WO 03/ 063213 PCT/ EPO3/ 00692 1 OPTIM ZED METHOD OF TRANSFER OF A THI N LAYER
OF SILICON CARBIDE TO A RECEI VI NG SUBSTRATE The present invention rel ates
to an optwoioaees2net hod of transfer of a thin | ayer of nomoarepes/edsbz ne
silicon carbide (SiC) derived froma source substrate of this sane
material to a receiving or stiffening substrate, this nethod particularly
permtting recycling of the said substrate after the transfer of this thin
| ayer. The net hod known under the trademark "Smart Cut"” enables a thin

| ayer to be transferred froma source substrate to a receiving substrate
of the type of oxidized silicon or polycrystalline silicon carbide, for
exanple. This nethod |ikew se enables the source substrate from which the

thin layer h ak ver, after _each |layer transfer
oper ati on, tﬁ%ﬂqﬁggE#’éﬁﬁ?@@é?ﬁkTﬁﬁﬁiggBr5§W§u§@FNaPéYﬁ§s0§ ééngpﬁ number
of surface irregularitiesarBhee fos mirrepfIdesesStEAfnce irregularities
wll be described with reference to the acconpanying Figures 1-5, which
show a specific exanple of inplenentation of the "Smart Cut" nethod. This
method is known to those skilled in the art and will not be described in

detail. Figure 1 shows a source substrate 1 which has a planar face 2,
termed "front face", on which a step of CONFI RVATI ON COPY WD 03/063213

PCT/ EPO3/ 00692 2 inplantation of gas species has been performed. This

The present invention relates to an optimized method
of transfer of a thin layer of monocrystalline silicon
carbide (SiC) derived from a source substrate of this
same material to a receiving or stiffening substrate,
this method particularly permitting recycling of the said
substrate after the transfer of this thin layer.

The method known under the trademark "Smart Cut"
enables a thin layer to be transferred from a source
substrate to a receiving substrate of the type of
oxidized silicon or polycrystalline silicon carbide, for
example. This method 1likewise enables the source
substrate from which the thin layer has been taken to be
reused.

However, after each layer transfer operation, the
upper surface of the source substrate has a certain
number of surface irregularities.

The formation of these surface irregularities will
be described with reférence to the accompanying Figures
1-5, which show a specific example of implementation of
the "Smart Cut" method. This method is known to those
skilled in the art and will not be described in detail.

Figure 1 shows a source substrate 1 which has a

planar face 2, termed "front face", on which a step of
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inplantation is carried out by ion bonmbardnent, for exanple with H+ ions
(reference B on Figure 1) using an inplanter. This inplantation is

per f or medwetozacrpeci fi c energy, inplantation dose, and tecp@aprat/ae? SO as
to create an enbrittlement zone, referenced 3, in the neighborhood of the
mean i nplantation depth p of the ions. Zhis enbrittlement zone 3 delimts
two portions in the said source substrate 1, i.e., on the one hand, an
upper thin layer 100 extendi ng between the front face 2 and the said

enbrittlenent zon nd con_the othar. hand. phe resspiydergof the;
substrate, %@Pé?%ﬁ%gaoﬁogﬁisgégoﬁﬁ)|neﬁ?gur% 2o a stiffener or receiving
substrate 4iimplhheacapnl i ed teatiied rantt faye 200f bhebasduenke, substrate 1.

This stiffener is chosen Ry those skilled in the art _as.a function of the
final appl i EERTBAE CHYEDAGRU LME ol AATNAT Sarthe? FLIBAR B APDIISACT or
exanpl e, byimgygggégtion, sprayi ng, chem cal vapor deposition, or can be
bonded using an adhesive or by a technique of "bonding bg_nnlecular

adhesi on" known Thi&nghpsantathpnolegperbormegiat dofehylic RNSFIMN in

Figure 3, a.st LS, then rrie u h t e j r 100
fromthe reﬁﬁpﬁggkaibOBfCﬁﬁﬁﬁ §%ggt%§ﬁéefg€§ﬁgén§£}£% n%%tcégtngg%ﬁbolized
by the arrewbrSttismpatf epned eictfleeenkydappl iicattilon woéighechzrdd adf
stresses to the stiffener 4, or by the a Plication of thermal energy to

t he assenbl §hef meapj iFehaRtatang éﬁBE?rBtg 1°PShECYRf ers constituting the

source Substrat exd; ¥s b0k 18HeREU AnAHICaLAMBOS S eV bR Stk edges due
0

the said source substrate 1, i.e., on the one hand, an
upper thin layer 100 extending between the front face 2
and the said embrittlement zone 3, and on the other hand,
the remainder of the substrate, referenced 10.

As shown in Figure 2, a stiffener or receiving
substrate 4 is then applied to the front face 2 of the
source substrate 1.

This stiffener is chosen by those skilled in the art
as a function of the final application envisaged. In a
known manner, it can be applied, for example, by
evaporation, spraying, chemical vapor deposition, or can
be bonded using an adhesive or by a technique of "bonding
by molecular adhesion" known in English terminology as
"wafer bonding".

