
in Applied 5MechBRicESHHEPAgMBRisizeVBRY1 B haserk e dhsdol o rublisarod 4 G5Hve6$8li000.
The width of ¢hadiigasheshsuiticeixastp adthapnmexparlsidive Isg R nicakesp, Jtustahted atdderSdBnee
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the surface of the tirst material 2a Is removed gqy M féchemlcal-m_echan cal polishing). fA tEis
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around 200Cvacthencaspoitimamsantieingarinbet wascdphedesircoeger to densify the metal thus
depositag. 20NextrseierHngito e wadhd, mirsist Raskéta dappsiehmihiadayeralgiefiahgaterial
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ar structu
This deposition operation has the effect of filling the trenches T1, T2, T3 of the second

material 2b and also of covering the surface of the first material 2a with a layer of the second
material 2b.
15 In the third step, illustrated in Figure 4C, the excess second material covering the
surface of the first material 2a is removed by CMP {chemical-mechanical polishing).
At this stage, a thermal annealing operation is optionally carried out at low temperature
(i.e. typicaily at around 200°C in the case of aluminium) in an inert atmosphere in order to
densify the metal thus deposited.
20 Next, referring to Figure 4D, a resist mask 4 is deposited on the layer of the first
material 2a.
This mask is deposited selectively so as to cover the portions of the first material 2a that
it is desired to preserve in the final celiular structure 2.
Said portions are adjacent to the trenches filled with the second material 2b, so as to
25  constitute bimaterial strips therewith.
Typically, they have a width of around 10 pm.
The resist mask is intended to protect the first material 2a adjacent to the second
material 2b during the etching step that follows.
Referring to Figure 4E, the first material 2a not protected by the mask 4 is etched, said
30 etching being selective with respect to the second material 2b.
in the final step, not illustrated here, the mask 4 is removed.
A cellular structure consisting of a plurality of cells 2', the walls 2" of which are
bimaterial strips 2a, 2b, is therefore obtained.
Said structure is then bonded to the surface of the substrate 1 by any appropriate
35  bonding method.



Said portions are adjacent to the trenches filled with the second material 2b, so as to 25constitute
bimaterial strips therewith. Typically, they have a width of around 10 pm.  The resist mask is
intended to protect the first material 2a adjacent to the second material 2b during the etching step that
follows. Referring to Figure 4E, the first material 2a not protected by the mask 4 is etched, said
30etching being selective with respect to the second material 2b. In the final step, not illustrated here,
the mask 4 is removed. A cellular structure consisting of a plurality of cells 2', the walls 2" of which
are bimaterial strips 2a, 2b, is therefore obtained. 12Said structure is then bonded to the surface of
the substrate 1 by any appropriate 35 bonding method. 12  In the case described, the structure is
fabricated independently of the substrate and then bonded thereto. However, it would also be
possible to bond ténothecgrssitdssarieedu e stafciiee Jgfshricated tingeppadeittofifse rmabstiale2ansnd to
apply a procesensihtidttnéietodescribed above for 5fabricating the cellular structure, to this layer.

Thus, the layer of i s R 22 BeiDOSHEra e sutaes o supind uspyerng

or, preferably, by CVD (chemical vapour depositio y an elecCtrochemical me efore carrying
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thermal oxidddondéithe substrate is made of silicon. It is also possible to form a titanium tie layer by
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the omd%ayegogyng;[‘%mrégrés may be formed, this being deposited by a CVD technique or formed by
thermal oxidation if the substrate is made of silicon.

It is also possible to form a titanium tie layer by a flash evaporation step with a thickness
of 100 to 300 angstroms on said side layer to promote bonding to the metal of the stress-
generating structure.

20 Moreover, devices are formed in or on the film to be detached, the surface of the
substrate is no longer planar and suitable for bonding to the stress-generating structure.

A layer of Si0O; is therefore deposited on the surface to above the height of the devices,
said layer then being planarized, for example by polishing, for the purpose of bonding to the
stress-generating structure.

25 After the cleaving operation, it will be possibie to remove the oxide layer by etching,
thereby making it easier to remove the stress-generating structure.

Figure 3 illustrates a top view (i.e. along a direction perpendicular {o the surface of the
substrate 1) of the straight/celiular-structure assembly obtained.

When applying the heat freaiment, the second material 2b of the bimaterial strip

30 extends more than the first material, because its thermal expansion coefficient is higher,
thereby generating a tension, and the walls of each cell 2’ stretch until becoming substantially
straight.

Since the walls of the cells are bonded to the surface of the substrate, the elongation
results in the application of a stress within the substrate, causing it to be cleaved.



thereby making it easier to remove the stress-generating structure.  Figure 3 illustrates a top view
(i.e. along a direction perpendicular to the surface of the substrate 1) of the straight/cellular-structure
assembly obtained. When applying the heat treatment, the second material 2b of the bimaterial strip
30 extends more than the first material, because its thermal expansion coefficient is higher, thereby
generating a tension, and the walls of each cell 2' stretch until becoming substantially straight.

