WO 00/ 19499 PCT/ EP99/07230 METHOD FOR THE TRANSFER OF THI N LAYERS COF
MONOCRYSTALLI NE MATERI AL ONTO A DESI RABLE SUBSTRATE This application is a
conti nuation-in-part application of previous application, serial nunber

08/ 866, 951 fyd gehowys 05/ 31/97, and entitled METHOD FOR THE é@@g OF THIN
LAYERS OF MONOCRYSTALLI NE MATERI AL ONTO A DESI RABLE SUBST] , ch

I ssued as US patent 5,877,070 on March 2, 1999 and the di scl osure of which

i S i ncor permibadrasE iTRANSIER yF Bal LA OdrS DFRMINOCIYSTAILINE MAIBRIAL DbA0 s WEsiRABLRAT
appl i cat FédT™R*dRt ai ns t hree new preferred enbodi nents identi- fied as Third,
Fourth, and Fifth Preferred Enbodi nents. BACKGROUND OF THE | NVENTI ON The
present .i nvent iThis apyliaatin is@ @ntvbdtoh-ihqrart applisdtenrdf pgevaoushapplicatjeey, of

mube st arsenol e, PR EER o del b e bR MEHGBEDRHE port o of
the first TRANSSERZDE THIN LAYERSTOFMONGERY STRLLINE MATERPAL DRErd jar st

substrate remai ns and can be wused to produce additional thin |ayers for

subsequentDESIRAFLE SUBSTRAdRy wiish iseued as URpatent 5e7:070/0on Mar¢he2.ar ea of
Sem Conduqtegbsandrm?%src}’o%h?é b ific tiﬁéérgbraltéﬁ £§g 5@@'5&?%%%&3‘?&?@%&0.

fabricate high perfornmance m croelectronic or el ectronic de- vices. In
many such capphuatmini-opart applisaton gontaingithrezinew arefarred embsdinfenteideatier , on

the order_ qf .nano ers, t. sever m croneters, consists of the
monocr yst 4 i%ﬂ'ﬁﬁ?@ﬁé’la%’%‘ﬂg%tr?‘fgrrfeg?mﬂd"f‘ﬂ@sbody can consist of any
appropriate substrate. Only if the substrate upon which the epitaxial

| ayer forned is both nobnocrystalline and has a lattice constant which is

close to tEEKGRAUND QR THEINYENIHPYh it is forned can such an epitaxi al

| ayer be grown by well established epitaxial nmethods. In the invention

di scl osed here the second substrate can have either a very. different |at-
ti ce constant dhegaesdrnd ipention rdatas ko ameathodios transferrpigauthirolayerot be
onocryst 6}r|16nocrystalline material from a first monocrystalline substrate to a second sub-
strate, the transferred thin layer being initially an upper portion of the first sub-
strate. In this method the lower portion of the first substrate remains and can be
used to produce additional thin layers for subsequent transfer. For many applica-
tions, especially in the area of semiconductors, monocrystalline material is re-
quired in order to fabricate high performance microelectronic or optoelectronic de-
vices. in many such applications it is only required that a thin surface layer, on the
order of 10 nanometers to a several micrometers, consists of the monocrystalline
material while the rest of the body can consist of any appropriate substrate. Only if
the substrate upon which the epitaxial layer formed is both monocrystalline and
has a lattice constant which is close to that of the surface on which it is formed
can such an epitaxial layer be grown by well established epitaxial methods. In the
invention disclosed here the second substrate can have either a very different lat-
tice constant or can be polycrystalline or even amorphous or can be monocrystal-
line and covered with an amorphous or polycrystalline layer. In previous inventions

the fabrication of a layer of monocrystalline material on a
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line and covered with an anorphous or polycrystalline layer. In previous

inventions the fabrication of a |layer of nonocrystalline material on a * WD
00/ 19499 PCT/ EP99/ 07230 second substrate is not possible by |ayer transfer
i f the ther¥P¥8ansi on coefficients of the two substrXCEEPPYTIOt cl osel y

mat ch. The transfer. of the, thin stal | f i propriate
monocr ysteaPtG HRSFy lsstnmséj SglP ¢ gly éay\gmp ?ﬁ?{c%@h@e&% %g‘%x ?@Heonccg%;ﬁthgﬁts ogﬂg t he

ronocrystalli aelor LiBsedy 28CRNEhStddSter 8t 18e @SRRIk @ayepfishant i s
differenfw%iruggn?at[%fat gf[ %eﬁye first substrate, by neans of this bonding

appr OaChaéﬁgﬁﬁih@rmwﬁddﬂyﬂhﬁnsLfbseqm:srrMer ebvaak sagfe fdigcef comsstanguystheat e mi nus
the thin transferred | ayer avoids the need for epitaxjial growh on the
second subsbdratalindThecitpaceIops SWisIripevHase ktics gpastanaisali iy doAshEtfof t he
same material as the nonocr