As shown in Figure 3, a step is then carried out of
detachment of the thin layer 100 from the remainder 10 of
the substrate 1. This detachment step, symbolized by the
arrows S, is performed either by application of
mechanical stresses to the stiffener 4, or by the
application of thermal energy to the assembly of

-stiffener 4 and substrate 1.
The wafers constituting the source substrate 1 used

for molecular adhesion possess subsided edges due to



WD 03/ 063213 PCT/ EP03/ 00692 3 chanfering operations perforned, for
exanpl e, during their manufacture. As a result, the adhesion forces

bet ween twe swsf2fiener 4 and the front face 2 are weaker PQTIEPO3/0Gg2 on oOf
the substantially annul ar periphery of the said source substrate 1.
Consequently, during the stripping of this stiffener 4, only the central
portion of the thin layer 100, strongly adhering to the stiffener 4, is
detached, while the substantially annular periphery of this thin |ayer

100 remai ns.J Ni&Aalg Wdde Lhe Jmaigdelo ke Of e SewapleSubstidalgy 1. This
source substrate T thus si mul t aneously presents, in its central portion, a
surface rougtmiessmabufeetboet he Asupgurzesiilthethegi 3the?ieme fomsest t | ement

3, t it i ph t hi f I
(' The for TRath 6% of B UG iy FLCpaR i T Z5es Znatet PRkl red 1o

the receivijig swdsteatenobrstdHd engssdandhel epahnofat hperiphergf cfxcess
thickness 12 is equal to the thickness of the transferred thin [ayer 100.
It typical IShe #dieh FQufs ST aténd -of nanoneters to nore than a

m croneter. Thi th t 1. t = t r th

! £l et ef el i the i dgRIpRiratian: enardemy the
hydr ogen i ons. I%r?%t éﬂf‘:rgcu es, thle%gone 12 ol excggss thi ckness has been
intentionaldy smiwn, ther ¢témetsake mirtsionl iofi caheonthimd satramatliofat i on,

o P A R FAECMES PRt TR R D
much nore ighegyiBEL8heR81 aPd adnWGROr pé st ¥y SBHl [td1is t bhekndssrer
100 remains integral with the remainder 10 of the source
substrate 1.

This séurce substrate 1 thus simultaneously presents,
in its central portion, a surface roughness 11 due to the
rupture in the region of the embrittlement zone 3, and at
its periphery, an excess thickness 12 or surface topology
in the form of a blistered zone corresponding to zones
not transferred to the receiving substrate or stiffener 4.

The depth of this zone of excess thickness 12 is
equal to the thickness of the transferred thin layer 100.
It typically varies from several tens of nanometers to
more than a micrometer. This depth is determined by the
implantation energy of the hydrogen ions.

In the Figures, the zone 12 of excess thickness has
been intentionally shown, for the sake of simplification
and schematization, with a cross section with right
angles and with a marked thickness with respect to the
remainder 10 of the source substrate. 1In reality, it has
a much more irregular shape and a proportionally smaller
thickness.

Before proceeding to the transfer of the following
thin layer, it is imperative to recycle the remainder 10

of the source substrate.



Before proceeding to the transfer of the following thin layer, it is
i nperative to recycle the remainder 10 of the source substrate. WO
03/ 063213wbB@B/HERDB/ 00692 4 This recycling consists, on treTmpres/mpd, of a

step of planarization of the surface (arrows P), that is,

(0]

f

elimnation

of the excess thickness 12 and of the 4subsided zones, and on the other
hand, of a specific finishing step (arrow F) permtting elimnation of the
surface roughness 11 to attain a substrate having a new front face 21.

These recycling ﬂigosre}a]dfy%m{@er@ér&yi@@éiOérmeeih@yongeﬁ_aaai,cak andep

mechano-chem cal polis

I'ng techniques. In the specific case where'the

source substf apkararszatiiomwont cahbi deirfareextarmansy Par dthatedisal oft hese

pol i shing steps, are found tq.be extrenely.l.o and stly.. T rior art
docurent, "SHEVEIFERS 6 dg:rl?aege G IRdr otghelnc-q‘?lr?ﬁsantq%l m%‘ged thﬁi %hfel I m

separ ati on dywyndud kzogkkl cathdanhi defie BrBerGlegedy, ofht &r ispeResear ch
Society Synp., Vol. 572, 1999, shows that the chaoice of the
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In the specific case where the source 'substrate 1 is

silicon carbide, an extremely hard material,

these

polishing steps are found to be extremely long and costly.

The prior art document, "The effects of damage on

hydrogen-implant-induced thin-film separation from bulk

silicon carbide", R.B. Gregory, Material Research Society

Symp., Vol. 572, 1999, shows that the choice of the

conditions of hydrogen implantation into the

carbide permits varying the percentage of

silicon

the

zone

exfoliated, that 1is, the percentage of the free surface

of silicon carbide which is spontaneously eliminated

during the thermal annealing of the substrate.

In this article, the curve of results showing the H+

ion implantation dose as a function of the percentage of

the zone exfoliated possesses a bell shape

at an

implantation energy of 60 keV, with a maximum value of

33% of the exfoliated zone, for an implantation dose of

5.5-10% H'/cm®. On departing from this value,

that 1is,

on increasing or decreasing the implantation dose,

exfoliation percentage decreases.

this

The document "Complete surface exfoliation of 4H-SiC

by H' and Si+ co-implantation", J.A. Bennett,

Physics Letters, Vol. 76, No. 22, pp. 3265-3267,
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5. 5 1016 H+/ cn2. On departing fromthis value, that is, on increasing
or decreasing the inplantation dose, this exfoliation percentage

decr easeswobbesextozunent " Conpl ete surface exfoliation of #dr8ir@s/ody2 H+ and
Si+ co-inplantation”, J.A Bennett, Applied Physics Letters, Vol. 76, No.
22, pp. 3265-3267, May 29, WO 03/063213F PCT/ EP0O3/ 00692 5 2000, shows t hat
it is possible to performa conplete exfoliation of the surface of a
silicon carbide substrate by a co-inplantation of H+ and Si' ions. Mre

speci ficall hi s, docurgnt, descri ipls Rerdorapd,on 4k miiesd icon
car bi de by ?l%({’anF’Pﬁg%Si + th%é altsb%?lé%us dost%s Efémd at an ene g;é of 190
keV, then &kfdDist Bdn anf it anteffdon dbse of 1 BodD 16 M dantswrat mten

energy of 60 keV. Inplantation doses, of Si+.greater than or equal to 5
105 Si +/ cnoyet nfe 1 EP R R d:hfs(ﬁ $86%°3f *PRRsilicon carbide surface.