Since the walls of the cells are bonded to the surface of the substrate, the elongation results in the
application of a stress within the substrate, causing it teBbe cleaved. 13  The stresses are therefore
not transmitted uniformly to the substrate, but in localized fashion by each bimaterial strip.  In other
words, each bimaterial strip 2a, 2b exerts a discrete stress on the substrate to which it is bonded, and
all the discrete strd&6ecsiiefsseReptdtpRiniinet thanemittate wnifevelyalp She asbsiigiterain thealized
mechanical stsehgthgfdbenpintatéiz0bthie substrate in the cleavage plane C. Examples of pairs of

materials employeg otheT%ﬁ?tQQ&%WQ@%\tQH ﬂ}% tﬂ@@@ﬂ@' Wgcpékggﬁgéfi n&BQtrate to

coefficients as different as possible. 10A ratio of about 2 or more etweent erma expansion
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around 1516.5 x :Ié)xgm | Ig&p SR @S a%rg&é;g g a obtained in which the silicon expands less than

the other material. ructure that behaves the opposite way, using, to

form the bimaterial SrifaRiEh soRPiHEgeg RIVAE A IR ANl A% S Esesie seeliceatsiany
20lower than diitreftsiigmssible.

10 A ratio of about 2 or more between the thermal expansion coefficients of the two
materials is desirable.

Thus, when one of the materials of the bimaterial strip is silicon (the TEC at 25°C of
which is around 4.6 x 10° K™}, the other material is advantageously chosen from silver (TEC
around 18 x 10° K™), aluminium (TEC around 23 x 10°K™") or even copper (TEC around

15 16.5x 10° K™,

In these cases, a structure is obtained in which the silicon expands less than the other

material.

It is also possible to devise a structure that behaves the opposite way, using, to form the

bimaterial strip, silicon and a material having a thermal expansion coefficient substantially
20 lower than that of silicon.

This is the case in particular for silicon oxide (SiO;) and silicon nitride (Si,N,).

It is also possible to use germanium (TEC around 6.1 x 10° K™ for one of the materials
of the bimaterial strip and one of the abovementioned metals or even iron (TEC around
11.8 x 10° K} for the other material.

25 As a variant, sapphire may be chosen for one of the materials of the bimaterial strip and
one of the abovementioned metals for the other material.

Finally, it is possible to use for one of the materials of the bimaterial strip a material
having a negative thermal expansion coefficient (such as zirconium tungstate ZrW,Os)
combined with a material having a positive thermal expansion coefficient (for example silver).

30 The advantage of such a bimaterial strip is that it is not necessary to heat it strongly in
order to obtain a large deformation, thereby making it particularly appropriate for cleaving
silicon in a temperature range below 500°C, in which silicon is brittle.

It is also possible to produce a cellular structure whose walls are trimaterial strips, in
which the first and second materials forming a bimaterial strip are a material having a high

35 positive thermal expansion coefficient (such as silver) and a material having a negative



This is the case in particular for silicon oxide (Si02) and silicon nitride (SixNly). It is also possible to
use germanium (TEC around 6.1 x 10-6 K-I) for one of the materials of the bimaterial strip and one of
the abovementioned metals or even iron (TEC around 11.8 x 104 IC) for the other material. 25As a
variant, sapphire may be chosen for one of the materials of the bimaterial strip and one of the
abovementioned metals for the other material.  Finally, it is possible to use for one of the materials of
the bimaterial strip a material having a negative thermal expansion coefficient (such as zirconium
tungstate Zrw208) combined with a material having a ppbsitive thermal expansion coefficient (for
example silver). 30 The advantage of such a bimaterial strip is that it is not necessary to heat it

strongly in order to obtain a large deformation, thereby making it particularly appropriate for cleaving
silicon in a tefipeErate@Paarge srebivietoEshedineth KirsePringrRgparated ia did pudeilsletsipesduce
a cellular strusitigegs whose walls are trimaterial strips, in which the first and second materials forming a
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1997. Magnetspikietane ABRIGSIILGIER. Phys. Solids, Vol. 45, No. 6, pp. 1037-1067, 1997.
Maanetostrictive cellular structure
According to one particularly advantageous embodiment of the present invention, the
stress-generating structure is also designed to deform under the effect of a magnetic field.
For this purpose, one of the constituent materials of the bimaterial strips is a
15 magnetostrictive material, while still having a thermal expansion coefficient significantly
different from that of the other constituent materiai of the bimaterial strip.
Preferably, the magnetostrictive material is chosen from materials having an elongation
of greater than 0.02% in absolute value and preferably a material exhibiting what is called
‘giant” magnetostriction, i.e. having a magnetostriction coefficient of greater than 50 ppm in
20  absolute value.

The materials based on rare-earth/iron alloys are known to exhibit such properties.

One example of a magnetosirictive material very suitable for implementing the invention
is terfenol-D, which is a rare-earthfiron alloy having the formufa Tb, ;Dy, sFe;s, which can be
used in polycrystaliine form or amorphous form.

25 The magnetostriction coefficient is different for each form (crystalline and amorphous),
but remains greater than 50 ppm.

In its crystalline form, the elongation under the effect of a magnetic field may be up to
0.2% and generate compressive stress fields of around 1 kN/cm.

Other rare-earth/iron alloys, such as SmFe, with a negative elongation, and DyFe, and

30 Tbke, with a positive elongation, are also very suitable for implementing the invention.

The other material of the bimaterial strip is then typically silicon, SiC or germanium.

The cellular structure may be fabricated by the same process as that described above.

To give an example, a structure may be formed that has walls consisting of
siliconfterfenol-D bimaterial strips in which the thickness of the silicon strip is 50 microns and

35  the thickness of the terfenol-D strip is 15 microns.