stalline layer tq be.transferred or it may
consi sttt fisisrbs@ice iy mﬁﬂﬁd’c@%’%@é@‘l“? ({RPro t[%grgﬁﬁf Wﬁhfhcssf]?sleﬂ”e\% Fio¥dar 'y t he
same lattice constant. The bondi ng. | t.he g?ﬂg} ; L 08.0nl N Whi ch
case t heosﬁ‘ﬁ&ﬁﬁsstﬁgétte rate [E%ﬁlrg%ﬁgtcg alsagérvz\l/ib?lhs glgsn at fi cfpé[ﬁ%lfcﬂ&q ?ﬂ gh"
el ectri Cg-le se&RRdusstrh ¥l trie mBRockRRIIRE gk B sHBY mhe celisisesitihsame mabeindisng as
di scl osed by Stengl and Goesele in U S. patent nunber 4,883,215 or the
bondi ng @RNmbe B atitricllhyeotdier ramsfehredisr it hmy sodsisc oha difiterens mbadcoystatieieer i al |

the thin nonocrystalline |ayer consists of nonocrystalline silicon and the
second suhstriahbe séBrginstedrpheaimekiuie 25 &1Y iEDARER%ETY HPUhT ¥R he

il fer i d b h [ : - i sg th
L oon daL o RRY S h BURAIGHS, DUV Bl iR

y=a par I st substrate,

whi ch CP”§A<1§,E§vi§I ofthe BRRAGTHSRIG AR /) bb A 4afsebscdDyatdnyl £QRERE by a
thin oxidé ayer or a purposely grown anorphous oxide |ayer which is

bonded t g, yhe p@EQRtbsHNSIY ALR: WMbdlinglcsobCynsillstier akhads. monocrystal | i ne

silicon wafer covered by an oxide |ayer. The renoval of.the silicon wafer

up to the thim sil@peroncanulper aoetens) itk alin byoneery BUE N HBRFE LIS cH as

preci sion grinding and poéi shing ,or etching down to .an egch-s,t .l ayer

i nt r oducaepriegryaiiiingsilien 8 HG&?‘%SWP%WC ‘EOH%P&HP%‘E PBiiees IB?HOVHJngmcar bon as.

di scl Oseci,rht?gh t cegi%l:gn an crH%hcrg%Qr@dlbgf zH\ a%orpp\g&se&ttide layer. In this case the
monocrystalline silicon layer is initially a part of the first substrate, which consists of a
monocrystalline silicon wafer usually covered by a thin oxide layer or a purposely grown
amorphous oxide layer which is bonded to the second substrate, which also consists of a
monocrystalline silicon wafer covered by an oxide layer. The removal of the silicon wafer up
to the thin layer, can be accomplished by various methods, such as precision grinding and
polishing or etching down to an etch-stop layer introduced by epitaxial methods, by ion-
implantation of boron or carbon as disclosed by Goesele and Lehmann in U. S. patent

5,024,723 or by other appropriate methods. All of these methods have in common the result

that the removed substrate is lost.



5,024,723 or by ocher appropriate nethods. Al of these nethods have in
common the result that the renpved substrate is lost. 2 WO 00/ 19499

PCT/ EP99/ 07230 Bruel, in U 'S. patent nunber 5,374,564, disclosed a process
for the prod@881%% of thin seniconductor material fil ms t?Féﬁ’”Pg"’Bé%ed on

hydr ogen i npl ant atlo efore b I quent r bond| ng,
this heating aﬁrP% “bﬁr%pﬁﬁnb‘é‘i“ﬁ’ﬁ 9334 35 éis[% agﬁocests Sﬁéso(ﬁholf

than the 2, Hré’?orar;latmu ﬁnns R i Qge dloSed ifplaAnti &dbef&@%@d’o@rﬂfﬂﬂdt 0
Bruel's t'e |s process |eads to the transfer of a thin senmi conduct or

layer, t hﬁlbtsgd&lﬁﬂﬁéz&m@f aftertvioadling Sthékehéaniag afrgr bbedimpkeinpmequirethe be at
concentration of inplanted hydrogen. The |ayer transfer process was al so
descri bedwehpeBrured higherhanhe papernturesyt @Mhzufsmeﬂr@ealnswpiantem ACPEEE 1o
entitled "Silicon on insulator material technol ogy” ch vvasbgubl ished in