However, the Si yon i BRRREILLEN,AOSEnNECaRSAIEdtOr debheibebaltexfld i ation
of the SiC layer 1s also high enough to render the silicon carbide

anor phous. férsormed hod i 4HtHEE efsdrld doscofpabiBe By t AmphantiBEsIE* of a

thin filmof silicon_carhide of g cr.ystal Li ualei t [ is

uni magi nabl £°%% FecEFEF LR so(fg'ﬁlsn%?ﬁ n% ogr“{il %hggggt grk fl)gpna}(?i\gneto}#é%evi ces
used in ni croal® raNias implaptareiredssni e, 6 The'*ol) fot’ aind ket iatvent i on
is to remedy the said disadvantages and particularly. to optim t he
i mpl ant at i oPReBHdi 2 ofS X2V f aciTR iR A ¢ %?/%‘T’i%é +gr ?q‘?%éﬁ"%r bi de

source substralg, This §bjETlgiivgcat tadnee Bya neans1 oft formihorh o of
the silicon carbide surface.

However, the Si ion implantation dose necessary for
the total exfoliation of the SiC layer is also high
enough to render the silicon carbide amorphous. This
method is therefore incompatible with the transfer of a
thin film of silicon carbide of good crystalline quality,
since it is unimaginable to recover this thin film for
the later formation of devices used in microelectronics
or opto-electronics.

The object of the invention is to remedy the said
disadvantages and particularly to optimize the
implantation conditions to facilitate the recycling of a
silicon carbide source substrate.

This object is attained by means of a method of
transfer of a thin layer of monocrystalline silicon
carbide, derived from a source substrate of the same
material, to a receiving substrate, this method being
intended to facilitate the recycling of the remainder of
this source substrate, comprising the steps consisting
of:

- bombarding a planar face, termed "front face", of
the said source substrate with a majority of H' ions to

form an embrittlement zone at a depth near the mean



transfer of a thin |ayer of nonocrystalline silicon carbide, derived from
a source substrate of the sane material, to a receiving substrate, this
met hod bewog3/osstiended to facilitate the recycling of thepPcamposoep2 of

this source substrate, conprising the steps consisting of: - bonbarding a
pl anar face, terned "front face", of tée said source substrate with a
majority of H+ ions to forman enbrittlenment zone at a depth near the nean
WO 03/ 063213 PCT/ EP03/00692 6 inplantation depth p of the said ions, this

zone form n im i tyeepnLh i d thi nghayer d : mai nder
of the sai glgnspulg%r&%la%lgﬁ tacé1é«§9Jlr)1-‘ort‘)fﬁaéré\idam&*nté \%Iat§§ {he ’H+h| onszoglré nftgoqgnelr or med

w th an i n@d amttindrcagnemngy bEtaeen abhenpkandat tloin doseyd: -arkbndiheg t he
said receiving substrate . to the said, front face, - detachin he said thin
ayer 11 omATR TR ftferth e T SbStia T A G A d & Fhe
enbrittl emamt _io%x%n%ei'ﬁ%c%%@!mﬂrm%_@l Whe nChal aaiAkintbitaSnoferidieyy BV eid on,

the inplantation of the ions is performed in accordance with the

fol | owi ng iafeduenliantatipnydiastie the inplantati on dose Dis expressed in a
nunber of H+ ions [ . | 0 E, expre in key,
is greater than or %%J%Jﬁ{goag‘% é%ffl FB%%Q?%%O%HBEQ%Q% )tf)l?E?’f :S%%%s [ (ExI
10 "4 + 5- f¥9rt0.fHce,so0 as to enbrittle the said enbrittlenent zone in an
optim zed manner, anpd after t di ng, f%o tké%rénal budget is

is step of .bo
appl i ed sufficient %tal:’ﬂ?ﬂﬁ}%ttg'l‘?/ %?1‘9 tI‘ln H-l""Ye m remalinder

of the source substrate, along the said embrittlement
zone.

According to the characteristics of the invention,
the implantation of the H' ions 1is performed 1in
accordance with the following inequality, in which the
implantation dose D is expressed in a number of H' ions
per cm2 and the implantation energy E, expressed in keV,

is greater than or equal to 95 keV:
[(Ex1-10™ + 5-10)/1.1] < D = [(Ex1-10* + 5-10%)/0.9]

so as to embrittle the said embrittlement zone in an
optimized manner, and after this step of bonding, a
thermal budget is applied sufficient to completely or
almost completely exfoliate the zone of the said thin
layer of the source substrate which has not been
transferred to the said receiving substrate.

According to other advantageous but non-limiting
characteristics of the invention, taken alcone or in
combination:

- the implanted ions are exclusively H' ions;

- the implantation of H' ions is performed without
intentional heating of the source substrate during the

exposure to the ion beam;



al nrost conpletely exfoliate the zone of the said thin |ayer of the source
substrate which has not been transferred to the said receiving substrate.
Accor di ngwba3osizes advant ageous but non-limting charact ecratrossocet t he

i nvention, taken alone or in conbination: - the inplanted ions are
exclusively H+ ions; - the inplantatiow of H+t ions is perfornmed w thout

i ntentional heating of the source substrate during the exposure to the ion
beam WO 03/063213 PCT/ EP03/00692 7 - the source substrate is of

di soriented nonocrystalli ilica r.hi.de-; i the det -Qhrgqgt [ irst
perfornmed al ong the t}aﬁ d %ghdr% ze év‘r%rl tt% ement zg)n% b;a/&lt e aeﬁ{&%%ati on
of exter naloreohatiLldlirst reislsieson arertilde ;suf fici ent thermal  budget is

