1 FORMATION AND TREATMENT OF A SiGe STRUCTURE
Embodiments of the present invention relate to a method of forming a
structure comprising a removed layer of semiconductor material taken
from a donor wafer, the donor wafer comprising, prior to removal, a first
layer formed of Sil-,Gex and a second layer of Sil_yGey on the first
layer (x, y respectively being in the range 0 to 1, and x being different
from y), the method comprising the following steps in succession: a)

implanting W@m&g%}%ﬂﬂ%m@w Jyeakness bengall e,

second layer; b) e donor wafer to a receiver watfer; C) suppEfying
thermal and/or mechanical energy to detach the removed layer from the

donor waleiat,the-zone ef weakness. dL.treating the removed layer. .That,
tgp ggla?é%r rgmoval uses the Smart-Cut(D techpique which is well

Khowh to the SKIFEH BErsdn. SORE SHinI& SFEMbRoyiy Such Herssyal 8 ver
TAethediscdestiiped rinlunitediStatedoeumémonS 200400584 TR ifer,  the
hish th%aﬁefﬁta&@gf@pbgsisﬁm?@@lp&ﬁhegaec%r%n@yg&i,S; %I?hSEiféuxt layer
traine the, structure of the first layer. Ste r freati e removed,
%J/%nr% Oft%%l h[%élfég%’é gartlr%ie%l osuetc%grlll%lffolﬁSl éfg%c |\£a écjj‘héfsg %hoo to rt[’(;&11 ucgdlrSt
IStirRice rBughhess Frreipaly rEsliag froffcarfing suestehsta) ahd nd x
CEnenthickness et therdefgetive zope,is typisallyrabosdS50aanenieiersy the
f_(gwggri%d@ggg@tqrgics%glgtggeitgq: As an example, it is possible to

perform mechanical polishing or chemical-mechanical planarization
(CMP, chéfficat MrecHanical PBhishingPRorasr to"dlimigte suffacgone  of
roughnessyamnklforstepsoksadrificladlysecond layer;

b) bonding the donor wafer to a receiver wafer;

o)) supplying thermal and/cr mechanical energy to
detach the removed layer from the donor wafer at
the zone of weakness; |

d) treating the removed layer.

That type of layer removal uses the Smart-Cut®
technigue which is well known tc the skilled person. One
example of employing such a removal method is described
in United States document US2004/0053477 in which the
crystallographic structure of the second layer is
elastically strained by the structure of the first layer.

Step d) for treating the removed layers cften has to
be carried out to 1ift off defective zones and to reduce
surface roughness principally resulting from carrying out
steps a) and c¢}. The thickness of the defective zone is
typically about 150 nanometers (nm) for hydrogen atomic
implantation,

As an example, it 1is possible to perform mechanical
polishing or chemical-mechanical ©planarization (CMP,
chemical mechanical polishing} in order to eliminate
surface roughness, and/or steps of sacrificially
oxidizing defective zones.

Since Dbonding in accordance with step b) is
conventionally carried out via a layer of electrically

insulating material, a semiconductor-on-insulator
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oxidizing defective zones. Since bonding in accordance with step b)_is
conventionally carried out via a layer of electrically insulating material, a
semiconductor-on-insulator 2 structure gan thus be produced, such as a
Sii_xGex/Si,_yGey on insulator structure. As disclosed in _
US2004/0053477, a step subsequent to step d) can be carried out to lift

off theirsmaininga portion ofdhe fitstlayer, hencervetaining ealy the, /5. ce,

seppnd-Jayer.on the receiver wafer. Thus, a Sil_yGey on insulator
structure can be produced, T e’og)eration for lifting off the remaining

portion &f th%lfﬁgtllﬁﬁgldca?r?bé} caf ety O\t it ttively by tEP selebtiwsuent to
ckémical®tchirmusing suitalle eeﬁchmgt_agems. :s:ef_ecti\@efﬁheﬂn@al remaining
etshing ean in the end pregduce the a‘iizpesﬁr,ed l?élﬁ{:lé"thr%ggﬁ’b%ft rfacgnl¥ the

uality without too great a risk of damaging it (which coul case
grsmﬁlce%é gi%glgaﬁ/oefi}éh W%ret?(‘)eber&frﬁéﬁ Btit) .‘"’f’ﬁf( Flowever Seledtivet-vGey  on
chemitat Bfching heedssiates: Prioe prepataticriof the etching surface,
typicallyTrarriggotd using rﬁ%%hamg.@% E’Qt' hingemeans. Jr%rl?éég{v%%ic E‘B%’}t ion
faretching r iNs necessary to reduce the severe rou _
c%ﬁ?d?&%%e%?egr% cgﬁgeefocaﬁ@/rbo o\e/er-cfr%rolfﬁg&enii’ et&hihGWhikRLy by
COBIEGRARSthrbH. Crelectd 67 hbles i inwscvonddiyer. Howeley theents .
stie¢essiveractionent palishisganth ghemigal etchinggenderthe roquce  the
reskeleiaghreginishing, step @syuell as the whole of g temoval ) o,
procedure) 25 long, complex, and economically éxpensive. +urthe .
HeRfical Lichiry cartin SoRrEdases st nprablemisidithat lehst case if
partial unbehdingeofithé 1sanding énterface. laparticitaryitimay delaminate

the However, selective chemical etching necessitates
prior preparation of the etching surface, typically
carried out using mechanical polishing means., That
preparation for etching remains necessary to reduce the
severe roughness which could subseqguently cause locally
over-inhomogenous etching, which could create through
defects or holes in the second layer.

However, the successive actions of polishing and
chemical etching render the post-detachment finishing
step {as well as the whole of the removal procedure}
long, complex, and economically expensive.

Furthermore, chemical etching can in some cases
result in problems with at least partial unbonding of the
bending interface. In particular, it may delaminate the
side of the bonding layer, i.e. attack the layer where it
crops out from the side of the resulting structure. 2n
example that can be mentioned is HF treatment of a sSOI
(strained silicon on insulator) structure comprising Si0,
buried under strained 8i, or H:;0,:HF:HAC treatment {HAc
being the abbreviation for acetic acid) on a sSi/SiGeOT
{(strained silicon on SiGe on insulator) structure, where
the layers of SiGe and buried 510, are liable to be etched
beneath the layer of strained Si.
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side of the bonding layer, i.e. attack the layer where it 30 crops out from
the side of the resulting structure. An example that can be mentioned is
HF treatment of a sSOI (strained silicon_on insulator) structure comprising
Si02 buried under strained Si, or H202:AF:HAC treatment (HAc being the
abbreviation for acetic acid) on a sSi/SiGeOl 35 (strained silicon on SiGe

on insul strugtur. the layers of SiGe and huried $j02 are
liable to%bt}g{lt)estchge% b%ne‘lge\%e}(lﬁ%he zlf/aer gP%%é‘lhgd §ic.}d3 T'Llih sgé?g‘ ar& educt,

the qudifty Bf-thie MR proditLote resdits Sbahettdreddssthany -
satisfactong: Quig altermative which-tould beenyvisaged ie:a¥ergoms that rcome

problem woeuld hefo dilte the efching.agents u%lzurtn:er%o eg%g eitrqgr agents
a%%or%bgoege etter controlled. However, that solution Is not satistactory

&by substantiafly’ iricrdading thé dutation ot thesprocidife, Fapsolled.

since .
nBfrsMpletelyidoie theqprobleps of delaminatiors & fusther solution suhick by

ceulsdhe: envisaged Vi@z‘eﬂ@é}?ﬁs 1040 @&%fqrfs%% pﬁﬂdi%:gt@léfﬁé%er%%{ﬁt%ure,
etching 10, render that interface more resistant to chemical ag | .
eErL\chi], %%%%t—% ggacﬁ?nmegl?%etcaeglyzir? g fgggt t?egtn?elﬁ?%c]a?ﬁ‘ed’ SutiatdButation.
1000C 6 rhbi-fof Severarhéars ebdldbecenvishded. &5 Howeyed, thati1d be
sohutiam, witfich s welhknopmrahen pm@@;@@@%&%@? en I@Hléﬁl%g £o
i suitahl sferring heterogeneous layers of Sil_,;
S(’B%j(ﬁ%%l% Sﬁlﬁggegﬁ %%gg%%eﬁnc%%%éea# tergé"t?nlceanrf%a%s%s@g B dirrusdecnts .

frot e fay&P Havifig BShighesEE R EdMtent DaRéwaS e kel havingtment
the fowest Gedontent, tusutendings homegenizedtherGe cartert-aver hours

thedwa I%)éergn%q%%@&he physical and electrical properties of those

n no longer be differentiated.
hNolayﬁgwg%er’ é%at solution, which is well known when

producing a SOI (silicon on insulator) structure, is not
suitable when transferring heterogeneous layers of $5i:-.Ge,
and Si;,Gey. In fact, such a heat treatment causes Ge to
diffuse from the layer having the highest Ge content
towards the layer having the lowest Ge content, thus
tending to homogenize the Ge content over the two lavers
and thus the physical and electrical properties of those
two layers can no longer be differentiated.

If the two layers become essentially identical, then
subsequent etching can no longer be selective.