According to one particularly advantageous embodiment of the present invention, the
stress-generating structure is also designed to deform under the effect of a magnetic field. For this
purpose, one of the constituent materials of the bimaterial strips is a 15magnetostrictive material, while
still having a thermal expansion coefficient significantly different from that of the other constituent
material of the bimaterial strip.  Preferably, the magnetostrictive material is chosen from materials
having an elongation of greater than 0.02% in absolute value and preferably a material exhibiting what
is called "giant" magnetostriction, i.e. having a magnettsstriction coefficient of greater than 50 ppm in
20absolute value. The materials based on rare-earth/iron alloys are known to exhibit such properties.
One example of a magnetostrictive material very suitable for implementing the invention is terfenol-D,
which is a rare-eafttfiréfiusiigs Havidateetbris fapTble, 31bydefareing whdsh dhe serokipedneffect of
polycrystallinesfoperacrenionphomafcten Do TbegnagnatofEci R (oaifiRipniny difarent feagash form

(crystalline arﬂQéH‘ﬂ@E@?&H??b) QHBr&rg IS ueatefthan 50 ppm.  Inits crystall_ine form, the elongation
under the effect of a ma neHch,lﬁ Id maé eéjp to 0.2% and generate compressive stress fields of
kTl SRR 08,

around 1 kN/cm. {70 ACEHIBE SHHH U &y FIGatETo i dhe ARt T2
and 30TBFe2dgierepesifibetomgraiosiiisiveardariahyadentbie ¢fethyiitheoraongtibSaldvention. The
other material of tiFeriramt@raltisd Rligiteandipisally thlicnneSiery gandanibid h@f@&%ﬁﬁi@féure
may be fabri r j e, a structure may
be formed th(;iiéggsm \)%sétﬁge céc@r?;ﬁ%}?%f éfﬁcﬁérﬁéﬁ%zbIA%?&%ﬁégggtsgtﬁ%éﬁ%%vﬁ{é%e thickness of the

silicon strip is 50 MIEFAEPHRCPERIHARICHFRRNIS LI IDFARORUTS SRi98 aEhRicelnandey theihiattice cture
thus formed igreangapief deforming under the combined effect of temperature (which may then be

lower theg in the casie impitightion nHred e potiapikNRtd gHaRCIR SR aRkefich He@Relifls!d.
generating structure, to apply a lower-temperature heat treatment compatible with the
presence of electronic devices that are very sensitive to the temperature in or on the
substrate, compared with the previous embodiment in which the structure expands or
contracts only due to the effect of temperature.

15 To cleave the substrate with such a structure, a heat treatment and a magnetic field are
applied simultaneously.

The temperature applied must remain significantly below the Curie temperature T, of the
magnetostrictive material so as not o impair the magnetic properties of the stress-generating
structure.

20 In the case of terfenol-D, the Curie temperature is 380°C, so that the heat treatment will
not be applied at a temperature above 350°C and will preferably be applied at a temperature
below 300°C.

As regards DyFe;, SmFe, and TbFe,, the Curie temperature is between 630 and 710°C
and the heat treatment will therefore be applied at a temperature preferably below 600°C.

25 Referring to Figure 5, the magnetic field is applied by means of a magnetic circuit 5a
surrounding the stress-generating structure 2, said magnetic circuit being surrounded by a
conducting coil 5b.

As shown by the horizontal arrow, this device generates a magnetic induction parallel to
the surface of the substrate.

30 If the substrate has an elongate shape, i.e. the ratio of the dimensions of the substrate
along two perpendicular directions in a plane parallel to the surface (the substrate then
possibly being considered to be one-dimensional) is at least 10, the applied magnetic field is
preferably static and oriented paraliel to the longest dimension of the substrate.

If the dimensions of the substrate along two perpendicular directions in a plane paraliel

35 to its surface are of the same order of magnitude (for example when the substrate takes the



The overall deformation of such a cellular structure is greater than the intrinsic 5deformation of the
magnetostrictive material under the effect of the magnetic field. For example, the relative increase in
the dimensions of the structure may be from 10 to 100 times greater than the relative elongation of the
magnetostrictive material. ~ This amplification factor depends on the geometric design of the cells
and on their lattice arrangement. 10This amplification makes it possible, for a given expansion or
contraction of the stress- generating structure, to apply a lower-temperature heat treatment compatible
with the presence of electronic devices that are very sghsitive to the temperature in or on the
substrate, compared with the previous embodiment in which the structure expands or contracts only
due to the effect of temperature. 15To cleave the substrate with such a structure, a heat treatment and
2 magnetic AR AHed R TIRSREIS.ERH 1= Fnried A dare sbicamAnatien ivasig daitsy
below the Cutiedtngperatatieg roaphtite indgstieio siriot \rean@mtsring S0Esraet 40 &3 paisHdine aginetn

properties of %gq@m%@mg ﬁfHE%’E@s@BHﬁ%iﬁ&%@r@&&?Qe”Ol'D’ the Curie temperature is
380C, so that the# at treatment will not be applied at éem eragjre aﬁove 50C and will preferably
e oy Pebies

be applied at a te efatare e'fb%%'@@(’f%%e e’ééyﬁig S 81265 d‘ 2, the Curie
temperatiire is befieeady30tagR of the maanetis NeatrenitindhelilicancRefGriTing SubNeth dracontact
temperature piglaratity hedo o9 GertraRef estinenie Fgukatb thae susgreictiicled islappligdirepgans