El ectr on| Bruel spatesyt §1is PRCSIHICAGEC Bf ‘ﬁaﬁfqﬁﬁtrbﬁseﬁaﬁﬁ‘gu%ori@’fr s SISy in the
paper ’I‘_"élcg &g'%for}? rtB/It e ma\1|r‘neumeqg conccr%(g\'i 8:1 fl ;gte:d‘]hq'ld cl%grlijd y%ﬂt Bruel

entitl ed I nsul at or or ne u5| ng e ‘Snmart

process” ¥%&[}r$c}3?§/wp§h@o'd%§t‘?@cd By Bhechneni EatérﬁtStﬁ&é]J zln'a als¥@h WiBhaget i N 1996

on pages 1145. Thin, nonocrystalline silicon |ayers on an oxidized
si |l i con syhsidgdatRlicdnhéminsnamocnystahhdchndog”| Wbah Jayebssted ia Hjtamsic
substrate with a thermal expansion coefficient close to that of silicon
and t hin hewgsriygelimei3ddn &7 Si@cmf’@alﬂﬁilabl%ayéwtbﬁpa&e@‘WaésDb?maﬁ%&i di zed
silicon substrate have b realiz b I.n of dr oge rrpl ant ed
nonocr yst &F 1 Tife F- s[rqt?‘EBn §st‘P$t38§%i g? \QQS%RBE%‘Q% ?‘Q%/ ?Sﬁg He" whi ch
causes t he, l'?ﬂelB% %Ellnpghcogm?n (it Brokayerwhidiy @8y Etrﬁﬁsﬁédrl%t @&&%chit:@tcRY1nt he

formati on, h™aRd coal escence of hydrogen illed mcrocracks

essenti al Ivmu[;},%rﬁl ineloot en bhes hpndbngss. nt erf ace and final macroscopic _
splitting at a location close to: the maxinmumin the concentration of the
i npl ant ed hydr Ggien mérecepyaltite silirondeyyrstaal hik residirddn siliggesubgrate, alhs’f erred
to the second substrate. However, only in cases ere onl wmal or no

di f f er encendnacrysiallingaHeRsy la)é’&sp%[‘r@l%fﬁ SERSEHE AN @ MREETREF RS OB &

to that of silicon and-thin monocrystalline silicon carbide layers on a glass or on oxidized
silicon substrate have been realized by wafer bonding of hydrogen implanted monocrystalline
silicon substrates and a subsequent heat treatment which causes the separation of a thin layer
from the first substrate by the formation, growth and coalescence of hydrogen filled
microcracks essentially parallel to the bonding interface and final macroscopic splitting at a
location close to.the maximum in the concentration of the implanted hydrogen whereby the
monocrystalline thin layer is transferred to the second substrate. However, only in cases
where only a small or no difference in the thermal expansion coefficients exists between the
_ first substrates (as, for example, silicon or silicon carbide wafers) and the second substrates
to which they are to be bonded is the method described by Bruel possible. Other material

combinations such as silicon (as the first substrate ) and fused quartz (as the second



first substrates (as, for exanple, silicon or silicon carbide wafers) and
the second substrates to which they are to be bonded is the nethod - o
descri bed by Bruel possible. Oher material conbinations such as silicon
(as the fi ?’él“"é‘ﬁﬁgtrate ) and fused quartz (as the secon&CTEBPAE730/ 19499
PCT/ EP99/ 07230 substrate) suffer fracture fromthermal stresses due to

t her mal  missuveheh sfér ioewre fiem t flermalseesiesidare wemHel PR S§g e or equi r ed
transfer heat-treatnent thermal splittin en. { thin | ris
separ at ed dsITERF F1osBYES 4URAS HidF By gclinhlanr?t) rg%at%lgagf“f‘ rrgs]ﬁe%snﬁ]b@ﬁ [r"h'? g‘?p ‘aées{cgbs equent
hi gh tenperature tr. | i ckness
s bel ow St et SR PG B AR T AT e L Ut

conbi nat i gy, FRperR¥AMRhEmeni RodidiBe ARSEd 0f lon $isl theilayer afickguAls tElovos crgbll i UM
arseni de onm silicon, or indiumphosphide on silicon, the thermal expansion
coef fi ci erkjuef whichidepends on 2hebspreifio mta@ahpimienatioat Fof exampihien the @sraeft z i s
only 0.5 x 10-6/C, that of galliumarsenide is 6.8 x 10-6/C and that of

i ndi um pha#ishi deqiatz4orgallivrprsegjdg on siliesb AT PEHPRNatRlids on Alligef die thremaled

4" -di aneter standard silicqn/qu Z .RA, both o -525 min_ thigkness), is
found to éf‘a%’ié'oétcoffg’ﬁﬁ@[r%&saf'c% ’S?Séfé@g)ag “&3‘6 ‘*a“éai A N B i nce
wi t h nonocy, LI neo.Si: @Sistel b Limliantednddhat isapstinate, the
transfer qheﬁ@f}#dégfﬁgh%&?gﬁ%gfg:éﬁeh?ﬂ ?ﬁ?‘g?g&ge@ d?s%:grposed by Bruel

typi cal |y 6/% abeus wnifermxt. R vafey borie® 4 deigmeesstoeinid sy rcaciguartzipairiyals oigen

i npl anted silicon substrate in the bonded silicon/quartz pair has to be

t hi nned dowas o inesskndsanisdbandtto ek o tamperatairsd palowra R AeEress cerE¥ended