Further, it is frequently desirable to avoid any
diffusion from one layer to another. This is particularly
the case when the second layer is formed of strained Si
(i.e. y=0) and if a final sSOI structure is to be
obtained to fully benefit from the electrical properties
of said structure (i.e. increased charge mobility).

Thus, the treatment temperature is limited by the
diffusion of Ge from one layer to the other (said
diffusion typically commencing at about 800°C), and low
temperature reinforcement can thus only be partial. Thus,

the delamination problem subsists.



If the two layers become essentially identical, then 25 subsequent etching
can no longer be selective. Further, it is frequently desirable to avoid any
diffusion from one layer to another. This is particularly the case when the
second layer is formed of strained Si (i.e. y=0) and if a final sSOI

structure is to be 30 obtained to fully benefit from the electrical properties

of said structure (i.e. increased charge mobility). Thus, the treatment
temperature is limited by the diffusion of Ge from one layer to the other

(said diffusion typically commencing at about 800C), and low 35
temperatwedeinforcement €an thbs onlyibe pattiab:Thussethe  to  avoid

delamination: problem subsists. 4; Embodiments.of tﬂéﬂ@iﬁ{&ionﬁﬁ%ﬂo when

avoid delaminatclor% at thenside of the bon in%ﬁéacxsr when carrying out
fcljnallsﬁ%:lxé%ﬁe(r)nl‘llcal € éﬁgiﬁg.lll—_lr%bg IFents of e inveRtion further seek to
reduceEHecddraiof Secohormitecost vt Agmber of treatmens kafter stapluce
clrearriedreit tarthe emoredilayers and in: partigilaptodispense it ment s
Lecuse Qfyaechanical, poliaing, fnbedipeats Line DyeionIher. 1
seek to produce a structure such as a semicondUctor-on-insulator * .
BidcthredSrhpridifly a fémBeEE fayel eludirig & matéral viffich eegbgnical
stablesthandSi, such as strained Si or SiGe. Embodiments of the invention

further seek fa reduyce the quantity,of material sagrificed during treating 4.,

the removed layer. Embodiments of the invention further seek to propose

3 simple'meitdof ré3tiny theF8movad laysrimeR ety magrhtsy lator
mta thetwholecemovak methad  employidg they SmartClit(diteghrquesterial
which is less stable than Si, such as strained 8i or 8iGe.

Embodiments of the invention further seek to reduce
the quantity of material sacrificed during treating the
removed laver.

Embodiments of the invention further seek to propose
a simple methed of treating the removed layer which
readily  integrates into  the wnole removal  method

employing the Smart-Cut® technique.

A first aspect of the present invention provides a
method for forming a semiconducter structure, which
comprises: providing a donor wafer that includes a first
layer of 5i;.:Geyx and a second layer of Si; ,Ge, located on
the first layer, with x and y respectively, being in the
range of 0 to 1, and x being different than vy; implanting
atomic species into the donor wafer to form a zone of
weakness in the first layer; bonding the donor wafer to a
receiver wafer; detaching the second layer and a portion
of the first layer from the donor wafer by supplying
energy to bonded wafers sufficient to cause cleavage at
the zone of weakness to form an intermediate structure
thereof; conducting a rapid thermal anneal of the

intermediate structure at a temperature of about 1000°C or



A first aspect of the present invention provides a method for forming a
semiconductor structure, which comprises: providing a donor wafer that
includes a first layer of Sil_,Ge,; and a second layer of Siy_yGey located

on the first layer, with x and y respectively, being in the range of 0 to 1,

and x being different than y; implanting _atomic species into the donor

wafer to form a zone of weakness in the first layer; bonding the donor

wafer to a receiver wafer; detaching the second layer and a portion of the
fiestdayer, from the.donor water by supplying £nergy i gonded wafers. ;. n4
sufficient to cause cleavage at the zone of weakness to form an

AT ediate StyuciHes #Hicraef; BeAdUcting eofapidithefralannbarefthet the
infeemediate stuctute atadgmperatyre of about;1000C or 4a.mere fora oy
period of time not exceeding 5 minutes; and removing any remaining

PoHitHs Gfthe EPRy el oBthe hfterfifsehatd sthactare t@provide areceiving
sgmiconductor structure comprising the second layer on the receiving

wafer. 5 Other possible characteristics of some example embodiments of

the invention are as follows: Thermal anneal may be carried out at a
temperature in the range from about 1000C to about 1200C for about 10
seconds to about 30 seconds; Thermal anneal may be carried out at a
temperature of about 1100C for about 10 seconds; Thermal anneal may

be carried out in a reducing atmosphere; Thermal anneal may be carried

out in a reducing



atmosphere of argon and hydrogen or in a reducing atmosphere of argon;
sacrificial oxidation of a portion of the first layer may be carried out
between detaching the second layer and conducting the rapid thermal
anneal; plasma activation of at least one bonding surface may be carried
out prior to the bonding step; a heat treatment of more than about 30
minutes to reinforce the bonding may ajso be carried out after the
bonding step; the atomic species implanted during the implanting step
may be constituted by a single atomic element; the atomic species

implggl;%jrduri%mk_grp@lant@gaq%mg@yi%qﬂggse t\%qf disti&g}_n éatorrgg{ ample
%%)ments’ the implanting stee ther,eb%/1 constituting co-implantation; after

detitRihgstep, fre“mathbt hag hof ifciide TaryME out mechanical
polishing;5a Takearthe finahstep lthe methodumay fostheieompriseccrystal  a

growth of Sil_y&egy-0n the-second {ayer tothickenrsaid seeand-layesothes +,

second layer may be f d of elastically straipned Sil_yGey; the donor
wafer may furatlﬁé}r/uct:%om%&rrgg é?th%lg rIayael:r}é(}ff”"SiI_{,1 e,?%ﬁ%ﬁgéecto%d?gféﬁfc 30

6 the donor WaF&¥¥A&y comprise a support substrate formed of bulk Si, a
SiGe buffer structureland=snmeliilayemstpuctuse comprsingd out at  a

temperature o¢f about 1100°C for about 10
seconds;

* Thermal anneal may be carried out in a reducing
atmosphere;

* Thermal anneal may be carried out in a reducing
atmosphere of argon and hydrogen or in a
reducing atmosphere of argon;

*+ sacrificial oxidation of a portion of the first
layer may be carried out between detaching the
second layer and conducting the rapid thermal
anneal;

* plasma activation of at least one bonding
surface may be carried out priocr to the bonding

' step;

* & heat treatment of more than about 30 minutes
to reinforce the bonding may also be carried
out after the bonding step;

* the atomic species implanted  during the
implanting step may be constituted by a single
atomic element; |

e the atomic species implanted during the
implanting step may comprise two distinct
atomic elements, the implanting step thereby
constituting co-implantation:

* after the detaching step, the method may not

include carrying out mechanical polishing;



first layers of Sil_,Gex alternating with the second layers of strained
Sil_yGey layers to enable a plurality of removals to be made from the
same donor wafer; each layer of strained Sil_yGey may be thicker than
the critical equilibrium thickness; prior to the bonding step, the method
may further comprise a step of forming a bonding layer on the donor
wafer and/or on the receiver wafer, the bohding layer comprising an
electrically insulating material such as Si02, Si3N4, or Si.OyN,, for
example. Further characteristics, aims, and advantages of the invention
become apparent from the following detailed description of preferred
implemeritatiéns Bt thelfethoes lgivért By walyeof okl IRiting exaripléer
and made wittorgfetencedo the accempanying trasyingsdn wiickHegwesonad
la to if are diage[?g? qf the,different gtgpa Q e%g}g&hqc%p §ccordance with

the invention to Torm a structure comprising a layer removed

Smart-Cut(r). Figuré§ 23 %hd o5 d%Yan]%eof%ofﬁ@F\%n%ﬁor@o%ﬁ?eLcally
invention. Figtres 3aand3h gfe=diagrams of a second varlatlon of the
invention. Figure 4 shows the resylts of measyrements carried outhy p; g

secondary ion mass spectrometry to determine the concentration of
germanium |r$ a¥ayer ofs%rja’rﬁ’é <ilicBn tBRer? G TR dccdrdahée with the
invention, compared with concentrations of germanium in Si (unstrained)
calculated from diffusion constants taken from the literature. 7 Figure 5
shows a comparative study of the germanium diffusion coefficients in a
layer of unstrained silicon



and in a layer of strained silicon. There follow examples of methods of the
invention 5 and uses of the invention, based on layers removed by
Smart-Cut(r) formed of a type IV material or alloy, in particular Si and
SiGe. Figures la to le show a first method of removing a first layer 1
formed of Si,_,,Gex (in which x e [0;1]) angl 10 a second layer 2 formed of
Sil_yGey (in which y e [0;1] and y # x), from a donor wafer 10, to transfer
them to a receiver wafer 20, in accordance with the invention. Figure la

shows a donaryafer 19 compriging.the first layer I formed.of Sil xGgx oo -+

and the second Ia%er 2 15 farmed of Sil_yGey to be removed. As is

conventional, THE GbhGFfafdPtd fritluding Sk XGes tomprisesi&EBuluffer
substrate 5 fored©f Sionamiclk therfethasbeen formed| foreexample bying
crystal growthg g uffer styuctare farmed of SiGe (ot shown).compased <he
of 20 differentslgggrsd Iné)aé%cular tQ!ES buflfler t%uctur m %%have a b1
gradual change in its Gé gontsenﬁrom B96 AT tha Bk S stibstrate 1§ P3P+
about 100 x 9% ap e hitéifdce Twitl e first ldyer 2dormaed of SilixGag (isame
too is preferapdyformedday-crystal growth). The selected 25 thickness of

the Sil_xGex C bout 1 mi r, Jor example. A second .

layer of Si1_y%35%{:-((§/£is(’ii(;arl %e% .c%:%heéﬁr% rg)%% 1Sfj@%ﬁ¥é§*fof St xGex. Th Loker
first case, the'S&eBnt ayer istgrotvh iREithL e6rtRting BhTfeRay from

the 30 formatimniaftheficst layer 1 boraisecondsease, the Isecanddayef 2 may

is grown afters, brigfstep-of.preparing. the.surfacerof the fitst layer 1, fory: o
example by CMP polishing. The second layer 2 |s§?vantageously formed
by 35 epitaxialgrowtt? Usi %n%%ofécﬁﬁigﬁ& 3UEH 85 YD Bhg receiver

wafer, the bonding layer comprising an
electrically insulating material such as Si0.,
SizNg, or Si,04N., for example.