of a magnetiGglguity @Ji%m%a%ﬂ slEessrgenerating structure 2, said magnetic circuit being
surrounded by a conducting.coil 5b.  As shown by the horizontal arrow, this device generates a
magnetic inductiom@m e substrate. 30If the substrate has an elongate shape,
i.e. the ratio of theAdienedtirgots ohthepadissiaiteeaiopinegi pefgbadioveatidive dtie nsulpstigitameapaksllel to
the surfage (thesdredalsrdheapRasitbehriaareantiterandomReNigpRREONR e HdeantidD e

applied magntﬂgfﬁﬂﬁ!ggg @g&fgﬁﬁ?gg%%g&a edtrgéiggtted parallel to the longest dimension of the

substrate. If the dimensions of the 5 along two perpendicular directions in a plane parallel 35to
its surface are of the d4HERISAER oF G Rit RIVERS SRAMPIE Jin&IRe sniipafHpsiateria @ plane

corresponding to the cleavage plane.
The weakening may result from an ion implantation optionally combined with heat
i5  treatments, possibly resulting in the creation of pores and/or microbubbles in a plane

corresponding to the cleavage plane.

In this case, the implanted ion dose is smalier than that needed for fracture in
SmartCut™ technology by a factor of about 10.

For example, the H" ion implantation dose for SmartCut™ fracture at a depth of

20 20 microns in silicon is approximately 10" atoms/cm?, whereas the dose needed for
preweakening according to the invention is around 5 x 10" to 10'® atoms/cm?,

Said weakening treatment may also be carried out during production of the substrate.

Thus, for example, a weakened zone may be formed by an epitaxially grown layer of
Si,Ge,, (where 0<x<0.8) of 2 um thickness on a silicon substrate, this layer having a

25  maximum germanium content (up to 20%) at the centre of the layer and decreasing down to
about 5% on approaching the upper and lower interfaces.

Grown epitaxially on said layer is another, silicon layer 20 um in thickness for exampie.

The germanium gradient in the Si,Ge,., layer is chosen to allow epitaxial growth with
sufficient crystal quality (i.e. a lower disiocation density and absence of cracking) of the

30 subjacent Silayer which is infended to be subsequently detached.

This concentration gradient is possible in fact of the Si,Ge., lattice parameter {0 be
continuously matched to that of the subjacent silicon without creating stress relaxation in the
layer by forming dislocations.

The Si,Ge,, layer is mechanicaily more brittle than the subjacent and superjacent layers

35 of silicon and cleavage will take place within said Si,Ge. layer.



16 form of a disc), the magnetic field is applied in the form of a combination of variable fields creating a
rotating magnetic induction in the plane of the substrate so as to cause expansion along the two
directions of the stress-generating structure. The magnetic induction needed is typically between 0.1
and 1 tesla. 50ne advantage of the magnetic treatment is that it can be carried out with no contact
either with the stress-generating structure or with the substrate to be cleaved, thereby facilitating the
implementation thereof. Preweakening of the substrate According to one particular embodiment
of the invention, the substrate may be 10weakened béfore applying the heat treatment (and, where
appropriate, the magnetic field), for the purpose of facilitating cleavage thereof.  As illustrated in
Figure 6, a weak zone 10 is formed in the substrate in a plane corresponding to the cleavage plane.
The weakening nfzip¢Eeipliater inthe subsirat@ation optionally combined with heat 15treatments,
possibly resulting Attéheatirelgtitie olepvires capedatomicapbeblalettated byapreviding spioacting ttieter in
cleavage plagg, submgm%p@gedgg%m pted ion dose is smaller than that needed for fracture in

SmartCutTm (eoh Ao g o3 IREIS L ARRU DL o i FRLEXATRIE. G Hirioh InRiBAaan oy

SmartcutTM fract microns in‘silicon is a prOX|ma oms/cmZ, whereas

the doseSneedfetEfsr Bfe'Wé@lE’én!ﬁgdaéﬁﬁrdﬂ?&Qo%ealH?@’Wﬂbﬁﬁ%eaﬁﬁum E?B{bftﬁ?? td-181 &5t SIERIRm2.
Said weakenigrésmindiigt sobytalsiallpetcatréedapth obtrlwg|met!1ecstraasfglaeesMratmctura'mas for

example, a wﬁ%g@ﬁg&&@?tm%%mém%quﬁghgmpmaIIy grown layer of SixGel_" (where 0<x<0.8)
of 2 pm thickness on a silicon substrate, this layer hav ng a 25 maximum germanium content

20%) at the centrég?qr@IW@ﬂﬂ%gérggg ﬁsjg Wn oagfﬁj %Ia] gh a[;H ?%%Ewhln ﬁ*?hss i Ve rﬁ#g(g% lower
interfaces. Gfgv\thae‘pnafi@alrgithﬁ*§ému®@t@&h@§i@te§m§@rﬂ§9@eﬁdoﬁﬁﬁﬁ thickness for example The
germanigm gradlanhieotmeaﬁéscaq& deer is ahinsentte attesscpildxiabgrapgiediftr shéficieatayy stad
quality (.e. a jongAsiacalian et bhandahs SRERoBREIEHHEMBHEIE Rdsehiacent Silayer which is

intended to be su equently detached
he racture initiator may be produced by mechanical means, using a cutting tool, and/or

by chemical means.
For example, for a wafer of n-type silicon that includes a layer of p’-doped silicon with a
15  thickness of about 2 microns, which corresponds to the desired fracture depth, selective
etching using pyrocatechol is carried out at the periphery of the p’-doped silicon layer in order
to form a noich.
The depth of this notch depends on the duration of the chemical etching.
Typically, when etching for 10 minutes in a bath with stirring, & notch having a depth of
20  around fifty microns may be formed.
Implementation example

To cleave a silicon substrate, a cellular structure as illustrated in the top view in Figure 3
is formed.
The walls of the cells are formed from a silicon 2a/silver 2b bimaterial strip.