[ duri t he | - dtti. heat - t t . In thi
Ravant age Srca e prAesEa vt ShFGBan ) BPaoIPLI . bR DGR ve
| appi d etching t : : j S0 o
the. mot hod et RR B FEReRI MR B DL SY R BOR pRolRREH " s

layer is t4pgRstess eatigrfRNMhOByd-E4a Sfplank&ifsiliiod Buts it txutri1@jgoﬁ(ﬁmﬂ6@74¢ﬁx€z
required for the thin layer transfer in the process disclosed by Bruel

pract i cal | pairfiaewed winhéed®ao molisahdn abapplsD gat toeroid tracking ohtbe honded pait r ansf er.
nmonocrystalline thin | a}/‘e.rs onto a dissimlar substrate wth a
subst ant i aduripgdhé f leyerrplittngrheal rexpetisinotiscaes # imenAgyantage of the process

disclosed by Bruel is lost, because extensive lapping and etching to remove most of the first
substrate is needed. In the method of the present invention the first substrate, from which the
Si layer is transferred, can be reused. The high splitting temperature required for the thin
layer transfer in the process disclosed by Bruel practically prevents the economical
application of.the mcthod to transfer monocrystalline thin layers onto a dissimilar substrate
with a substantially different thermnal expansion coefficient.

Hydrogen induced microcracks are not all at exactly the same depth and are
dismbufed around the maximum in the concentration of implanted hydrogen. Therefore, a
certain roughness after the layer transfer results, which limits the thickness uniformity of the

transferred film and requires an additional polishing step. The remaining surface roughness



Hydrogen induced microcracks are not all at exactly the sane depth and are
distributed around the maxi numin the concentration of inplanted hydrogen.
Therefore, a certain roughness after the layer transfer results, which
limts the YAOMMESs unifornmity of the transferred fil mBEHERRGIP® es an
addi tional polishing step. The remaining surface roughness. 4 WD 00/ 19499
PCT/ EP9QIsB3p3ellyidehedpedrap eyforient ‘?“6%1“9‘3{‘65’rslé%é“‘F%’%a\rr/\aa"nyngPrP&t erials,
such as silicon Cgréglygx%";nongn mtgﬁgn angcedlnﬁx%gru&{s%ﬂ§£l% tt)éu sh(y\%\f 396k

i mpl ant afdYshe R m &rocracks has al so been shown to work. The transfer
of thin gonocrystalkhd BEndcAXalSe Alery 8 enPHpERSe oudmal idhalks Silissicdrtag si | icon
carbide 10 appropriate |ess expénsive substrates such as polycrystalline
silicon caghélRiateSleaSpaistlelsybsmhit 8rreat paigeryorlligcdironicerbideasamscigiynce t hen
one nonocrystalline substrate can be used to fabricate many

nmononocr ystrabtinignier Eeapemic BRSOk SINehEN QReBOBCTY FRAlIT UG Ca8sstFhi%. This
process is only economcal if. tgle r;an:dired polishi ng.of ‘the surfaces after

t he hydré@i@a‘erﬁ’ﬂyp’&?%‘l?cﬁyﬁﬂ]ﬂf&?% YERe £ 1% PER S Br2Si e m%ﬂ’@ﬁ@iev SAnot her
di sadvant a%%ssal SRy @qu\%fn\{\éaﬁ 0 &0 uh@?’?gltl{%\g%nﬁ @ soRidRodni Ndlagskobsn hydrogen

i mpl ant atf O as presently practic generati on of exténsrive danmage

regi ons, Mploefciin@u&tildyer PIneRER how@di@kive.NandiRey @lsadvamagd Bfocfaredcetishe and
whi ch have to be anneal ed out at a nuch higher tenperatures after the

| ayer - splihyek itn@sfeprecesisindigedt hyeh clasgen dfnptaneition an piesenthf ptahiiged is the
nonocrystallinc | ayers fromone nonocrystalline substrate to another
subst r at exehersiangf sRevE Falamage SRS yhick 3l Bieest AlF e FRYFRERNSEXETTS on, a

met hod for Qﬁ{'%‘g@ r\T/]eg BE: Qrgx%e];{eaaolut it 91' lin}cthi hrilgwp (c?xfp%%?urgst zg%ﬁgh%\;vg%c?gﬂggﬁéﬂ iGVieS

needed i fA"dt e substrates contains
structu_r?oce,gs.suffi ciently low splitti ng tenperature in conbination with
appropridte other processing steps |leads to a reduced m croroughness of

t he surface ofin tikeatd afirgé enmséa of ehie modomydrdlier Isyas frem whe pidnodiysiblitinbut i on of
hydr ogen i nduced m crocracks or to | ess hydrogen inplantation induced
danmage r esvhiudeng angihgeyubstfpee ipaay@ranthlgghgf gpilar coefficient of thermal expansion, a

method for performing the final splitting process at a low temperature is needed if at least one
of the substrates contains temperature sensitive structures. A sufficiently low splitung
temperature in combination with appropriate other processing steps leads to a reduced
microroughness of the surface of the transferred layer due to a smaller depth distribution of
hydrogen induced microcracks or to less hydrogen implantation induced damage remaining
after the layer transfer.