Further characteristics, aims, and advantages of the
invention Dbecome apparent from the following detailed
description c¢f preferred implementations of the method,
given by way of non limiting example, and made with
reference to the accompanying drawings in which: '

Figures la to 1f are diagrams of the different steps
of a methcd in accordance with the invention to form a
structure comprising & layer removed by Smart-Cut®.

Figures Za and 2b are diagrams of a first variation
of the invention.

Figures 3a and 3b are diagrams of a second variation
of the invention.

Figure 4 shows the results of measurements carried
out by secondary ion mass spectrometry to determine the
concentration of germanium in a layer of strained silicon
taken off in accordance with the invention, compared with
concentraticns of germanium in Si (unstrained) calculated

from diffusion constants taken from the literature.
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MBE (chemical vapor deposition and molecular beam epitaxy). Thus, for
a first layer 1 formed of Sio.eGeo,2 8 and a second layer 2 formed of
strained Si (i.e. y = 0), a second layer hgving a thickness in the range
from about 100 Angstroms (A) to about 800 A can be formed. Given that
the concentration of silicon in the two 5 layers 1 and 2 is different, the

et et e ot G e e o e rmasn
I eter supstantl aen ( ), Cq
T RS hat B SEMbSa orh ey Sram bt RiP e 511icon

anfsbint of gilicen #1 10 the alley vethessecondrayer 2 is greater than that

of the firstdayer andepmpressive i the opposite gase, A fairly thifyen+ i on

Z%%%ndul%%r 2 hgs Q@e formed; too thick a layer, abo;e ?ﬁ%rg;c?ﬁ%&ﬂggg by

ibrium thic(—f(ness, Soufd' v”cﬁféfﬂtséOrréI’axa fon-of the'str i '
of IRt s MiERoviaras¢he idmiral lattiee paramegetof Sidl YGey ahdfor, in
could-datiseadefedtsda dhesgenerated. Reference should be made to the

docum Nnii "High. mobility Si.and. Ge structures” by Friedrich .
Sc,haﬁlf:'}fE g%%%gn%c%? S?:lgen?:%oﬁec no &d:y%l Zl?féﬁcgﬁg-l%%@?%lrng 4
moreSdetaifs’ 2B rdgarBiffyaHisSubfett-16wever inthé Partieufar EAsé bf and
depositingd stryred Matdralat@ sufficiently, sy teniperatbte;it mag [0, 1]

heceme possjble to-form.saigh secongLstrainadylayer.2 with a thickness, . 5
that |sigJeater than the critical 25 equilibrium thickness (discussed below).

n .
R&fefring RoWds Bigurd ib, & 2876 OF ARRRRedE 475 thén oG The
donor wafer 1€ behaatls tiver secondctayer 2. We panticuldr, saighprising the

implatationean be madedn, thefirst Jayerd, of3ik.Ge,b(as ShOWR I ayer 2
Fgyre. 10), 20Jis zone of weakness 4 is formed by implanting

As 1s conventicnal, the donor wafer 10 including
5i;-xGey comprises a bulk substrate 5 formed of Si on which
there has been formed, for example by crystal growth, a
buffer structure formed of $SiGe (not shown) cemposed of
different lavyers. In particular, this buffer structure
may have a gradual change in its Ge content from 0% at
the bulk Si substrate to about 100 x % at the interface
with the first layer 1 formed of 8Si;,Ge, (it too is
preferably formed by crystal growth). The selected
thickness of the Si; Gey layer can be about 1 micrometer,
for example.

A second layer of 8i, (Ge, is formed on the first
layer 1 formed of Si;..Gey. In a first case, the second
layer is grown in situ, continuing on directly from the
formation of the first layer 1. In a second case, the
second layer 2 is grown after a brief step of preparing
the surface of the first layer 1, for example by CMP
polishing.

The second layer 2 is advantageously formed by
epitaxial growth using known techniques such as CVD and
MBE (chemical wvapor deposition and molecular beanm

epitaxy). Thus, for a first layer 1 formed of S8ig sGeg.s
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atomic species the dose, nature, and energy of which are selected to
determine an implantation depth and a degree of weakness. In particular,
the implantation energy is determined s that the zone of weakness is
formed beneath 35 the second layer 2. For a first layer 1 with a thickness
of about 0.5 micrometers or more and a second layer 2 with a thickness

inthe range fropabeut 100A toghout 90§Oos€‘rgo£§é( mple ahout 200 A,

: b 1.2 E =
said zone of weakness 4 c¢an be formed between about 1500 A and about

3606 A Ridte | BARICURRY R AbBut3000REAS an’exaitfple, aridshossmie about
tolfrdblantisydrogen (B spécieslavan ehefgyhindhe range 20tkilaelectron

volts (k@Y)fté?ﬁOcK}é@n@l?&a QQ%%%@%?DS% 3c3<f/10§2§13£%'2?§ RS the two
S re centimete toms/c 0 X atoms/cm mo .

pgl‘rét?éafasﬂy%t %ﬁ%n%rgﬁlsof (gézgéteﬁ kRév aﬁ%‘%t 5468 o =B8Rt 6 % 16%6 thus
afdme iéii®). AY implamtation 8&pthl aveof the order of 4006 A ta 5600 Meaist i ce

thusrebtained. ©ptienally: the pgrameter §ri]i§£qrmif#ngttﬂ§ti”@bnﬁi@%thgrowth
alomic.species just minimize the_ raughness appearing at the ,
zone%f wealiliheztrsf%dfla%ftgs'rL‘v(:?(?e}%%chlr%e,rthT1 n fact, hgee 3§§e:égof5%ragl?5j Saj,"d
postaétrhmeht 35 6ughifess fgartialyi inkelto fiegearafietsid.icon in
Thius, #t14 ppssille th selseteminplanting Aomic speeiese sUehas that of
ceniplanigtion ot aydrpogn and fglumarargon ranotieriner gas . 5
the case of co-implantation, it has been noticed that the zone o .
wiakhels #18dHER SO HinhaY fan4n Iid cd<d ASimplETRPrantationthick a
(s&& T partdiaeFR04/09980 for Inorecletails) rinthe casewdfness, could

cesimplantationwith fieliyp at ghout 1 x1016lcm2,and gt anenergy iDe .y .
t@e fange 20 kec}/sto t%o keV and hydro en af 1 x1016/cm2 and at f_g\n S Ge
eriergy in 251he Fange 20 KEVE 80 ke\F it'id possiite t°6bin af 1-yGey

and/or could cause defects to be generated. Reference
should be made to the document entitled “High mobility Si
and Ge structures” by Friedrich Schiffler (Semiconductor
Science Technology, 12 (1997) 1515-1549) for more details
regarding this subject.

However, in the particular case of depositing a
strained material at a sufficiently low temperature, it
may become possible to form said second strained layer 2
with a thickness that 1s greater than the critical
equilibrium thickness (discussed below).

Referring now to Figure 1b, a zone of weakness 4 is
then formed in the donor wafer 10 beneath the second
layer 2. In particular, said implantation can be made in
the first layer 1 of 8i,.,Ge, (as shown in Figure 1lb).