25 The width of the silicon and silver strips is about 10 microns.

The thickness (in a direction perpendicular to the surface of the substrate) of the cellular
structure is about 40 microns.

Each cell is inscribed in a circle of 100 microns in diameter, each side of the cell having
a length of about 50 microns and being curved with a sag of about 10 microns.

30 To avoid potential contamination of the substrate by silver from the bimaterial strip, it is
preferred to form a protective oxide layer on the surface of the silicon substrate before
bonding the structure to the substrate, said oxide layer possibly being removed after cleavage
of the substrate and removal of the structure from the detached film.

This cellular structure is bonded to the surface of the subsirate by a direct bonding

35  process capable of providing a high adhesion energy density right from room temperature, for



This concentration gradient is possible in fact of the SixGel_x lattice parameter to be continuously
matched to that of the subjacent silicon without creating stress relaxation in the layer by forming
dislocations. The Si"Gel_x layer is mechanically more brittle than the subjacent and superjacent
layers 350f silicon and cleavage will take place within said Si"Gel_x layer. 17 Fracture initiator in the
substrate Alternatively, the cleaving operation may be facilitated by providing a fracture initiator in
the substrate at the desired depth. As illustrated in Figure 7, the fracture initiator may take the form of
a notch 11 (typically 5 of tens of microns in depth) made@ on a lateral face of the substrate 1, at the
depth corresponding substantially to the depth at which the stress-generating structure has to induce
fracture (the abovementioned plane C).  Such an initiator makes it possible, in a range of depths
where the strE%$3T9igea) FRIESION PreJesRNGh dheheuffacesrerpparedshibslirsmadrpetprtidely losarad.
101t also makiatitpesgibleftpanisoe shebhitesshiielonieheqpmiastitey dhestiaaragedeatHiereiereghe
temperature gape;ydiere appropriate, the magnetic induction.  The fracture initiator may be produced
by mechanical meﬁr‘15l?lj(ﬁ%ing a cutting tool, and/or by chemical means. For example, for a wafer of
n-type silicon that In&RIEELORPEIEF ! Fo 0 ‘CESRSIMIPLNES BN ANSER% SFILHM: BeFRFSHORh R h
correspohds sy desitetiferinirel dprressebiv esingringiesih depyroritee nekiwthitehpmerattithe
gerip_hery ?f ﬁhﬁm@ﬁ%ﬁimgawqw&mryrs_exfltﬁimﬁmcﬁlda@t@a -tﬂ’é‘@dﬂ@@i&hqirﬁﬂésﬁngﬁjwﬁﬂ@fegn the
uration of t gﬁg i e . inutes in. a bath with stirring, a
notch having Eln epthgo %%%r}é%%gﬁ{gcn%—ﬁ%ﬁgs* %hgfxgﬁqé& ?%?rﬁé%%fmﬁpﬁlgﬁw@r%%%ﬁ%%gn%ﬁe © azi%r{g eave

a silicon substraiaatialyi giire Parting BtelRR&rated in the top view in Figure 3 is formed. The
walls of the cells afbs@gsrsttiomtiesiheated ddsil vemer dinna efradestrghPEThe width of the silicon and

silver strips is aboyhtOtangpisatre sl BafbiskipShdiRa dBEGHaNPRIPeRdicE BintathrisUHRCRART fhe
substrate) of g?)%t%%HQé ﬁ%ug&gg?re;%%)r%lﬂtgﬁ(?h@ié:froorgrsrientioned protective layer.
Under the effect of this heating, the silver strip extends more than the silicon strip,
thereby causing the curved walls to stretch until they are substantially straight.
This deformation generates a stress in the silicon substrate that enables it to be cieaved
15  at a depth of between 50 and 100 microns.



Each cell is inscribed in a circle of 100 microns in diameter, each side of the cell having a length of
about 50 microns and being curved with a sag of about 10 microns. 30 To avoid potential
contamination of the substrate by silver from the bimaterial strip, it is preferred to form a protective
oxide layer on the surface of the silicon substrate before bonding the structure to the substrate, said
oxide layer possibly being removed after cleavage of the substrate and removal of the structure from
the detached film. This cellular structure is bonded to the surface of the substrate by a direct
bonding 35process capable of providing a high adhesiga energy density right from room temperature,
for 18 example an adhesion process with the surfaces prepared by plasma treatment. It is known that
this type of treatment enables adhesion energy densities of several hundred mJ/m2 to be obtained.
The adhesion process, i.e. the increase in adhesion elfdsgyM&ill then be carried out by 5 raising the
temperature of the assembly using a rate of temperature rise with a temperature that is sufficiently
slow (typically 5C/min) i fort esio S e completely fini eﬁ efare parasitic
effect of the defornrz?éltiorﬁCj E)ngt % C%iluqigr Strl c%urgelj %%)F}%Eeeﬁge%é ﬁ;eugg{gﬁ%%”?/i e B%%oﬁr?é? Pﬁ]t rface.
The assembl{ A HEARRITH G hefRlioming sUsFaBBYR RSB, 10This temperature is sufficiently
modest f&r the silvgi of the Fimetarabswipnetdalied rmtatrénaigetie aingsthats i (2)g ottty bonded to