In the case of the transfer of a monocrystalline layer to a substrate of very different
thermal expansion coefficient as, for example, in the transfer of a monocrystalline silicon
layer to a fused quartz glass substrate for application in flat panel displays, it is desirable to

restrict the temperature necessary for the process of splitting by the overlap of microcracks 0



In the case of the transfer of a nonocrystalline |layer to a substrate of
very different thernal expansion coefficient as, for exanple, in the
transfer of a nonocrystal line silicon layer to a fused quartz gl ass
substrate MR48#Pication in flat panel displays, it is ZESEFPRPEt0
restrict the tenperature necessary for the process of splitting by the
overl ap @f low arioBpPHRRE %SOPOSS’EW%%? 1968’ 5@% EE@@?%‘%‘GEU%Q dl"“gl\g\?cays
tenperature as possible and to avoid as nuch inplantation i nduced damage as
possi bl e POSUNRBRY OF THE | NVENTI ON The present invention relates to a

met hod for the transfer of a thin nonocrystalline |ayer froman
essentially flat and mrror polished first substrate onto an essentially
flat and syMARYPOIF THAU IN¥EMTdOSubstrate. According to this present

i nvention, this second substrate can be silicon, oxidized silicon, glass,
fused quartz, sapphire, and silicon carbide, as well as other materials
and the first _substrate can be sili coq\ gz%r b[indemn&irloif%tr}t,1 (ra\gcr}asrgaiﬂHm

di amond,  ger MBRAPHIT  ANE BT r&%é“é%%é’ﬁf PRIV AT % on AR gérvani um wi t h
car bon, gs el b a5 QL ey niBhE wiRbSpolidita FirflBhiiadedhlomesichgailyrmnader of the
thin | ay Pyt fnerrperatures | ower than those possible using the present
state of fhe. ?51tishcn5%cbnc§$hlﬁ§t¥d’t@t@&ofd&{g i ehicpreeneidvdyionneis edconbsubsteater f ace
coating layers. The first substrate can either be a bul k nonocrystalline
mat eri al Qk b3 sliayeroeilizedvitoor, gt afistheuasabeprhéte candtsiliget carkide, g8 well ay

exanpl e, one consisting of at |east one epitaxial. |ayer on a.

nonocr yst ethdri maseripat &1di B T5F SYORYHE prgy By Stlipep a?rsidﬁ-e“léﬁﬁf‘f%&‘@aq“éf?'eq’%mc’é’ﬂd

anor phous surface ers or. hl1l+V.co i i yer, )

crystal | | BEMEYH: F%Jt %yoyﬁ'ﬁseseétfalrl%tc’f Mlgﬁ S n;a;l{é gnaglﬁlmdﬁ F%%érebég’nag %H%gtoglgf e can
consi st of tgml%e_ri als with substantially the same or with very different
coefficients of thermal expansi on. According to the present invention the
transfer of the thin |ayer, which can be a nonocrystalline | ayer or

essentially a polycrystalline thin |ayer or even essentially an_anorphous
thi n | ayerTlos metwbihet$ BaFansiesof g thin layer at temperatures lower than those possible

using the present state of the art. Both substrates can be covered by one or more surface
coating layers. The first substrate can either be a bulk monocrystalline material or a layered
monocrystalline substrate structure, as, for example, one consisting of at least one epitaxial
layer on a monocrystalline material or thin polycrystalline surface layers and amorphous
surface layers or III-V compound epitaxial layers on a crystalline substrate. The first
substrate and the second substrate can consist of materials with substantially the same or with
very different coefficients of thermal expansion. According to the present invention the
transfer of the thin layer, which can be a monocrystalline layer or essentially a
polycrystalline thin layer or even essentially an amorphous thin layer or combinations thereof
is performed at a temperature at which the two substrates, after they have been bonded, do

not suffer from any degradation, especially degradation in one or both substrates or due to



is perforned at a tenperature at which the two substrates, after they have
been bonded, do not suffer fromany degradation, especially degradation in
.one or bot k\‘\,aﬁ@gt4§ ates or due to 6 WD 00/19499 PCT/ EP99/ 07230