This zone of weakness 4 is formed by implanting
atomic species the dose, nature, and energy of which are
selected to determine an implantation depth and a degree
of weakness. In particular, the implantation energy 1is
determined so that the zone of weakness is formed beneath
the second layer 2. For a first layer 1 with a thickness
of about 0.5 micrometers or more and a second layer 2

with a thickness in the range from about 100 A to about
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implantation depth of the order of 1000 A to 5000 A. Referring to Figure
Ic, a step of bonding a receiver wafer 20 with the face of the donor wafer
10 that has undergone implantation is carried out. 30 The receiver wafer
20 may be produced from bulk Si or fror other materials. Prior to the
bonding step, a bonding layer may be formed, such as a layer comprising

Si Si3N4, SIXOYNZ,.on one and/qr the pther of the respective
suér)é)ceé'to be %5%%%%%%1%@& %%Eni%gg‘ uSed 3%0fm E3iFbortingaaisess 4

mMa§b& BeposiHien, inviercn aloitiny86teridratiod ofitlier10 36ttdingin more

the=secbnd layar,2 et aaycorseguent diffusion in the first layer 1. Prior to
bringing the receiver wafer 20 into contact with the donor wafer 10, at _

least oné%f tﬁrg sé%g\é}{ sft%' 5 ég b&nsdeg%gﬁ%ﬁ ionally bé%?gp?ar}%da@?%ogen
kTOWIT t€chnitjues for SUFREY cléBnifd and BRGFaring, stéhasl scarand volts
SC23blutions 56zone-containing solitiers, on others.Berding per $sehay« oms

bg carried.outdn the firstRlace 195%599'@[{@ bopding, @kwknt%%ozas/cmz,
account the dero%gnllc nature of each of the two surfaces to be bonded.

It7S Ao PosSibie td Earty Gut Pﬁ%nﬁ%ﬁﬁticﬁ# ofBRétbr BOth Bohdilyd at 2
s@Facesqdst prionto carrying Sutdoomingewhich principally allaws the: depth

futere-bending 45 im_er@@@d?zbeﬂsiré?@@dlmitbg%ﬁ?@yiﬂg@yméil{‘.
temperature. heat treatment. In particular, plasma activation can be
carriedaégtlfttsloofﬁ% |5r¥ the en ,ga ter b%ﬁ&i#&% T atter renfovaitheng  the

boRBing Erictgy i3 EbblUE 0. 878aIs perstuaredneter ¢<dimepormorenThe the
plasmd 20 £an, fgrexamplg, be obtained frophan inert gasSUchas Af Oz frep

N%Q%gg%gﬁ%gmd@g@ggggyghag%g. degree of post-detachment
roughness is partially linked to these parameters. Thus,
it is possible to select co-implanting atomic species,
such as co-implantation of hydrogen and helium or argon
or another inert gas. In the case of co-implantation, it
has been noticed that the zone of weakness 4 is often
thinner than in the case of simple implantation (see in
particular FR 04/09980 for more details).

In the case of co-implantation with helium at about
1 x 10*%/cm® and at an energy in the range 20 keV to
80 keV and hydrogen at 1 x 10/cm® and at an energy in
the range 20 keV to 80 keV, it is possible to obtain an
implantation depth of the order of 1000 A to 5000 A.

Referring to Figure lc, a step of bonding a receiver
wafer 20 with the face of the donor wafer 10 that has
undergone implantation is carried out. ‘

The receiver wafer 20 may be produced from bulk Si
or from other materials.

Prior to the bonding step, a bonding layer may be
formed, such as a layer comprising SiO,, SiiN,, S5i,0yN,, on
one and/or the other of the respective surfaces to be
bonded. The technigue used to form said bonding layer may

be deposition, in order to avoid any detericraticn of the
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Optionally, a low temperature annealing heat treatment (800C or less)
may be carried out prior to bonding, to further reinforce the bonding
interface. 25 Figure |d shows detachmeqnt of the removed layers at the
zone of weakness 4 by supplying thermaf and/or mechanical energy
sufficient to break the weak bonds at the zone of weakness 4 and thereby

t ch thg donar, wafer 10.intq a first portion 10' comprising a ' ,
r((i,srggtiﬁgerg 3%%f ?I;?Ieefig%%?/%?ligr}{g ”Fmoé) a'second pgﬁlrg% domptising S +on
the othF pbrtiohortA&FiFstlayer 1' and the second layer 2. Said thermal

energy maydhertbe bsufficjénttocaniseatdhe zoneof weaknessdo contact
theraral @flectaon the gaseous spedies whigharg ecgeed 35 Nefeine e, 1o

- [ : hment may be carried out at
c%lésm%(r)urpétérf of weak bonds. Detachme y

témperatures in thé *fangé FomPAdut B00E %o aFRAEIR for Hidmger oknown
11eshdrieitime period sdeffendingaéspectively enavhptherathéng, such as
teyoperaiyite isslow ok bigh: As:an example. if alayertohe removed o oy
farmed, of Sil_xGex and Sil_yGey, it is possible to carry out hea'; 5
treatment at a temperature of about 500C to about 600C for a period of 15
minutesRMSHERINUIES up %o RHOURS MoK paricalatly Bt abbet 600Gt place

Wiremdetachinent ieaitied out selelydy:heas tealsignt, defachipedbohilic
A aceUrithout nesessafily A0 withdrawing,contagtwith the remaining
portion of the donor wafer 10'. In this case, and optionally,”a néew h_eat' _
treatment nay BelSrigtPSStISwiRG dErRERMe Rt vitRodTBmovinl L thet ion
wdfersrfronuthe furhacestimwhich the detachmentheat gbireatment basrving

m%¥l%%%%%959?ﬂﬁﬂ@@oﬂk%ﬁBQE%QEQaQQWBQ@“%%%m¥@§d¥¥C%onding
Q%@gg%g%g“”%éwn%gndxeinforced without «carrying out high
Temperature heat treatment. in particular, plasma
activation can be carried ocut so that in the end, after
bonding and after removal, the bonding energy is about
0.8 joules per square meter (J/m*) or more. The plasma
can, for example, be obtained from an inert gas such as
Ar or Ny or from an oxidizing gas such as O,.

Optiocnally, a low  temperature annealing heat
treatment (800°C or less) may be carried out prior to
bonding, to further reinforce the ponding interface.

Figure 1d shows detachment of the removed layers at
the =zone of weakness 4 by supplying thermal and/or
mechanical enerqgy sufficient to break the weak bonds at
the zone of weakness 4 and thereby to detach the donor
wafer 10 into a first portion 10’ comprising a remainder
of the first layer 1” and into a second portion 30
comprising the other portion of the first layer 1’ and
the second layer 2. Said thermal energy may then be
sufficient to cause, at the zone of weakness 4, thermal
effects on the gaseocus species which are enclosed
therein, causing rupture of weak bonds.

Detachment may be carried out at temperatures in the
range from about 300°C to about 600°C for a ilonger or



10

15

20

25

30

35

would necessitate using appropriate equipment. Further, the remaining
portion of the donor wafer 10" protects the removed first and second
layers 1' and 2 against possible 20 con Eninants, oxidants, or other
species, which offers the possibility of carrying out the new heat
treatment in different atmospheres. Heat treatment can also clearly be

carried aut afterthe wafers have, %ﬁ%%ﬁhjxaica ¥ §§%%f@£‘%§’e ﬁag‘d removed, , .,

2% from the detachment furnace). Said heat'treatment can be tarried out
inAGditiGVES: OF IstEad Bf "aHy Siasma%Ectivation carried out prior to
bonding#f alircasas e hedtdareatment fenreinforting thedbonrdingcrmed of
350C t0 2ot S0 I pafiiar 1t tne rengs o abaut S20C to abait "
3 t0 about , in particular in the range from Y .
7%8%,&1%%?3 IL’lpara%ioccul%lrl)t? %F%%gﬁ% %66C?magn$é)ﬁ"}5d %}%b%uitgo Afiites ©00 ¢
td-about 4ouke dand islcarAed Blieso dtoTeinforoa bending dufficientlyurs,
(and-thuszavoid-thesisk,ot:delapinatingtbe35 side during the seleﬁti\ée

etchin carfj wing.removal), 12 In accordance. with the .
invent%ﬁ%%%owgm@%gt%%%?nlgnt,qv%ﬁh ocravﬁ%lo%%theob}r%cegior?ges]tgp o%y néat
r&ihfStEMGthe borGihg FtEFRAEe, ragid thetffE annBalintPRTAIS Bfssarily
catriddioutvatragtempertature o5 11000Cher meraafor a-peried that sloesyrot the

exseed ahauls minutes. Said RTA is preferably carried out in a reducing
atmosp ere, uch as an atmos%here of argon and hydrogen or argon

alone. 10°As ar Bxariple; sad RTA Ay be carriedfout BetweehT adifa treent
00D Cendraisuit 4R 00Ctfof abouti0: gechridsdbrapaut 39isgoonds idnoving

particularralabopt 41006 doraboilfce (in which the detachment heat
treatment has been carried out) and without carrying out
additicnal operations which would take more <time and
would necessitate using appropriate equipment. Further,
the remaining portion of the donor wafer 107 protects the
removed first and second layers 1’ and 2 against possible
centaminants, oxidants, or other species, which offers
the possibility of carrying out the new heat treatment in
different atmospheres.