aforementioned protectiye ayfeck/ RerdhisdtRak Gk ihind RNl FSEXBE RN RXaRdS MY "Eiﬁ]@ the
silicon strllp, thereby caus&pglép?oct Q’%Q a&l}ls{)} hstrtset%hp tel| ﬁ;e K e(‘-:‘ ubsténttlallfy s&ral ht. This
deformation generates & 3tfess in the S|ﬁgon SLﬁ)S ralfesttné& e b}feaélf ?8608 Gkl %%ﬁ ’éeagﬁﬁf?tof
between 50 and 100 mi@¥hs. 19 CLAIMS 1. Process for cleaving a substrate (1) for the purpose
of detaching a film {{t}") tHiseeémppitatiompfisinbetitetfoltnéng U eakrssivecaiepsi&(iytrl fayreatien efiwhat
is calledsg stress-generaingsiCHS daiSH oRRAED Bs to generate a plurality of local stresses in
the substrate (1), the combination of which generates a stress greater than the
mechanical strength of the substrate in a cleavage plane (C) parallel to the
surface of the substrate defining the film (1') to be detached, said stress leading to
the cleavage of the substrate (1) over said plane (C).
15
2. Process according to Claim 1, characterized in that said stress-generating
structure (2} is a cellular structure, the walls (2”) of the ceils (2') of which are perpendicular to
the surface of the substrate and are composed of at least two materials (2a, 2b) having
different thermal expansion coefficients designed to aliow said walls to deform under the
20  effect of said heat treatment.

3. Process according to Claim 2, characterized in that the walls (2} of the cells (2))
are bimaterial strips formed from first and second materials (2a, 2b) that have thermal
expansion coefficients differing by a ratio of at least 2.

25
4. Process according to Claim 3, characterized in that the stress-generating structure
comprises bimaterial strips formed from the following pairs of materials: Si/Ag, Si/Al, Si/Cuy,
SifSI0;,, GelAg, GelAl, Ge/Cu, Ge/Fe, Ge/SIO,, sapphire/Ag, sapphire/Al, sapphire/Cu and/or
sapphire/SiO;.
30

5. Process according to Claim 2, characterized in that the walls (2"") of the cells (2)
are bimaterial strips formed from first and second materials (2a, 2b), one having a positive
thermal expansion coefficient and the other a negative thermal expansion coefficient.



the surface of the substrate (1) and designed to expand or contract in a plane parallel to the surface of
the substrate (1) under the effect of a heat treatment; and (ii)the application of a heat treatment to said
structure, designed to cause said 10structure (2) to expand or contract so as to generate a plurality of
local stresses in the substrate (1), the combination of which generates a stress greater than the
mechanical strength of the substrate in a cleavage plane (C) parallel to the surface of the substrate
defining the film (1') to be detached, said stress leading to the cleavage of the substrate (1) over said
plane (C). 15 2. Process according to Claim 1, char@cterized in that said stress-generating
structure (2) is a cellular structure, the walls (2") of the cells (2") of which are perpendicular to the
surface of the substrate and are composed of at least two materials (2a, 2b) having different thermal
expansion coefficints HE§RePFSUABE $ai& @aNsSo derasieirrseinhiéatotegrdimatesial ides are
treatment. foSndtoftess tecduivvgrig Glaien &, ehasaateriZiwtiat heavallo (2 Mtrivenelad®) are
bimaterial strj jﬂm'@g from first and second materials (2a, 2b) that have thermal expansion
coefficients differing by a ratio of at least 2. 4. Process according to Claim 3, characterized in
that the stress-generating structure comprises bimaterial strips formed from the following pairs of
materials® Si/Ag, SI/AI, BircesSHeOXiGeIAPNe AL I@erC 3, & dFehamrySitredspititdhrgfirst and
sapphire/Al, sepgitireiGtaranel/or srppREKI2strip dre RIQS&3%ACEPIIINGI0 & IBiMa2seiparrcietiagd in
that the walls,(2:d,0f (e CRHS far AL RIRBIES rﬁ}%%ﬁnr&%%%cfrB”Hﬁigf?E%%%gﬁﬁ '{lﬁ"&%@'&%&%ﬂb)’
one having a positive thermal expansion coefficient and the other a negative thermal expansion
coefficient. ﬁ%ﬁ@%%@rﬂggml'ﬁ?@aim 5, characterized in that the bimaterial strips are formed
from the following pairs of materials: Si/Zr1IN208. Cu/Zrw208, Al/ZrwW208 and/or Ag/ZrW208.