then applied for conpletely or al npst onpl et exfoliating the zone of

.C I
the thin |ayer whiche h‘é%t%ﬁl?m‘ﬁ%"enlﬁr SREPES PEH%P%"‘F e 21808; g S&dfstrat e,
or else:r -gihe,detAChamnti @ Digedhe ophé M Bpd eRrbri tiganratkicaongrand the

conplete - or alnost conplete - exfoliation_ of the zone of the thin |ayer
whi ch has resttemel mechafiteakdstovessesr eeBflvihg swddticdeant dhenmadf or med

o Laneousiged Ug anald. e oy st AlecyfNopa Rt - the
conpl et el y @nigldtadliyngekhel sat thg zehe e@bnehefsatlde t bhiinl aygerz ovid drakes
pl ace abov%uigqgét_bgggié?é&???%?ggngg éﬁeeiégggsgngns%b;%gggg, or

else:

-  the detachment along the optimized embrittlement
zone and the complete - or almost complete - exfoliation
of the zone of the thin layer which has not been
transferred to the receiving substrate, are performed
simultaneously by the application of the appropriate
thermal budget;

- the application of the thermal budget necessary
for completely or almost completely exfoliating the said
zone of the said thin layer zone takes place above 700°C;

- the ion bombardment is effected in a random
fashion;

- the source substrate is covered with a layer of
amorphous material of a thickness less than or equal to
about 50 nanometers (50 nm), before the step of ion
bombardment ;

- the bonding of the receiving substrate to the
front face of the source substrate is performed by
molecular adhesion;

- at least one of the faces, among the front face
and the contact face of the receiving substrate, is
covered with an intermediate bonding layer;

- the said layer of amorphous material and/or the

said intermediate bonding layer are formed of a material



fashion; - the source substrate is covered with a layer of anorphous
material of a thickness |ess than or equal to about 50 nanoneters (50 nn),

bef ore t wogBe@205 i on bonbardnent; - the bondi ng of thePCEEPIYIEY
substrate to the front face of the source substrate is performed by

nmol ecul ar adhesion; - at |east one of tthe faces, anong the front face and
the contact face of the receiving substrate, is covered with an
iﬂtermaqidate bondi ng Iayer - the said | ayer of anorphous material and/or
the said inte n o] of t I 063213
PCT/ EPO3/ 0 é{-gdf osen r mghﬁgﬂs?&%%n(%? Olaléml%{)drrasr}l?@cg% nitride
(Si3N4) ; -(gheheceiving substrate is chosen from anong silicon, silicon

carbide, gallium n|tr al um.num nit |um hos i de,
gal | i um ar seni de; il@errrﬁaizrﬁ’G’rf‘]ng- FH& & E‘Fw]n%p Ih‘f)’?telnat T8 p c‘%

obt ai ned bysﬂZp&?nfUSéQDlgéﬁvvt Barpifh,a bawiaxywgemicaiident ; aldnﬁhﬁnfﬁet hod
furthernore conprises a step of fi nishing the front face of the source
substrate abltalrnéej sdpRii et alHiaHE ; Ph‘h‘@qﬁ%ntg%ﬂriwnl‘ |a5RER e de¥er i bed
with reference 0.&N embodi ment of the inventi on, given as a purely
i|lustrative exarrp111 this description being based on the acconpanying
drawi ngs, in whi<h: chef i pacesving anbstirageans shdliagnt bbtdihidr dmt

zone fusion growth, with a low oxygen content;

- the method furthermore comprises a step of
finishing the front face of the source substrate obtained
after detachment;

The invention will now be described with reference
to an embodiment of the invention, given as a purely
illustrative example, this description being based on the
accompanying drawings, in which:

- figures 1-5 are diagrams showing the different
steps of a method of transfer of a thin silicon carbide
layer according to the state of the art,

- figures 6-18 are diagrams showing the different
steps of the method according to the invention and its
alternatives,

- figure 19 is a graph showing the exfoliated zone
percentage as a function of the H* ion implantation dose
D, at various implantation energies, and

- figure 20 is a graph showing the values of H* ion
implantation energy E as a function of the H* ion
implantation dose D to obtain a 100% exfoliation of the
implanted layer.

The method according to the invention will now be
described with reference to Figures 6-18.

Figures 6-18 are closely similar to Figures 1-5, and

identical elements bear the same reference numerals.



steps of a nmethod of transfer of a thin silicon carbide |ayer according to
the state of the art, - figures 6-18 are diagrans showi ng the different

st eps of wesmei2hvd according to the invention and its alpicareras/oses, -

figure 19 is a graph showi ng the exfoliated zone percentage as a function
of the H+ ion inplantation dose D, at warious inplantation energies, and -
figure 20 is a graph showi ng the values of H+ ion inplantation energy E as
a function of the H+ ion inplantation dose Dto obtain a 100% exfoliation

of the inplant I ra..rh t ordi [ i on-w now be
described with re e?éﬁcé)et ogﬁ’?gu:lgg §E§8 %Fin%ﬂ%tgs%ggwwaf%%l %geléyﬂesi m | ar
to Figures inwentanch iglerd i@l il sereris bgararthe isanmearefiarience wfer al s.
WO 03/ 063213 PCT/ EP0O3/ 00692 9,I%,can be seen in Fig 6 that the object of
the invent?' g% t SPESEEH zeWihBiPnpl Ant &G CondPPEEREEE of ! atni ¢

speci es Wi thdfb @A 08 rilIbsi 1 8E8n 1 kb ABNOGLY HeAl tbNershtbCqn Gafdi de, so
as to create in the neighborhood of the nmeans depth p of ion inplantation,
a zone 5, neighkprivmd wizethenbeans| dephh Poré" 1omp implentasdcabl @ t o

exfoliate, after_th ch t. of_the_| n ter _hawvi pplied
an appr opri%?rgeet%ér %rraeg%ggudg%%lﬁﬁ%]o?"%%%l%%bfogoﬁ e’ bltf)s;/learq%&aexcess
t hi ckness zefieaBPe WhbcClexferrdiane] iaftegr athev détadiemetienmatndee IGvefr t he
substrate in the prior_art pethod gsee_Fi gure 3). The term"optim_zed

embrittl eneti® PEhs afif8 atgwieg applied”™ an appropriate thermal
budget, 100% or about 100% of the blistered excess

thickness =zone 12 which remained integral with the
remainder 10 of the substrate in the prior art method
(see Figure 3).