Heat treatment can also clearly be carried out after
the wafers have been physically separated (and removed
from the detachment furnace). Said heat treatment can be
carried out in addition to, or instead of, any plasma
activation carried out priocr to bonding. In all cases,
the heat treatment for reinforcing the bonding interface
6 is carried out at a temperature in the range from about
350°C to about 800°C, in particular in the range from
about 350°C to about 700°C, more particularly at about
600°C, maintained for about 30 minutes to about 4 hours,
and i1s carried out so as to reinforce bending
sufficiently (and thus avoid the risk of delaminating the
side during the selective etching to be carried out

following removal).
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10 seconds. Said temperature of 1000C or more is a temperature 15
which is not conventionally used when in the presence of two layers 1
and 2 having different Ge concentrationg In fact, it has been recognized
(see, for example, the document by M %iglione et al entitled "Diffusion of
Ge in Sil_"Gex/Si single quantum wells in inert and oxidizing 20

ambientg(Journal of Applied Physigs, vol 88, n 3,; August.1st, Zoo@otyi%wing

. clon, .
heat treatments carried out at temperatures which would cause diffusion

of EEFIMTRE layet With thehighest Brtdoncéhfationts tRe iayer withep  of
theelowest comcentration wobldrténd 4o homogenizedbe Ge 25 contentthermal

overthe wejayars and thusidhe physical and electrical P&W@éﬂ%?e?»fa@%re of
tv¥ grs would no longer be distinguished. Said diffusion is undesirable
int

@cont%ﬁ:(t BFth& invetitioR, RS vkt As iR e ffdjoTit} of corveRtorfktout 5
nietheds $n particular because 30 differentiation of the layers 1' and 2 will
allow sa@aeguemzselegtivgﬁm%gﬁéhe H@Eﬁy&;(& 1'@§t0r1%98d‘39 1Q-t8cing
S layer 2 to be carried out. For this reason, known methods, a
dgég%%% §g§de, ﬁg\{fcgbéag’n arrie %%?Bgi%’é?ec%%iq%g(ﬂ?at‘?&r‘ﬁai ydrogen

befovi? 1608C235%Rd more particularly below 800C (see in particular FR
04/09980). L Hewevel,dhe Applicant hasweayried o arsaries of studies: ween
e CThSYAnCd P GNP 0D WRISr stghires abtalet it o
after detachment, showing that the diffusion of Ge gurlng treatment a

SHOCr more’ RPRGCas marksd &< Wasdropdsedatier P Baficlifar, about
thé Applivanithas demonstrated that RTA as described above can thus

be carrigd out withgut substantigkdiffugign between the firgt lgyegétﬁsggat ure
tgﬁlsggor}dsla ce)r;cz'conventionally used when in the presence of
two layers 1 and 2 having different Ge concentrations.
In fact, it has been recognized (see, for example, the
document by M Griglione et al entitled “Diffusion of Ge
in SiixGe,/Si single quantum wells in inert and oxidizing
ambients” (Journal of Applied Physics, vol 88, n° 3,
August 1°%, 2000) that heat treatments carried out at
temperatures which would cause diffusion of Ge from the
layer with the highest Ge concentration to the layer with
the lowest concentration would tend to homogenize the Ge
content over the two layers and thus the physical and
electrical properties of the two layers would no longer
be distinguished. Said diffusion is undesirable in the
context of the invention, as well as in the majority of
conventioconal methods, in particular because
differentiation of the layers 1’ and 2 will allow
subsequent selective etching of the first layer 1’ as
cpposed to the second layer 2 to be carried out. For
this reason, known methods, as described above, have been
carried out using techniques that remain below 1000°C,
and more particularly below 800°C (see in particular
FR 04/09980) .
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Figure 4 shows a series of results obtained by the 10 Applicant. The
measurements were carried out on structures 30 each similar to the
structure 30 shown in Figure le, obtained after detaching removed layers
1'and 2. In the context of this study, thé first layer 1' was formed of 15
20% germanium (i.e. x = 0.2) and was about 200 A thick, and the second

layer 2 was formed of strained silicon (i.e.y = 0) and was about 200 A

thick. Tan”B%‘é?sEa of the &Q%b?%@hr@@%h&ﬁsr fhe® Probedl depthggies of
thé testisainples from tiesfrée surfacenafd20%the fitstlayerl/ rigure dis wafer
digitdeddlﬂﬁ@x@&efté}ﬁmmﬁonjlis@p%%%l%nggg%Ji&{r{@éﬁg}' %%%t_@ﬂ?&t that
h portion 2 representing the second layer 2 separated by a vertica )
Iir?;crafLl %2 ?iéip?rgggﬁt?nn tﬂ% irﬁ?grfggerﬁgﬁveeﬁ%ﬁg rﬁ?ﬁgzéil%yglo T dndthemore is
sétUndidy &2, 48 aMisofRigiese shewe theseoncentratiort ofular, the

gémndnivarfoundiby therﬁﬁemam@aﬂts-tﬁm?@&%r%lenéﬁef\g@&%%@éie%bove
0 S dary.io s.spe etry.an three samples after.they. :

3 e heat Feamonts ot (opeuas of 750C. B36C ad b eston
for IOt RoUrs PhereSpéctvavi@sults ard$hblm BEdifusioh prefiled 62,

63, and Baglraccérdanoe with thatobserved inthewrios adp ithasheeny the
ohservedihat the higher the temperature is 35 raised from about 800C,

the gre ?{)the diffusion of germanium in the thickness of the layer 2 of

silicon aiu Sjacent to the'&yerL 8P, sEE0 2. Righre A alssructures 30

cBAfphises diffdsion profilds ealcutated theoretidally fionvdata providedir 1e,

the idoshment by Gligliens st 4l eatitlede Diffusion-of @e 514 2. 11 the
context of this study, the first layer 1’ was formed of
20% germanium (i.e. x = 0.2} and was about 200 A thick,
and the second layer 2 was formed of strained silicon
(i.e. y = 0) and was about 200 A thick.

The abscissa of the graph of Figure 4 shows +he
probed depth in the test samples from the free surface of
the first layer 17.

Figure 4 is divided inte a left hand portion 1’
representing the first layer 1’ and a right hand portion
2 representing the second layer 2 separated by a vertical
line 12 representing the interface between the first
layer 1’ and the second layer 2.

The “y” axis of Figure 4 shows the concentration of
germanium found by the measurements.

The measurements were carried out by secondary ion
mass spectrometry on three samples after they had
undergone heat treatments at temperatures of 750°C, 800°C
and 850°C for four hours; the respective results are
shown by diffusion profiles 62, 63, and 64.

In accordance with that observed in the prior art,
it has been observed that the higher the temperature is
raised from about 800°C, the greater the diffusion of
germaniuvm in the thickness of the layer 2 of silicon

subjacent to the layer 1° of Si;y ¢Geg .
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in Sil_xGex/Si single quantum wells in inert and oxidizing 5 ambients"
(Journal of Applied Physics, vol 88, n 3, August 1s’, 2000), in which a
study of a layer of relaxed siIicon/Sio,e?%eo.lS was carried out. The
diffusion profiles 52, 53, 54 were then found after integrating heat
treatments at respective temperatures of 750C, 800C, 10 850C for four

hours ingqi%\grx‘ealculaltionsa@gcgespe&gi}@yfg aring the measured rofiles
, 63, 64 and the corresponding theoretlcaJI‘ diffusibi

diffusion. profiles 6 '
pr%%?ecsué;ﬁ% 5451t B8h be'seeh'that SHBStantiy fessiEe@Waeddund-im  the
thiéosaeittlayer 2M0f &5 strhimeteSiatithalistanceifrimdhe terface 32 of Ge

with the , firstlayer 1inthe context eftheragasurgmentsmade. iy e, 5 71 g

Applicant.than in the theoretical case af a second layer 2 of relaxed Si.
Tﬁﬂgg%gréeane &%él 3:cnoanicencfr';‘gatiorplge 28n the Wieasiremihts angr  »~ 3+

tHeb#) becomes 26 @0en gisatewith distaricedtons thesintetface 10f relaxed
betvieernthie twQ dayerss |mz@artl§gkaf¢fé@n®@e.ptmzéﬁQQlﬁtfl% %Qe@f\bfiles
thesinterface 12, the djfferen etween theory .and the measurements
b?éémeg?cdbsta?ﬁ%al.%%e di%qe%%ncesggr%néﬁmégaﬁzegd inlt?]%ef%laé:blqu\N, hfat
giVirig 28SRGS Hetwebh THE Hiddreticamrescahtterse @bncéhftafions800°C,
ahtihé Ge corfcentrations smeasused by the: 1Applisant:A5 . Depth 220

Angstrogs 23Q é@mé%ﬁo Apgsirams Heat 1[9 147Q. 1{600 reatment ,
at?Ogghggat :Ug£J256£eagggnt%%%5 géﬁgz@fgggfﬁs %Syeggetical
thé theory and’the °° P g =he

diffusion profiles 52, 53, 54, it can be sesn that
substantially less Ge was found in the second layer 2 of
strained S5i with distance from the interface 12 with the
first layer 1’ in the context of the measurements made by
the Applicant than in the theoretical case of a second
layer 2 of relaxed Si. This difference in Ge
concentration between the measurements and theory becomes
even greater with distance from the interface 12 between
the two layers, In particular, from a depth of about 10
A below the interface 12, the differences between theory
and the measurements become substantial. Said
differences are summarized in the table below, giving
ratios between the theoretically calculated Ge
cencentrations and the Ge concentrations measured by the