monocrystal | i con, due to the mechanical stresses cBYRERYE1#9 ng the
heat- treatnment by the different thermal expansion coefficients BRIEF
DESCRI PThichbddistalliie S tieso Fiegnechanigahgresies ouseduria e tisrgath e BeE®RY i nduced
optically detectable surface bbj sters in roomtenperature

hydr ogentherdiffeset B3l FYR2BHOD FEFIFAT UM silicon carbide and di anond as a
function of annealing tenperature. Fig. 2 Conparison between effective
activation energies for the formati on of hydrogen-induced optically

detectabl e surface blgrig pESTRIPTPONCOFATHE DR AWINGSt e | ayer. - splitting
i n bonded hydrogen-inplanted silicon substrates after hydrogen inplantation

at 400 degrees centigrade. Fig. 3 The tines required to form
hydr ogen-i nduced optically detectable surface  blisters on the hydrogen

only i npl ant eBigs] | TimeAequsd £a fafra §ydrpgen-ipdiced pREsrbnhdeacriable spfacallgiersyj th a
dose of 5x1016 cm 2 nd for.boron i.npl anted. sil.i.con_substrat {.pl ant ed
by B+ at in %@'?@Wr#f%ygmé%gnpg m@ﬂ%ﬁ'}l R 51;11?%1\/\% l%f nd ﬁ’él% érécgrei@s hydr ogen
i npl ant at.i.on... J I estycase (H2+ ions were inplanted at 129 keV with
a dose ofaf%’%fgri%t‘%ﬁ%a%ﬁgggbg gulrmcti on of annealing tenperature.' Fig. 4 The
time needed fefy bh&okiyaiedd Beiweén bifebtiogabrvatidt caeregptfor &lel fordeiacofabl e

surface blisters on boron and hydrogen inplanted silicon substrates , as
shown i n hydggeBindated qpOcrlYelgicawble senfack §lisigre imynbandadrind fgrompleteayeri me of

sensitizing heat-treatment at 250 degrees centigrade.. Fig. 5 Copparison
Dot wben (PRGBS PORNIHE GRS T FOAFHS et Beres PRaiFaee S0 st or s
itﬂaﬁi Izi)godrggr%gsrctéinglgag@f ers inplanted by hydrogen at terrpgr atures smal |l er

Fig. 3 The times required to form hydrogen-induced optically dctcctable surface
blisters on the hydrogen only implanted silicon substrates (Hy* ions implanted at 129 keV
with a dose of 5x1016 cm-2) and for boron implanted silicon substrates (implanted by B+ at
180 keV with a dose of 5x1014 cm2) followed by the same hydrogen implantation as in the
first case (Hot ions .wcrc implanted at 129 keV with a dose of 5x1016 cm2) as a function of
annealing temperature.”

Fig. 4 The time needed for the formation of hydrogen-induced optically detectable
surface blisters on boron and hydrogén implanted silicon substrates , as shown in Fig. 3, at
200 degrees centigrade as a function of the time of sensitizing heat-wreatment at 250 degrees
ccntigrade;

Fig. 5 Comparison between times for the formation of optically detectable surface
biistcrs in silicon carbide wafers implanted by hydrogen at temperatures smaller than 200

degrees centigrade or at a temperature of 800 degrees centigrade.



degrees centigrade or at a tenperature of 800 degrees centigrade. 9 WO
00/ 19499 PCT/ EP99/ 07230 The process can al so consist in skipping the
hydrogen trap-inducing el enent inplantation as well as the sensitizing )
heat - t r eat N¢hY18#8 carrying out the hydrogen inplantati BRTEPI7I8nper at ur e
which is higher than the tenperature of the transfer heat- treatnent. In
previ ous pr oCEEspCENVaINVAlFgCIyisE iy slipping| thhhudras Haerindagiee d5BaRsfer as

di scl osed by Bruel th? ir@l ant ati.on_was_al vva?/s (gerformad ﬁxt |§WEJ

t enper at RRantEERHh 2% Ml 35 BRSPLVIZNG eal Lepmeat 0, SUDng, QU HS WL Bt i on t hat
the layer transfer proce |4 -pat r ' a i erature
than t helqlwtéth‘%“ai‘_" %ﬁn}pgﬁgurwlﬂlcq 19 %1°HEraIlh%).r¥/ hhé:rtgmrggggtﬁﬁceoﬂhg tfl'?ﬂlisfc;r t

i efature” si°nce m cr ocr acks woul d

devel op pL1gady AUstngul pRLARLAbIMnYREBgaoUhLlIon sause: theraurface
above these mcrocracks to bulge up and form surface blisters which then in