57.Procegs according tor@pesafdetaidagiéuhe chalarierizasdrnciabihrifegtinadeeconshiainnials of
the bimateria.l st ' are se %gy Y ] rdq r (% third material, in particular the bimaterial
strip being forsmgg by t%e %gg]%gr%/ (?gopg‘%%e %?1% %ﬁ%ﬁ; fﬁe third material being silicon. 108.Process
according to one of Claims 1 to 7, characterized in that the heat treatment is applied at a temperature
of between 20 and®500Erocess Bctmiogsd diisordinghtraClanrel, inHaebttie sredsigehataing structure
stress-generaiing RiFHENHEE20dsigHEN & BRI E T IBERFEED SYRANAL SRR HASIRIRREtiON Of a
magnetlcf‘sfleld. 15
10. Process according to Claim 9, characterized in that said stress-generating

structure (2) is a cellular structure, the walls (2") of the cells (2') of which are perpendicular to

the surface of the substrate and are composed of at least two materials (2a, 2b) having

different thermal expansion coefficients, designed to allow said walls to deform under the

20 effect of said heat treatment and in that one of said materials is a magnetostrictive material.

11. Process according to Claim 10, characterized in that the magnetostrictive material
is a rare-earthfiron ailoy, such as ferfenol-D, SmFe,, DyFe, or TbFe,, and in that the other
material is silicon, SiC or germanium.

25
12. Process according to either of Claims 10 and 11, characterized in that the heat
treatment is applied at a temperature below the Curie temperature of the magnetostrictive
material and in that a magnetic field is also applied to said structure, suitable for causing said
magnetostrictive material to elongate or contract.
30

13. Process according to Claim 12, characterized in that the substrate (1) has an
glongate shape and in that the applied magnetic field is static and oriented parallel to the
largest dimension of the substrate (1).



10. Process according to Claim 9, characterized in that said stress-generating structure (2) is a cellular
structure, the walls (2") of the cells (2') of which are perpendicular to the surface of the substrate and
are composed of at least two materials (2a, 2b) having different thermal expansion coefficients,
designed to allow said walls to deform under the 20 effect of said heat treatment and in that one of
said materials is a magnetostrictive material. 11. Process according to Claim 10, characterized in
that the magnetostrictive material is a rare-earth/iron alloy, such as terfenol-D, SmFe2, DyFe2 or
TbFe2, and in that the other material is silicon, SiC or germanium. 12. Process according to
either of Claims 10 and 11, characterized in that the heat treatment is applied at a temperature below
the Curie temperature of the magnetostrictive material and in that a magnetic field is also applied to
said structure, suithble Ropesasshngasditoniadiernstdctihaneciasiat i dhaidheesobetrateadi is inlte
Process accaoiingfta §idaiand & whametaipned iRl RSirAieAg has.an elongate shape and in
that the applied magnetic field is static and oriented parallel to the largest dimension of the substrate
Q). 21 14. Process according to Claim 12, characterized in that the substrate (1) is in the form of a
disc and in that thd SpphERFFRA SR M d9s AFotlfrgimsia! to 14, dhapetedzed it SraintrosRasor
Claims 1%0 1ggrealingtefrizdren(Ehé beodsitdssFegrmiaationtistradtetet2) listyenbewiugtryesuFace of
the substrate (1) by a bonding layer (3). 16. Process according to one of Claims 2 to 15,
characterized in that the, stress-generating structure.(2). before being bonded to the surface of the
substrate (1), is fakf%’ca ed %eyg Set% ?Hbd%gnggh%geinofie?eg?/'(};r}so(?tﬁ% w%t maat[%?tlgﬁﬁé))!nﬁi%g Isaeﬁds [%S%Scfhes
with the secoPR"E@IRG A [2mBlarfPstisibradsc i thy avéran sftha pHERYIE (Dh)is{abrigated
intended to fawyretbiergiratehas strip,|ayel sttbetfiretynetiahialg(2a)dfiltiyeg rsaa astahesneite e second

non-masked pREEARS M) NAHighdBIRIAL (S8the 1aydrl o FRCRSR ARRAHE an?lot%%l%f eI %oy
characterlzeqﬂg t[plat he §tr

ss- 15 generating structure (2) is bonded to the substrate (1) b
depositing a layer ore |r§r}%’afaenr?g A '5%?0 ?%%'Qﬁrfsé% (\)ﬂﬁre Ss%ﬁsc‘tr}ﬁer?%?‘f%lI@\f/e&]oh'y”\{ﬁ%(%?ching
of the trench@®itPasief (et stHBa@I?y @Rbaid trenches with the second material (2b), the masking of
the portions of the layer of the first material (2a) that are intended for forming the bimaterial strip and

the selective etching of saiddayessa-amdesenaver benn-masked porions:oling frst NMmajedal (2a).

18. Process according to one of Claims 1 to 17, characterized in that the thickness of the film (1')
detacheﬁrorﬂe&e ?éﬂ%sﬁ%?gg('ﬁ i@béﬁv}é’éﬁ aﬁdﬂl?)(f'fi?ﬁ;fa%,@rgﬂérg?ﬁfﬂmeaellﬁéﬁ a‘?{dt%(m?érons,
for example dR@gfi80@aIcAas issurfage optiw subsiietefdindolivwer bif bRptehingefl hectiangbesrized in
that the ratio shitheajleickinessiipigiheg &4 (korienbe dataehediedhe tiskngiseef e SHEASRIERE BN

structure (2) ISAEEE L 1A8A G hSAR0RABRESRAFGAIEING IRANR LIS RIMA R inaharacisized

in that, before step (ii), a weak zone glo) is formed in the substrate (1) so as to cause the cleavage
over said Wezﬂ?‘}(ﬁfé iﬁy_twe etching of said layer so as to remove the non-masked portions of the firs

20 material (2a).