The term "optimized embrittlement" means that atomic
species are introduced into the crystal in a precise and
controlled manner in order to activate in an optimum
manner the embrittlement mechanisms which are used.

Within the scope of the invention, the implantation
of atomic species consists of an ion bombardment of the
front face 2 of the substrate 1 with H' ions, and
possibly joint bombardment with H+ ions and helium or
boron ions, the H' ions nevertheless remaining in the
majority.

The implantation of these ions in the surface of the
monocrystalline silicon carbide source substrate 1 is
performed using an ion beam implanter.

Various trails of implantation in the surface of a
silicon carbide source substrate 1 were performed in
order to determine the best operating conditions.

As illustrated in the accompanying Figures 7 and 8,
which show the crystalline structure of silicon carbide,

the implantation B of ions is always performed



species are introduced into the crystal in a precise and controlled manner
in order to activate in an opti num manner the enbrittl ement nechani sns

whi ch ar ewogs®632¥t hin t he scope of the invention, the inpcarmrash@n2 of
atom c species consists of an ion bonbardnent of the front face 2 of the
substrate 1 with H+ ions, and possibl ¥0joint bonbardment with H+ i ons and
hel i um or boron ions, the H+ ions nevertheless remaining in the nmajority.
The inplantation of these ions in the surface of the nonocrystalline

silicon carbide so. stpat L$anRer fQrred dshng @nc,en LgaM
i npl anter. R?arrgfeonués)l%{@%ﬁslyJBi rrtg’felan?a?lnon in the surface of a sil iecon
carbi de sowuasststdisiriate 1 were perforned.in order to determ ne the best

operating conditions. As illustrated. in the acconpanying Figures..7 and 8,
whi ch show t he drfysthe| Fﬁéestlfl&&%ré‘t s’frfigb%uggr gi’de, rﬁe%’é’ou“r%%t ation
B of ions i, ahnays iReiier net Q03068243 RET/JERA3/ 006%@n €8 those

perpendicularly to the planar surface 2 of the source substrate 1. In the
case i || ustgkitlded nifi giree axt cloy r EBpoddiaid sht e of PBnE&dsS) i &Y car bi de

crystal (known .to thos Llled_int e gkish m;',on, axis"),
t he stacki%t < an%sll?goﬁfﬁgﬁaogaraﬁ@n %e%ﬁc[snt a%orﬁsgl]tﬁgl?eg ?na{égépllgne
paral l el topldiee uppesl pébnes shef appeor plroat bacdac2. okhdriomts ftaven

penetrate parallel to the crystal rowt h axis f the said crystal. On
the contrard, inTPRe ¥T2R2 itlhlel?stPSP%Hr?EeFi@ﬁ qéaol EGr r‘ég’f)or?dﬁy?%atalo a

di sori ent ed; Sl UKLATPI S HySd crystal.

On the contrary, in the case illustrated in Figure 8,
corresponding to a disoriented silicon carbide crystal
(known to those skilled in the art by the English term
"off axis"), the stackings of silicon and carbon atoms
are situated in a plane which is not parallel to the
front face 2 but which forms an angle a with the latter.
The ions then penetrate along an axis perpendicular to
the said front face 2 but angularly offset from the said
crystal growth axis C by the value of this angle a.

The disorientation of the crystal is obtained in an
artificial fashion, generally by cutting the crystal.
The angle a can have different values. It is 3.5°, 8°, or
15° in currently commercially available crystals of
silicon carbide.

In the two said cases, the microcavities 50
resulting from ion implantation are mainly formed in a
plane perpendicular to the crystalline growth axis C.

Consequently, in the oriented crystal, the
microcavities 50 are parallel to the front face 2 and
form an optimized embrittlement zone 5 parallel to the
plane of the said front face 2 and occurring as a
practically continuous fracture 1line, while in a

disoriented crystal, these microcavities 50 are inclined
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fashion, to avoid the phenomenon termed "channeling".

The channeling phenomenon occurs when ions

are

implanted along specific channels or crystallographic

axes. The ions thus introduced encounter fewer atoms on

their trajectories, resulting in fewer interactions and

less braking of the said ions. These ions will therefore

be implanted more deeply.

In the process according to the invention, it is on

the contrary sought to avoid this channeling phenomenon

for industrial reasons, because channeled implantation is

not an industrially feasible technique.

Furthermore, in order to improve the percentage of

exfoliation finally obtained during detachment, and

to

operate in a random implantation mode, it is preferable

(but not obligatory) to perform ion implantation through

a layer of amorphous material 20 formed on the front face

2 of the substrate 1. This alternative embodiment
shown in Figure 9.