Applicant:
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measurements in the case of prior heat treatment carried 5 out at 750C
were smaller - see the diffusion profiles 62 and 52. Further, a
measurement on a sample which had nlOEE undergone heat treatment
produced a diffusion profile which was substantially identical to that
produced for a sample treated at 750C. The Applicant has thus confirmed
10 that the diffusion profile does not change substantially between
ambient temperature and 750C tmcontrast; the Appticant hgs shownthat

tHE Rifusion-profiles 62 ArthES terdte he FosBPEEIHECRitial st BfilRNEfex Oms

LA Tt At

epitaxy) than the diffusion 15 profiles of the/piGor art (i.e. diffusign profiles
53 o) wReferring now to Figure 5, the Applicant has calculated the
défg%g%n coefficient['D" (in square centimeters per second) (i.e. the _

eodvicyac o fiinetinn 20 af tha temneratiir
\JlllPUI\AL T

y u./\la} o A TUrrocaut LU IUTTIrte v

oieah the samples| (thezabscissa represénts the inverse of thHe/ 25
terperatdre-"T" in kelvins multiplied by 10000). Points 83 and 84

Eﬁ %Q%IVGW show the diffusion coefficients found from the measured

wara found
T TOUUTT

2B L2 and G4A-af-Fiovwira 2 _Painte. 72 and 7
T JUIrmto™ T O ¢4

LI A~ B Baan gan A} o

ian—mkneafilac
UrmusST1onpPronmnt s Zo 0o ara U5 o igurc—Or

by Griglione (see the above document reference) and correspond to

diffusions:found;afterrespective h@@tw@%}me%@ 500@@@%850%@ the
four It can thus he seen that the diffusion coefficients in the .

s?égc%%%l#ra%%er ?gf sr,%lrfléir?:e%eSicaarés ‘of t%g order ot 1%efour iMes Tower than™ 1ed
i Asetbond 18yér 2'6fi@Ia3ea Sic at the $empERRuds et ebnsideftibas 62
Ehelresiilts obtained:by the Applicant thuscshow that 2he diffusion-ef Geds not

sadsinglysedyced in the.case B of @ segond layer 2 ofstealned S eiq e
compared with the case . ,

which was substantially identical to that produced for a
sample treated at 750°C. The Applicant has thus confirmed
that the diffusion profile does not change substantially
between ambient temperature and 750°C.

In contrast, the Applicant has shown that the
diffusion profiles 62 and 63 tend to be closer to the
initial profile (after epitaxy) than +the diffusion
profiles of the prior art (i.e. diffusion profiles 53,
54) .

Referring now to Figure 5, the BApplicant has
calculated the diffusion coefficient ™“D” (in square
centimeters per second) {(i.e. the y-axis) as a function
of the temperature of the heat treatment carried out on
the samples (the abscissa represents the inverse of the
temperature “T” in kelvins multiplied by 10000}.

Pecints 83 and 84 respectively show the diffusion
coefficients found from the measured diffusion profiles
63 and 64 of Figure 3. Points 73 and 74 were found by
Griglione (see the above  document reference) and
correspond to diffusions found after respective heat
treatments at 800°C and 850°C for four hours.

It can thus be seen that the diffusion coefficients

in the second layer 2 of strained $Si are of the order of
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in which it is of relaxed Si. Post-detachment heat treatments carried out
at temperatures higher than those conventionally used can thus be
envisaged. The Applicant thus carried oué high temperature 10 rapid
thermal annealing (RTA) in accordancejwith the invention, and has thus
demonstrated that its influence on the diffusion of germanium in the

Secand 1aei20f sifgined s mHCh ower (han thal wilich copld pave, .y o
been deduced from the prior art. 15 Carrying out an RTA can thus bot
rétiuce’ post “HEEERMERE foughness %ﬂﬁ?ﬂd%é@&?\ié”etching, and

sufficiently stabilizelthe bdridingnterfacettbdimito picklems with:s show that

delanination during said selecfive stching. Said, postsdetachment,, (1o case
roughness hasgefn Iimitezr,i in .20 the pasth/y being adapted in advance
O n a of

56 & (coSimptatafion of B drite case

to the implantation ‘conditions, as' Sé&r &b
HEY, afiicitby fractire amrdealifflarB0dC Stb reduckthe —rbeighnessnt  heat
Furtber,iRTA sar sesulein encapsulationngidhe 2b-@4de lay EbY than those

SEEQ%@HQ {%‘c%?ﬁ 0,5 §é(ée Oign nth wafer_sides, as desgiribed in FR

h & .
03/02623, w ther tends  to limit de fml%%ﬁér?%?gb éms at the

interface AFthe it 6RElective Stchirjyr OitiBnay it islpbsbibld eesnp ture
ougprior toh3ARTA, sacrifieinl axidatienaf a thioa@&ﬂlejﬁ@&dgyaﬁ_gh the
uhichwilihen hays the.effect alyediicing, the. shickness of the SILXGe o,
to be lifted off by etching and further reducing roughness prior to carrying

ot RTA® sS4 SHLFfiGRI SddatiGh Tébariad ofit a?%e 35 RfipérattieyoF 2 of
|E3srinan<sB50T, farsexample LThe thickeesstwhichvs lifted offuay heve been

afedn@d-500 ﬁ@nlzr@%ogregngly about 1000 A, depending on the

Carrying out an RTA can thus both reduce post-
detachment roughness pricr to selective etching, and
sufficiently stabilize the bonding interface to limit
problems with delamination during said selective etching.

Said post~detachment roughness has been limited in
the past by being adapted in advance to the implantation
conditions, as seen above (co-implantation of H and He),
and/or by fracture annealing at 600°C, to reduce the
roughness.

Further, RTA can result in encapsulation of the
oxide layer by smoothing the layer of SiGe on the wafer
sides, as described in FR 03/02623, which further tends
to limit delamination problems at the interface at the
time of selective etching.

Opticnally, it is possible to carry out, prior to
RTA, sacrificial oxidation of a portion of the first
layer 17, which will then have the effect of reducing the
thickness of the Sii.Ge, to be lifted off by etching and
further reducing roughness prior to carrying ocut RTA,.

Said sacrificial oxidation is carried out at a
temperature of less than 650°C, for example. The
thickness which 1is 1lifted off may be around 500 A to
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thickness of the remaining first layer 1'. In Figure If, the first layer 1' of
Sil_xGex is optionally removed to obtain a final strained Sil_yGey on 5
insulator structure. Optionally, the strain;fq Sil yGey layer may then be
made thicker by epitaxy. To selectively remove the Sil_xGe, layer 1',
selective chemical etching may be carried out using chemical agents

adapted Ao thegpaterialg-present;, 10, Thus; ing first example, the secsfré%i fhe

layer 2.is formed of strained Si (i,e. y = 0); it is then possible to use

Hg%z? %@o& 561 IRE2OHRR05156) [GrHINAL (HF/HNO3/H20) to
remove tHe résidue f tHetfirst Tdyer 1f.34x sélectivipeof about 4@:1 betwgss, is
th@Si%amdi}heréﬂoi%cﬁnayobe&ﬁmh 'ﬁ%@d#vitbi(ﬁ?§$%d : IHeQPHE;  ce, on
O le of ncentration which may be selected for )
C{-%C%/HZO %t211:§:90125,w n%dlf%lrﬁl 3’,’1:1:5%‘?he BtdHing fithe i€ 11-vCey
dit8¥RFcoHelatdtt® the raraef slchike it IS ¥ypiedllysahout 5 minutes for

800 A tdr @0she etchedanith @%&@HH—@Z@Z&H&;%Q Qgg,@qndle%az@glg% ctive
the,fi rd. ngentration.of 20% or less (i.e. x < 0.2) an
tg%%gfﬁ/g |a%/%%r%2§r$§§ zné% (%fﬁ c%%l;%t%c? ngofO r%greu%érrglgz 5‘5}} et §J> agents
05EIPT iltheh FOsiBiE 16 6dé FRAN SF ROH 25 to remove the residue '
of the fifstiayer I nCazryifig oat RTe& optivaally combinedayith prigree- 2 is

irnplantation andfor plasma @(E'Ltivq_t_{qrg%_@ndléogow) femperature heat gossible
trteatment forHrEe_inforciCFg the_bonding interface and/or sacrificial oxidation,

having 30 considerably reduced the surface roudhhess Brndedda0) - or HNA
uﬁﬁgﬁﬁﬁ@oﬂﬂh@m‘é% irerepvovetHayerssil dnd 2; thus «allowsselectiver 17 .

etching#o becattiad outwhieh is, swbstantiallyidentical te the priorar, 4 .
ui plse, gispenses Wit he disadvantages which sould arise, such

One example of a concentration which may be selected
for CH;COOH/H20;/HF is 4:3:0.25, and for SC1, 1:1:5.

The etching time is directly correlated to the rate
of etching. It is typically about 5 minutes for 800 A to
be etched with CH3COOH/H,0,/HF.

In a second example, the first layer 1’ has a Ge
concentration of 20% or less (i.e. x < 0.2) and the
second layer 2 has a Ge concentration of more than 25%
(i.e. y 2 0.25); it is then possible to use TMAH or KOH
te remove the residue of the first layer 17.