18. Process according to one of Claims 1 to 17, characterized in that the thickness of
the film (1') detached from the substrate (1) is between 1 and 100 microns, preferably
between 30 and 70 microns, for exampile about 50 microns.

25
19. Process according to one of Claims 1 to 18, characterized in that the ratio of the
thickness of the film (1) to be detached to the thickness of the stress-generating structure (2)
is between 0.1 and 10.
30 20. Process according to one of Claims 1 to 19, characterized in that, before step (i),

a weak zone (10) is formed in the substrate (1) s0 as to cause the cleavage over said weak
zone (10).



22  21. Process according to Claim 20, characterized in that said weak zone (10) is formed by ion
implantation in the substrate at the depth of the cleavage plane (C) with a dose of between 5 x 1015
and 1016 atoms/cm2. 522. Process according to Claim 20, characterized in that the substrate (1) and
the film (1') to be detached are made of silicon and in that the weak zone (10) is a layer of Si.Gel."
where 0<x<0.8, in which the proportion of germanium gradually changes between a minimum value at
the interfaces and a maximum value at the centre. 1023. Process according to one of Claims 1 to 19,
characterized in that, before step 00, a fracture initiatorz(11) is produced in the substrate (1) at the
depth of the cleavage plane (C). 24. Process according to one of Claims 1 to 23, characterized in
that, before step (i), electronic devices are formed in or on the film (1') to be detached from the
substrate (1), said2i5ddvimesh@ieepidine podiaitnori gharaetpricedvinitdietapeitbmsewaoapplidititns
and/or for elepifagicHyiien iERGRIIOMNHErotySiaB St the depth BreaesRARRY diagd ) naiRfadass 1
to 24, characg?[%é%gﬁ@§t1@e §Hc??5?g?t%ﬁ@rgﬂ1g structure (2) is removed from the film (1') after it has
t .

been detached from the 20substrate (1 6. Process according to Claim 25, characterized in that
the stress-generating structure (2) is recycled after its removal from the detached film (1'), for the

purpose &f using i2dgaifreoasieavecadithistiGimmZ), chadclrigedss Huddheisghsiretee(df iditine fino 26,
characterizeq 1y thajthriatisdrate (ades magdraf ansemicrrdustReaRaisRal10) is 28af20sESEGe. .,

according to one of.Claims 1. t0 27, eharacterized in that the substra Jq) Qis.an.ingot and in that
Stops () and (ESOSEATE b B B ERRERER HINRNET URRlER, thoddis BRdieet BTADR

substrate (1) value B§NaiLAERS BBRH ARG HRYBLIEREN )8R stress-generating structure (2)
bonded to the surface of said substrate (1), characterized in that said stress-generating structure (2) is

352 cellyfpr structyre, teeis@lls {<:draind % SIS POIAEMNCL At pRiRRIdISHBN I ARSSHTacRpT(;i?3 the

substrate (1) and are compos QOf at Igast 0, matebriz{lls éz ZP} hayin diﬁ%reqt thermal expansion
- a.%'- c?ur niti or.ﬁ Y 15.00 %e N the sy sr%t ("ha Req/e r@\ch (? ea\{rar%a?%r?ga.
coefficients suitable Tor allowing ‘said walls to deform Under the efféct of a heat treatntent. .
Semiconductor device for photovoltaic, optoelectronic or electronic applications,
24. Process according to one of Claims 1 to 23, characterized in that, before step (i),
electronic devices are formed in or on the film (17) to be detached from the substrate (1), said
15 devices being for optoelectronic and/or photovoltaic and/or power applications and/or for

electronic circuits and/or for microsystems.

25. Process according to one of Claims 1 to 24, characterized in that the stress-
generating structure (2) is removed from the film (1") after it has been detached from the
20 substrate {1).

26. Process according to Claim 25, characterized in that the stress-generating
structure (2) is recycled after its removal from the detached film (1°), for the purpose of using it
again to cleave a substrate.
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27. Process according to one of Claims 1 to 26, characterized in that the substrate (1)

is made of a semiconductor material.

28. Process according to one of Claims 1 to 27, characterized in that the substrate (1)
30 is an ingot and in that steps (i) and (i) are applied several times for successively detaching a
plurality of films {1} from said substrate (1).

29. Assembly comprising a substrate (1) and a stress-generating structure (2) bonded
to the surface of said substrate (1), characterized in that said stress-generating structure (2) is
35 a cellular structure, the walls (2"} of the celis (2") of which are perpendicular fo the surface of



comprising a film (1') of semiconductor material and a support (2) which is a cellular structure bonded
to the surface of said film, the walls (2") of the cells (2") of which are perpendicular to the surface of the
film (1" and are composed of at least two materials (2a, 2b) having different thermal expansion
coefficients suitable for allowing said walls to deform under the effect of a 10 heat treatment.
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the substrate (1) and are composed of at least two materials (2a, 2b) having different thermal

expansion coefficients suitable for altowing said walls to deform under the effect of a heat
treatment.

5 30. Semiconductor device for photovoltaic, optoelectronic or electronic applications,
comprising a film (1") of semiconductor material and a support (2) which is a cellular structure
bonded to the surface of said film, the walls (2”) of the cells (2') of which are perpendicular to
the surface of the film (1') and are composed of at least two materials (2a, 2b) having different

thermal expansion coefficients suitable for allowing said walls to deform under the effect of a
10 heat treatment.