This layer of amorphous material 20

is

is

advantageously a layer of silicon oxide (Si0;) or of

silicon nitride (Si;N,). However, it should not exceed a

thickness of about 50 nm (5-107° m), at the risk of

modifying the relationship connecting the implantation



invention, this ion inplantation is perfornmed in a random fashion, to
avoi d the phenonenon terned "channeling”. The channeling phenonenon occurs
when i onswarme/oe32mpl ant ed al ong specific channel s or cryst @drmpoaplsbz axes.
The ions thus introduced encounter fewer atonms on their trajectories,
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the inplanted dose D as will be defined later. Finally, the trials
perfornmed HFHREFAHEE this ion inplantation should preferably be preforned

wi thout externals hep! U Yard hod héatéd AuPBXGMHALIGRREEALH! € for
example to temperatures markedly greater than 650°C,
degradation or suppression of the macroscopic exfoliation
phenomenon is observed. This can be explained by the
activation during implantation of diffusion and
recrystallization mechanisms which participate in the
process. This activation in situ, which is not
controlled, degrades the control of the desired
exfoliation effect.

Other, complementary trials were performed in order
to determine the best pairs of implantation dose D and
implantation energy E to be used. These trials will
later be described in detail.

The receiving substrate 4 is then bonded to the
front face 2 of the source substrate 1.

The bonding of this substrate 4 is advantageously
effected by molecular adhesion, since this is the mode of
bonding best suited to electronic applications,
particularly due to the homogeneity of the bonding forces
used and to the possibility of bonding together numerous
materials of different natures. However, it could
likewise be performed by other known prior art techniques.

The bonding can be performed by applying one of the

faces 40, termed ‘"contact face", of the receiving



of about 200C, the inplantation being able to bring the silicon carbide
substrate substantially to this tenperature. If the substrate is heated
during i nwbanwe2idn, for exanple to tenperatures markedl yCcgreras/ar9: han
650C, degradation or suppression of the macroscopic exfoliation
phenomenon i s observed. This can be expBained by the activation during
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It will be noted that when the implantation B is
performed through a layer of amorphous material 20, the
latter can then play the part of intermediate bonding
layer 6.

The assembly of layers respectively illustrated in
Figures 12 and 13 is obtained.

The receiving substrate is advantageously (but not
obligatory) chosen from silicon, silicon carbide, gallium
nitride (GaN), aluminum nitride (AlN), sapphire, indium
phosphide (InP), gallium arsenide (GaAs), or germanium
(Ge) . Other materials can likewise be used.

This receiving substrate can likewise be a fragile
substrate, such as silicon obtained by zone fusion growth,
with a low oxygen content, that 1is, monocrystalline
silicon obtained by the zone fusion method starting from
polycrystalline silicon.

Detachment (arrows S) of the receiving substrate 4
and of the thin layer 100 from the remainder 10 of the
source substrate 1 is then performed.

This detachment S can be performed either by
application of external mechanical stresses (as shown in
Figure 14), or by a thermal treatment with an appropriate

thermal budget (see Figure 17).
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03/ 063213 BQTEﬁﬂQﬁkQQQ%%ﬂetely, exfoliate the zone 12 of the thin

layer 100 from the source substrate 1 which has not been
bonded to the receiving substrate 4 (see Figure 15). The
thermal budget corresponds to the product of the
annealing treatment temperature by the duration of this
treatment.

This treatment is nevertheless simpler and quicker
to use than the polishing used in the state of the art
for proceeding to such an operation.

There then only remains a possible finishing step F
of the source substrate 1 (see Figure 16).

This finishing step aims at eliminating the surface
roughness 11. It is generally performed by a mechano-
chemical polishing.

A step of finishing the free surface of the thin
layer 100 can likewise be performed.

If the detachment S of the thin layer 100 from the
remainder 10 of the source substrate 1 is performed by a
thermal annealing treatment (see Figure 17), the complete
or almost complete exfoliation of the zone 12 is then
simultaneously produced (see Figure 18). In practice,
this application of heat <causes the defects or

microcavities 50 to grow until they form micro-cracks 51



14 In a fashion known to those skilled in the art, these external

mechani cal stresses can be, for exanple, the application of shear,

tracti on,woro3mezps essi on forces, or the application of ulPCmaposrod92 or of
an electrostatic or electromagnetic field. If the detachment S is
performed using external mechanical stieesses, an annealing treatnent then
follows, according to an appropriate thermal budget to conpletely, or

al nost conpletely, exfoliate the zone 12 of the thin |l|ayer 100 fromthe
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then only re{Bios & K9SHh bE£5d#di Bding step F of the source substrate 1
(see Figure 16). This finishing step ains at elimnating the surface
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12 is then si miPRet ot RT \CRYHARF (see Figure 18). In practice, this
application of heat; fAUSKRS1 dNEa 0B CCHEsOperformed on the front face

of a monocrystalline silicon carbide SiC4H substrate
disoriented by 8° (known to those skilled in the art as
"giC4H 8° off-axis"), covered with an amorphous layer of
silicon oxide about 50 nanometers (50 nm) thick.

The implantation temperature was below 200°C.

Four series of trials were performed with
implantation energies E of respectively 50 keV, 95 keV,
140 keV and 180 keV.

For each value of energy E, the implantation dose D
was varied between 5.25-10° H*/cm? and 8-10'¢ H'/cm®.

A receiving substrate 4 constituted by silicon was
then applied to the source substrate 1, and annealing was
then performed at 900°C for 1 hour.

The percentage exfoliation of the peripheral zone 12,
which in the prior art remained integral with the
remainder 10 of the substrate, was then measured.

The results obtained are given in the following
Table.