Carrying out RTA, optionally combined with prior co-
implantation and/or plasma activation and/or low
temperature heat treatment for reinforcing the bonding
interface and/or sacrificial oxidation, having
considerably reduced the surface roughness and non-
uniformity of thickness in removed layers 1’ and 2, thus
allows selective etching to be carried out which is
substantially identical +to the prior art, but alsc
dispenses with the disadvantages which could arise, such

as the necessity to carry out prior mechanical polishing.
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35 as the necessity to carry out prior mechanical polishing. 18 Further,
reinforcing the bonding (carried out by RTA at least) is sufficient to
overcome problems encountered with edge delamination mentioned
above. Finally, fine etching of the surface layer of 5 strained Sil-yGey (by
SC1 treatment, for example) may follow selective etching to lift a small

amount @ lal into.which 1tk ul ve been able to_diffuse.
The eth%gﬁagygépt?ﬁ%%{lg%%ét%?r%c?r?%%ged %)$ gﬁgﬁ? 1 Ctgrrrlrp)jé?ag[uF)eug by RTA

stabiliz&tion-step fo GBSE HeBBhdiING INBRAESRRA/BF BY kiRacencountered
amiddlinguar<RTA tenany outfined smoothing abthesstrained Sii_xGex

v i Soaness oot e SO e G .
thed. tionally, a final crystal growth step (epitaxy,
i/rl%%o%% E%) c(:%?riL B’?%érriéé but %f %icl?erneﬁgmgé‘ébnd Gyer 2%AHBd o  may

str&ihed'Sil_§BEsC i decordandd mith ssecontfariationofdhé invention; of

referringiBaw to friguresr2acand 2hethesdonero 20 wafgr 1Q comprises,in . o

syegession prior to removal, a first layer 1 formed of Sil_xGex, a second

layer 2 formed of strained Sil_yGey, then a third layer 3 formed of '

Sil_,GeXTheB8h8 Of wiakness s Hendimeean tecoidantedviththea high

invention deneath theseconddayes?, 25 fepexample M&}@efirsttlgi%er. bonding
[ [ f; the,\Sii t ried qut r in

gﬁé%?yghfg%cit%&tﬁé%re}g%in%g?% ﬁ%%u%%?é%%n%%sé{era?ﬁeﬁ%%yg%ydarry out

1$it Nezex BHIRAIAT stRicturd$0 (54 <hbWRtin Biduréssh) Wit Secdid the
|ayarPhformed el8G swraihed Sif/Gay and ethirdJayeedformed dfas to be
Sipxgexr Qplinnallygthe second layer formed of strained

Optionally, a final crystal growth step (epitaxy,
for example MBE or CVD) can be carried out to thicken the
second layer 2 formed of strained Si;.,Ge,.

In accordance with a second variation of the
invention, referring now to Figures 2a and 2b, the donor
wafer 10 comprises, in succession prior to removal, a
first layer 1 formed of S$i;..Ge,, a second layer 2 formed
of strained Si,,,Gey, then a third layer 3 formed of
SiixGey. The zone of weakness is then formed in
accordance with the invention beneath the second layer 2,
for example in the first layer 1. Selective etching of
the Si;.Ge, can then be carried out after RTA, in
accordance with the foregoing, to produce a final
strained Si;.yGey /Si:xGey on insulator structure 30 fas
shown in Figure 2b) with a second layer 2 formed of
strained Si;-,Gey, and a third layer 3 formed of Si,-,.Ge,.

Optionally, the second layer formed of strained
Sii-yGey can be rendered thicker by crystal growth.

Opticonally and alternatively, a second selective
strained Si;.,Gey; chemical etching step may then be carried
out.

When x = 0 (i.e. the second layer 2 is formed of

strained Si), chemical species based, for example, on KOH
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Sil-yGey can be rendered thicker by crystal growth. Optionally an_d
alternatively, a second selective strained Sil-yGey chemical etch_lng step
may then be carried 35 out. When x :dCl$i.e. the second layer 2 is formed
of strained Si), chemical species based, for example, on KOH 19
(potassium hydroxide), NHAOH (ammonium hydroxide), TMAH

(tesamethyl ammonium hydeoxidel EBR (SAYRRS i um hydroxide), TMax
diﬁg&i@e@%gqcc?tﬁchollpgrﬂanmgg coul_d Uée%?e employed. In” that case, the Lene
secondrlayer Yormed of Straindd Si acté &ﬁ%{g é’stop I&%’r proté@tﬁ@’

tHel thfrN&y et foriedlc be SiloxGex from thedirstthemical attacki oyed.  In
SiGe®! stseture:3Q (@@tmm)isjmsPb%@ﬁ%@%@n@{‘){r@i@@r gt])(ll acts
strained Si can 0 the SiGeQl, .said new strajne er possibly

t#e%l av%g gcrg))/gs(t%'{glIir\?egli?(%D gtr(éga%eeg lentgera%glit&?tﬁa% thg%ﬁtrlaferffr%d
which Hed*5ifeady be&n dtbed i BSthird Vasiation &f thetingention A SiGeol

referming-tor Fighfes(3aand by the danorwaler dBcomprisescpriordaally, a
remoual, @fn@H@(%&wyfec%%mefés'@%l&%f“%%”%%% f'ésgé@g%? L5 new
1B, 1C, 1D, 1E formed of Sil_xGex and "second layers 2A, 2B, 2C; 2D, _

tSriéd of é%rain]e%y%ﬁ_y@éﬁfS&BMaIity%T%mo%ﬂ‘éﬂéﬁ% of the ifvertionl ! ine
cahiherh becanfedosuttfrom thedarng dohenwafee 13,1 each temeval thesh 1 ch

beinrg follewed pyyesycling-the 20 remaining portion of the donor wafer 10
to prepgre it fogt%frc?ishvraemoval. Thus,_for example, a first structure 30A

of strained Sil yGa&y on istiator And’a s&8Shd straridd: Gir y&&y R ing to
iRGIEER Straéture S0BRwill beeforined of thef sameé Gonompalierdd, Thator to

typewoteamoval isidigelosed #r 23:United Rtales doeUMERt ng  alternating
¥$2004/00834/ <. 1 & paftieula; case gf the jpvention, each strained - q
second layers 2A, 2B, 2C, 2D, 2E formed of strained
Sii-yGey. A plurality of removal steps of the invention
can then be carried out from the same donor wafer 140,
each removal then being followed by recycling the
remaining portion of the donor wafer 10 to prepare it for
a fresh removal. Thus, for example, a first structure 30A
of strained Si,.,Ge, on insulator and a second strained
S5i:-yGey on insulator structure 30B will be formed of the
same donor wafer 1C. That type of removal is disclosed in
United States document US2004/0053477.

In a particular case of the invention, each strained
layer [“2” in Figures la to 1£, 2a and 2b, and “2A”,
“ZB7, “2C", “2D” or “2E” in Figures 3z and 3b] of the
donor wafer 10 is thick, i.e. its thickness is greater
than the critical equilibrium thickness (thickness from
which elastic stresses start to relax) without relaxing
its elastic strains. This is rendered possible by low
temperature epitaxial formation. As an example, a laver
of strained $i deposited at temperatures in the range
from about 450°C to 650°C on a growth support formed of

Sig.sGeg.2 may typically reach a thickness in the range
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layer ['2" in Figures Is to if, 2a and 2b, and "2A", "2B", "2C", "2D" or "2E"

in Figures 3a and 3b] of the donor wafer 10 is thick, i.e. its thickness is

greater 30 than the critical equilibrium thickness (thickness from which

elastic stresses start to relax) without relaxing its elastic strains. This is
rendered possible by low temperature epitaxial formation. As an example,
afayar ofstraineddSigepesitedatiemparaiiies indhe yange 33 from,. g ., 5 o
alg%ut %SEO%to 650C on %growth support formed of Si0.8Geo.2 may

tybicacfly re3cH athicRAgss ' the range 20 from about 30 nm to 60 nm

without $did StalhsaelaRingkinssnicaway dr dmother. Hfssuthwsthitkrmed, care
straimred layer is thusformed,tcare: qnustbe taken not to gxceed A Cerain; v ; 4

limiting. 5 tgmperatur%gwhigh is close to the deposition tmeratur in
Wk P-temps _ o
the subseqéuent treaténenltg, and in- partfé?%? freatménts areg‘”)j*‘-D osition

bEFNEET 85H8Siting the laydtand tekkhimtri by ShapeCugrt oo avoichd  in
relaxingcthieastrainse 4@rie this caseiefia thiele strainag:layer 4hgpsplASME the

agctivation prior te-banging, @Si@S%S%%QQCV_e 58 dv%r}:tagaevoéi%% cre laxing

; %{Hned out at a typical ambient temperature of Tess than about

t%e?,td’t"?égﬁ‘one bonding layer of dielectric material such as Si02 is
15 advarmadeuislycfesmed Dnzonedrdiotls surfacesitolle; dondeds9id p1asma

layer of shelgetricgnaterial supsaguently, helning (i-e.afierdetachmengtg
retain tt%eaelastlc strains. Asac(?mplement to plasma activation, post-

detachmentiekt eatment &t & fempatdture {as 20 disciBssdabovapbient
defibe EarieBcoue T ddvantagesns|y: theirig [dWer than e téraperature akast
whish Haenthicly straiped layer isidepasited in thecasedn Whichno, s si0, is
advantageously formed on one or both surfaces to be
bonded, said layer of dielectric material subsequently
helping (i.e. after detachment) to retain the elastic
strains. As a complement to plasma activation, post-
detachment heat treatment at a temperature T (as
discussed above) can be carried out, T advantageously
being lower than the temperature at which the thick
strained layer 1s deposited in ‘the case in which no
bonding layer has been provided.