t urn woulclogudenyeBriuck the itoplatatny wasadeays perfovricd fat toagotampsrafirest thamdie mi r r or
pol i shed surfaces of good quality to be successfully perfornmed. W have
now unexpecfegrocediisdbbaseden thpatsubpinindess thedayseransier process weuld nayeallan
essential role in the devel opnent of Igpécr oscopi ¢, sub-surface.m crocr acks

essent i aFiapirate PHEST FRRGHET Coh S PR R B i 'pﬁ{ﬁ’r‘i‘r_ﬁnsdmﬁa?t f"é° 16 the
surface an%g#:@&sf T@tﬁdévgl'ap %cadz}d&gx&qg%&%%gﬁrlt whicE ¥bil elef RlusS e QuifRe Cause

splitti n&n &Fe ‘the vel opne y detectable surface blisters

or |ayer ,t4,@n8és8 micfbcthidRORARIzSUDEIIr BErE Surbdce WAt efsSvhidh@eP GLuEd @bgle  of
optically detectable surface Dlisters is associated with a well defined

time at gregemane bosdipe pakeduee fvbich aequiree flanatlenirar palidied) suéacehyfdgavden
i mpl antati on paraneters such as inplantation dose and energy. Fig. 1 gives
resul ts apalisxpdieispesstssuliypeEPWeAg the time required to devel op optically

det ect abl e suw cagcbnloi sgfrxgeét&lpxgg%g& #Egég?%?gcmﬂ@ﬂgﬁr%ﬁ%}h%qﬁ silicon,

ger mani um di dfofd “and s con car mrror poll
subst r at e§.&ai rQPLYhP 8 RIGRRAI O nheRsRdict AbaaFiteQhibREratls @RhiAR d Ye

detectabl e surface blisters have not forned.

hydrogen concentration maximum and parallel to the surface and the formation of
microcracks of a sufficient size to cause splitting before the development of optically
detectable surface blisters or layer wansfer in unbonded substrates or wafers. The occurrence
of optically detectable surface blisters is associated with a well defined time at a given
temperature for a givén material and given hydrogen implantation parameters such as
implantation dose and energy. Fig. 1 gives results of experiments involving the time
required to develop optically detectable surface blisters in hydrogen implanted
monocrystalline silicon, germanium, diamond and silicon carbide. The two, mirror polished
substrates can only be properly bonded to each other if optically detectable surface blisters
have not formed.

The monocrystalline silicon, germanium, diamond and silicon carbide samples were

implanted with Hy* at 120-160 keV with 5x1016 ions/cm? (corresponding to 1x1017 cm™
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The. nonocrystal line silicon, germanium dianond and silicon carbide sanples
were inplanted with H2+ at 120-160 keV with 5x1016 ions/cn2 (correspondi ng
t0 1x1017 %go %8 WO 00/ 19499 PCT/ EP99/ 07230 the mechani cal stresses
between the P T¥and the second substrate caused by a diRGTEPENER n  t he
thermal expansion coefficients during the he t-treatrreg; during the
Lransfer (b geausical fRessch PrEEeie it ST PR BHE ey A EESh
trap-inducing inplantatiop of an. elenen i . car bon, .
phosphor vie it B%H?‘O%?%gﬁfcgtsgarumﬁ %’%E‘%géeﬁuﬁ Ao[%gm?%a[ B%?ﬁsﬁgérg%rsi]st al line
substrate is qarrg i GEedtRed dingicden adpliriiging atpdRRlibh 6f S5€ tO
t he. averageﬁ?jgs‘élrr%gggﬁﬁ}: Sness%of t='t he h?hioﬁ m)n%crystgl I Pne Ilayer to be

t ransf er r §gnethghieh @RES bor6®R&MBA,MpAbpBBrus P irogth) &ssindri flokiye Wkova d8s t he
first substrate into an upper portion, which is the portion to be

t r ansf er radnarsy seellizey srbstaatel isecaimpdequt goeredte d, disordesed laygsrat penth Figrr ©0ht ai ni ng
the mpjority of the first substrate. The upper rtion c al so be, for
exanpl e, ausragpidesseiahickngyepf the Hug ”ﬁé%crﬁéaglh“eglf%wgg?‘l“ysgﬂeﬁgg}? "\i\?é‘f’eé‘f . This

i mpl antation st 1 oLt e W | ow t hat
tonpor at FEUran DR R S e b R e M YOHET W€ oa