A value of 100% means that the whole of the zone 12
which is not in intimate contact (that is, has not
adhered) with the receiving substrate 4 is exfoliated. A
value of 30%, for example, means that only 30% of the

excess thickness zone 12 is exfoliated, and that 70% of
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PCT/ EPO3/ 00692 15 whi ch, connected together, result in a cleavage pl ane
and in rwptoanes2as ong the said optimzed enbrittl enent zomeTEPO3/ 602
possible finishing step Fis then perforned, as illustrated in Figure 16.
The trials to determine the best pairsief values of inplantation dose D
and inplantation energy E of H+ ions w Il now be described. QOperating
conditions: H+ ion inplantation was performed on the front face of a
nonocr yst al NN« S e S by .8 nown to
t hose Skl||%%f$n§% % g?tqggmiﬂg?cﬁﬁﬁgb§?$ g&?&' }Q%ogéﬁggﬁﬁgfhxgncginrphous
| ayer of sthe caubstarale about 50 nanoneters (50 nm thick. The inplantation
tenperature was bel ow 200C. Four series of trials were perforned with

i npl antation energies E of respectively 50 keV, 95 keV, 140 keV and 180
keV. For each value of energy E, the inplantation dose D was varied
between 5.25 1016 H+/cn? and 8-10" H+/cnP?. A receiving substrate 4
constituted by silicon|was then applied to the source substrate|l, and
anneal i ng was then periformed atmp280Geiar abshiaunio'The/@er cent age

exfoliation G‘Ft“.eI pertpherat—zgre—i2—wht-eh—r—theproer—arf—+enmai ned
i ntegral th the “‘E‘sfnal nder] 10 |of the substrate, | was then nmepsured. The
resul ts obt ai ned| ameagifven ijn the folll owing |Table. A val pe of 1p0% neans
that the ole of the Zones12d.s|s.75| 6 |6.5/6.75| 7 |7.25|7.5| 8
Energy
E
(keVv)
Exfol- 50 5 50 15
iated 95 10 100 | 60 30
Zone 140 40 | 80 | 100 |60 40
(%) 180 30 90 | 100 | 80 |40

Trials carried out with implantation energies less
than 50 keV did not give good results for exfoliation.

The results obtained have been transferred to the
graph of Figure 19. It can be seen that for each
implantation energy E value greater than or equal to 95
keV, there is an implantation dose value D which enables
100% of exfoliation to be obtained (bell-shaped curves
obtained) .

Figure 20 is a graph showing the H+ ion implantation
dose D as a function of the implantation energy E of
these same ions to obtain 100% of exfoliated zone.

The straight 1line obtained corresponds to the

following equation:

D = E x 1-10* 4+ 5-10% (1)

with E = 95 keV,
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CorreSpondsvéfﬁ§g¥%ns and to the tolerances of manufacture and

control of the implantation apparatus used, it is
considered that the pairs of values of D and E should

obey the following inequality:
~e x DsD- (Ex 1-10* + 5-10"°) < e x D (2)

where D and E have the aforementioned meanings and
where € x D represents the absolute tolerance for a given
value of E between the theoretical wvalue of D obtained
according to the above Equation (1) and an acceptable
value of D, and where e represents the relative tolerance.

After experimentation, it was considered that this
relative tolerance e was equal to 10%.

The following inequality (3) results from this:
- 0.1 xDsD-(E x 1-10"™ + 5-10%) < 0.1 x D

which can also Dbe expressed as the following

inequality (4):
[ (Ex1-10*+5-10%)/1.1] s D = [(Ex1-10" + 5-10%)/(0.9)]

The pairs of values of D and E which obey the above
inequality (4) permit an optimized embrittlement of the
embrittlement zone 5 to be obtained, and after having

applied a sufficient thermal budget, permits complete or



foll owi ng equation: D= E x 1.1014 + 5.1016 (1) wth E z 95 keV, W
03/ 063213 PCT/ EP03/ 00692 17 in which the H+ ion inplantation energy E is
expr essedworsked?iand the i nplantati on dose D of these | omETIEP®I@PESSEd in
H+ ions/cnR. Taking account of the fluctuations of the values of D and E
connected to possible slight experinent@l variations and to the tol erances
of manufacture and control of the inplantation apparatus used, it is
considered that the pairs of values of D and E should obey the foll ow ng
i nequal ity r&dt DoSmPlecd EeebiiQldct BAME sofeX 1B (3} cwhengsR and E
have the aforenentioned neanings and where e x D represents the absol ute
tol erance flayer dgioewhich deaofndt dean diransd anras did ddle wedasd vafnaD
obt ai ned accordi to the above Equation (1) and an acceptable val ue of
D, and wher® trreap asents the relative tol erance. After experinentation, it
was consi dered tdigdpildentd:8} at icvaaliel erasee ¢ yRSnequdriormddo e
follow ng inequality (3) results fromthis:: - 0.1 x DS D-(E x 1-10 14 +
5. 1016) s deterning i RRREPRY I HEherhods WIS t he fol | owi ng
inequality (4): + (O TCNIE : : 1016) /
(0. 9 ] The pdéii(l?éj o7f va ’ugcsheof D frgl&jslggs\%hﬂ%chglgfb%y&t%ﬁe Oa%gl\jlyée&rﬁgn%élqual ity
(4) permt vartlopt ithiez i Greare trteertetaldfly timepegrttriivtet.| enent zone 5 to be
ggﬁrg: Qteg Of‘“d affer, JaVifgs 3R89 M dd C Snd NERIR! RUdqel, Y M tS
budget necessary for <complete or almost complete

exfoliation of the zone 12 has to be above 700°C and
preferably above 800°C. |

There was thus obtained, on the one hand, a thin
layer 100 of SiC, of good crystalline quality, and on the
other hand, a source substrate 1, the front face of which

is free from surface topologies 12.



WO 03/ 063213 PCT/ EP03/ 00692 18 al nost conplete exfoliation of the zone 12
of the thin [layer 100 which has not been transferred to the receiving
subst r at ew®.038632ps enentary trials were then perforned to PdatEPORDEE2 t he
appropriate thermal budget. Bel ow 700C, the mechani sns of diffusion of
hydrogen w thin the SiC are practically inoperative. It was thus possible
to determne that the thernmal budget necessary for conplete or al nost
conplete exfoliation of the zone 12 has to be above 700C and preferably
above 800C. There was thus obtained, -ppii1§e one hand, a thin layer 100 of
SiC, of good crystalline quality, and—om the other hand, a source
substrate 1, the front face of which is free fromsurface topologies 12.