Clearly, the skilled person could readily implement
the invention when minor species are added to the SiiGey
and S3i;yGey, layers, adding, for example, doping species

and/or carbon in small guantities (about 5% or less).



bonding layer has been provided. Clearly, the skilled person could readily
implement 25 the invention when minor species are added to the
Sil_,Gex and Sil_YGey layers, adding, for example, doping species
and/or carbon in small quantities (about 5% or less). 21 CLAIMS 1. A
method for forming a semiconductor structure, which comprises:
providing a donor wafer that includes 2lrst layer of Sir.,zGe. and a
second layer of Sii_YGey located on the first layer, with x andy
respectively, being in the range of Ocfo, i a0d X being different than y;
implanting atomic species into the donor wafer to form a zone of
weakness in the first layer; bonding the donor wafer to a receiver wafer;
detaching thé-secondM&&hethéPh i9EHIBA bR MRS SHER IS HoiRBr
Malssdy. supplying energy to bonded wafers sufficient to cause cleavage
at the zone of weakness to form an intermediate structure thereof;

conducting aPEpiitReAdanantakitdhihamindsnadisie st oUdl atig: and a second
lgaRgraiue Ol ahest J00RGiAK IRESE mﬁ@@ﬁmr@;ﬂémﬁa?s B5e8HIg Binge of 0

minutes; and  removing any remaining portions of the first layer of the
thieARb YRt EHIdRIFE Y BRdGide a semiconductor structure comprising the

second layer igihthet £8 CROING AIRE iioTie ARod-SfGiRim h AviREeHT
the remaining portions of the first layer are removed from the intermediate
WS BIPEIS g tching. 3. The method of claim 1, wherein the rapid

thermal annegdiglgar iRdié- b FdepRetRuNeal drem about 1000C to
about 1200C for about 10 seconds to about 30 seconds, 4. The method

of claim 1, wiEFHHehaSrERAIsET aRAesioR pbthedifstlayseliogtige donor
WAfePsPREFBINAL INcdrdes adnRRdakemtiapalh inalvder fdosiaRe Sone of

The method of claim 1, which further comprises conducting a sacrificial

WsalattsH b et Bt i SR ERsHRPfo remove some of the
remaining D%&iﬁl&%g%ﬁﬁsﬁ layerafdneintermediste SugtWRucture at a

temperature of about 1000°C or more for a period of time not exceeding 5 minutes; and
removing any remaining portions of the first layer of the intermediate
structure to provide a semiconductor structure comprising the second layer on the

receiving wafer.

2, The method of claim 1, wherein the remaining portions of the first

layer are removed from the intermediate structure by selective etching.

3. The method of claim 1, wherein the rapid thermal anneal is carried
out at a temperature of from about 1000°C to about 1200°C for about 10 seconds to about

30 seconds.

4. The method of claim 1, wherein the rapid thermal anneal is carried

out in a reducing atmosphere that includes argon and that optionally includes hydrogen.

5. The method of claim 1, which further comprises conducting a
sacrificial oxidation before the rapid thermal annealing to remove some of the remaining

portions of the first layer of the intermediate structure.



22 6. The method of claim 1, which further comprises conducting plasma
activation of a bonding surface of at least one of the donor wafer or
receiving wafer before bonding the two together. 7. The method of claim
1, which further comprises conducting a heat treatment to reinforce
bonding of the wafers wherein the heat treatment is carried out prior to
the rapid thermal annealing at a tempé%lture of about 350C to about 800C
for about 30 minutes to 4 hours. 8. The method of claim 7, wherein the
heat treatment is carried out after the detaching but continuously with the

detaching, by;simplyrghanging Qe iemReratg fﬁﬁ&ﬂkf’@&ﬁ?ﬁ%&fq&é’?@%@

detaching to one that reinforces bonding of the wafers. 9.
repsinR UM UrlHeb s iseeo nd atliagt @nkedithedomenvaberainforciving

@%PE&%@E %a\{qé% %e{@égtﬁlgg heat treatment is carried out after

removing remaining portions of the first layer and at a temperature of
about 1000C to about 1100C for about 2 hours. 10. The method of claim

1, wherein the implapied RIARYGSPERIES iaméfmfa&ﬁ@riQ&%@k%sﬂa%ndmﬂg a
hydrogen ions are implanted at a dose of 3 x 1.016 atoms/cm2 t0 IOx

hpay Beatsiery épzidnrabandinp piibaivalererdpsithkbeatdregkent ig tarried
e Betherahslai ML mwhaiinihe dﬁéq@ﬂb%?aﬂi%‘?iﬁa%%%?i%d@@%@8‘3?800%

a co-implantation of helium and hydrogen ions, and the helium an

fayabegbsl Wiy elinplented at a dose of 1 x 1016 atoms/cm2 and 1 x

1016 atoms/cm2, respectively, and at implantation energies for each of

20 keV to 80 keV. 12. The method of claim 1 which further comprises

growing addftional Sihsoefheshehelyardnihayein shehsadrmmpmettigeprried out

a%é?%@r&%@ﬁfn@ﬁdﬁ@ﬁﬁﬂ%gﬁl?%%%@E%&Hﬁg%ﬁ%ﬁ%%@gi gyﬂéﬁe

method of claim 12, wherein the second layer is formed of elastita

temamadrsiymapcdhat s sistanaing kompribesreisopsrbentisgabthe
Jained of bulk Siand a SiGe buffer structure beneath the first and
second layers. 14. The method of claim | wherein the donor wafer further
comprises a third layer formed of Sil-,Gex on the second layer where X is

between 0 angd 1. 15 EhaameHoFRfiflaim e i Re! SO RS ting »

selective
heat treatment to reinforce bonding of the wafers, wherein the heat treatment is carried

out after removing remaining portions of the first layer and at a temperature of about

1000°C to about 1100°C for about 2 hours.

10. The method of claim 1, wherein the implanted atomic species is
hydrogen ions and the hydrogen ions are implanted at a dose of 3 x 10'® atoms/om” to 10x

10'® atoms/cm?, and at an implantation energy of 20 keV to 80 keV.

1L The method of claim 1, wherein the implanted atomic species
comprises a co-implantation of helium and hydrogen ions, and the helium and hydrogen
ions are implanted at a dose of 1 x 10" atoms/ecm?® and 1x 10 atoms/em?,

respectively, and at implantation energies for each of 20 keV to 80 keV.

12. The method of claim 1 which further comprises growing
additional Si;-yGey on the second layer of the semiconductor structure after the removing

step to thicken the second layer



etching of the second layer as opposed to the third layer. 16. The method
of claim 1, wherein the donor wafer comprises a support substrate formed
of bulk Si, a SiGe buffer structure and a multilayer structure comprising
alternating first layers formed of Sil-,Ge, and second layers formed of
strained Sit-yGey to allow a plurality of removals to be made from the
same donor wafer. 17. The method of &&im 16, wherein each layer of
strained Sit-yGey is thicker than a critical equilibrium thickness where
elastic stresses in the layer would otherwise start to relax. 18. The

method of claipn 16, Teateihdqliof ¢aimpRaningdurthesccomnisas {auming of

e strained layer at a deposition, temperature of about 450C to about
%%%&‘Tﬁﬁgﬁéﬂ%iﬁy SrmABhide deret BB RRPAM §URAete formed of
Hgkasihing s®ioR agtdmplaiaotbehakdernp arsfureb shaharyess than or
equal to the deposition temperature. 19. The method of claim 12, wherein

y equals 0. 20. The method of claim 1, wherein prior to bonding, the

method furthet. coniphises-asdaif ofprovidingdldrdivgolayare@ itfiBer comprises
dongqr,wafer, on the receiver wafer or on both, with the bonding la

i iy Sl i A

) yer
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15. The method of claim 13, which further comprises selective

etching of the second layer as opposed to the third layer.

16. The method of claim 1, wherein the donor wafer comprises a
support substrate formed of bulk Si, a SiGe buffer structure and a multilayer structure
comprising alternating first layers formed of Sij-¢Ge, and second layers formed of

strained Si;-,Ge, to allow a plurality of removals to be made from the same donor wafer.

17. The method of claim 16, wherein each layer of strained Si;-,Ge, is
thicker than a critical equilibrium thickness where elastic stresses in the layer would

otherwise start to relax.

18. The method of claim 16, wherein prior to implanting, further
comprises forming the strained layer at a deposition temperature of about 450°C to about
650°C, wherein any treatments carried out between the forming and detaching steps are

implemented af temperatures that are less than or equal to the deposition temperature.

19. The method of claim 12, wherein y equals 0.

20. The method of claim 1, wherein prior to bonding, the method
further comprises a step of providing a bonding layer on the donor wafer, on the receiver
wafer or on both, with the bonding layer comprising an electrically insulating oxide,

nitride or oxynitride material.