WO 03/ 063213 PCT/E 0692 _ 19 CLA d_of.transf f ad hi n
| ayer (100) of gpf?taPﬁlnErgP?¥%5n é%rgl EB er}%%%rfrggyg source
substrate (nilan&frﬁé’t%liaﬁ% nat 8k bah, da@rta deecedytged s st ahe sorcet hi s
nmet hod, intended to facilitate the recycling of_the remainder (10) of this

sour ce substukgteratel) (donpfi sth§ tﬁémgte‘b%t%%%%]rstltrfb of : TeqsenaSdi ng a
planar face,( tfp) rde® g |10l [@CEhoa, OlintBRasa! & PORRES1 P strate (1)

with a nHjOFI lons to forman enbrittlement zone 5 at a depth
near the mm%yahﬂﬂgnﬁﬁﬂth&nﬂemahn@enf (1bk edi dhiensouriries sadrse rats)
forming a d(e 1I )I ,mc;[o?t;[}_:;rolr.]s 1%%[ Wel\ae sttr!e%ss %Io%stlhsthrllga\t/)%r:
- bombarding a planar face (2), termed "front face",
of the said source substrate (1) with a majority of H'
ions to form an embrittlement zone (5) at a depth near
the mean implantation depth p of the said ions, this zone
(5) forming a delimitation between the said thin layer
(100) and the remainder (10) of the said substrate (1),
the bombardment with the H' ions being performed with an
implantation energy E and an implantation dose D.
- bonding the said receiving substrate (4) to the
said front face (2),
- detaching the said thin layer (100) from the
remainder (10) of the said source substrate (1), along
the said embrittlement zone (5),
characterized in that the implantation of H' ions is
performed according to the following inequality, in which
the implantation dose D is expressed in number of H'
ions/cm?® and the implantation energy E, expressed in keV,

is greater than or equal to 95 keV:
[(Ex1-10* + 5-10%%)/1.1] < D s [(Ex1-10* + 5-10%)/0.9]
so as to embrittle the said embrittlement zone (5)

in an optimized fashion, and in that after the step of

bonding, a thermal budget 1is applied sufficient to



(100) and the remainder (10) of the said substrate (1), the bonbardnent
with the H+ ions being performed with an inplantation energy E and an

i npl ant atwor3@exe3 D. - bondi ng the said receiving substrateT(EP)3/0@9t he
said front face (2), - detaching the said thin |layer (100) fromthe

remai nder (10) of the said source subsPate (1), along the said

enbrittl ement zone (5), characterized in that the inplantation of H+ ions
is performed according to the following inequality, in which the

i mpl ant at | o EOsa- 3  SoXANGSERd ddhlWHear, x4 id10NSLERR e the)
inmplantation energy E, expressed in keV, 'is greater than or equal to 95
keV: [ (Exlof 1gue thign langeps) (¥A0) 19f $he $squygs|subigmpte 5(10 M)/ 9]  so
as to enbri e | d [ e ' .Qpt i m,zed fashi on,
and i n thatt st c cREPhr pEAREELELEAREL €PabIl, Jebet il Sk
sufficient t© WO 03/063213 PCT/ EP03/ 00692 20 conpletely or al nost

conpletely exfoliate the zone (12) of the thin_layer (100) of the source
substrate (1) whchethpd ngccopEdang, a?n%fé’ﬁféﬂ‘té'th%h?é‘f‘ﬂt?%b%‘?@i Nih
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4. Method according to any one of the foregoing
claims, characterized in that the source substrate (1) 1is
disoriented monocrystalline silicon carbide.

5. Method according to any one of the foregoing
claims, characterized in that detachment is first
performed along the said optimized embrittlement zone (5)
by the application of external mechanical stresses and in
that the sufficient thermal budget is then applied for
completely or almost completely exfoliating the zone (12)
of the thin layer (100) which has not been transferred to
the receiving substrate (4).

6. Method according to any one of claims 1-4,
characterized in that the detachment along the optimized
embrittliement =zone (5) and the complete - or almost
complete - exfoliation of the zone (12) of the thin layer
(100) which has not been transferred to the receiving
substrate (4) are simultaneously performed by the
application of the appropriate thermal budget.

7. Method according to any one of the foregoing
claims, characterized in that the application of the

thermal budget necessary for completely or almost
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10. Method according to any one of the foregoing
claims, characterized in that the bonding of the
receiving substrate (4) to the front face (2) of the
source substrate (1) is performed by molecular adhesion.

11. Method according to claim 10, characterized in
that at least one of the faces between the front face (2)
and the contact face (40) of the receiving substrate (4)
is covered with an intermediate bonding layer (6).

12. Method according to claim 9 or 11, characterized
in that the said layer of amorphous material (20) and/or
the said intermediate bonding layer (6) are formed of a
material chosen from among silicon oxide (Si0,) or
silicon nitride (SiiNy).

13. Method according to any one of the foregoing
claims, characterized in that the receiving substrate (4)
is chosen from among silicon, silicon carbide, gallium
nitride, aluminum nitride, sapphire, indium phosphide,
gallium arsenide, or germanium.

14. Method according to any one of the foregoing
claims, characterized in that the receiving substrate (4)
is silicon obtained by zone melting growth, with a low

oxygen content.



10. Method according to any one of the foregoing clains, characterized in
that the bonding of the receiving substrate (4) to the front face (2) of
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one of the foregoing clains, characterized in that it furthernore
conprises a finishing step F of the front face (11) of the remainder (10)
of the source substrate (1) obtained after detachnent.