Thi s di SO{n@%BﬁQnE@QQ @ihstched aCORYials 2 Bfep pbrEomhihic war poradd entatifig @p
hydrogen 1 n Ifferent configurations. The inplantation conditions nust be

chosen i nmgjéeity 6 wefirst hudburaidi@he npper partiva cantase belefot txapplet a1 epitefiallmer
concentration of this element is close to the corresponding maxi mumin the
concent r athebhasphesh igr@vnPn @ falicen e uERS LRAP iR Ieh R MURYRfr Gt °UFRE2 nunber

of displaced atons %ner%te in the first. ubs¥r9¥.e_dlde tg‘ %Iheenhe(adrogen
trap-i ndulmPgrayiH MR AT PERY FIS ETBEFaRft NG B R AP P AR ERE R ¥ er of
hydr ogen Qr%%kr?éalcd.' TRisAbRErek '?ngﬁbnttf[{@x cbhiaik d@f(&j@§&/léi@t§ SreaBle ttEpRYRIEGURNT

hydr ogen Inplantation, and i nplantation- induced anorphization of the first
subst r at e gifferdn@cdrfiguatiofsadee iginthnavadided mulhe chbenpeswet amey dfatthhe fir st
substrate during the hydrogen trap-inducing inplantation nust be kept

bel ow t hemaeimmen atuhe depthwpiofite ah theatansgnieationo¥f thifeclg@marty it @oscdief @8t s t akes
pl ace. The preferred range for the trap-induci ?q i mpl ant ati on is g dose of
| ess t hanCcoTsspPeding Gé%x“ﬂﬁ‘l‘}a’i"ethﬁ concentration profile of the subsequently implante

hydrogen. The number of displaced atoms generated in the first substrate due to the hydrogen
trap-inducing implantation must be close to or higher than the number of hydrogen nuclet
implanted into the first substrate in the subsequent hydrogen implantation, and implantation-
induced amorphization of the first substrate up to its surface must be avoided. The
temperature of the first substrate during the hydrogen rap-inducing implantation must be kept
below the temperature at which annealing out of the generated defects takes place. The
prefcrred' range for the rap-inducing implantation is a dose of less than 5 x 1016 per square
centimeter but greater than 1 x 1013 per square centimeler;

In a second step a hydrogen implantation is carried out which forms a hydrogen

concentration depth profile with a maximum close to that of the element concentration depth



centinmeter but greater than 1 x 1013 per square centinmeter; In a second
step a hydrogen inplantation is carried out which forns a hydrogen o
concentration depth profile with a maxi numclose to that of the el enent .
concent r at iY¥AUERh 7 WD 00/ 19499 PCT/ EP99/ 07230 pr of i IRETARSYE¥o creates

defects. The inplanted hydrogen i.s chosen. anong_.n in the
form of Hprafile Hmlwcr%mdéchgnﬂf%mf’ﬁgtcaquﬁofﬁ’n 1%@0%%:1”%%032%? gdég%éraature of
the first substr durin . r LRk TR e A S wReorkitrsdoel ow

t he terrper*%lthﬁrf‘émé?ag%?rtﬁz Ogid%ﬂ?ﬂ?%grg? yﬂgﬁﬂga??%gt out tcg? t he generresa[t ed

defects by fhe NyorIGRNIdaRn iAFIAIANEH musiHcarpebden teakegerphace whidh a thi rd
step the fiIrst substrate is subjected to a sensitizing heat-treatnent at an

el evat ed tEyRGEALYr Mnkaingaogi vfethet gemeratadhiafets y cthodwdrogee hrapHaducitge
hydrogen in the first substrate which was introduced by the hydrogen

i npl ant at iimplahatparkdsplace| eased fromits attachnents to the defects which
were generated by the hydrogen trap-jnduci nc? i mpl ant at ihgrhreaa dcr@% E\l/r\{ell by
the hydrogen i ApRaREAEED S TIPS IahisSUPIPEET Heht oo RGles *t HE* o1 mat 1 on and
growt h of dragen f| ' racks:.at; 2088 hl@robdenMBXfiRum i n
the.conceer%lvﬁfﬁ(ag%mp%gg{cﬁgﬁ%%?g&gT mllcﬁﬁ? glr?gggguﬁggr ogenybu% nmust not cause
hydr ogen i nduced waithf aGanRbdustEb s the hytiiogn woplhrlatamely ealy Stlbssed dent ithondi ng
of the first substrate to a second substrate. In a fourth step an . intimte
and st r ongarhemkreebwestefdchevtigh wire genormtadty shediydroghrorapciaduins IGRHRERAM e i s
realized by direct wafer bondi nlg or anodi c_bondi n%. In a fifth stgﬁ) t he
bonded st ramtasvesll tyghe hydrpgrg implapREoT et AR TeMECREANIFY e fBEPAIRP 87 s

bonded 15, hedt. trcated: Al ERNSLal  LEPELA LS Ahqdlh Bt Benck kit ed

hydr ogen i BOtHe° | ratre 1s eased from t err attachments
to the def %9% %160({}_i;9§fagteg(ﬁ &b AdnS Rt BYistide cauby BY RERA idduddd surfeeeCilingrs,
A e wel 1 a

i npl ant ati by the hydrogen inplantation itself, to cause
growt h, ovghi-ARRuRIprérd: oskheme badmgoef teffirhydroge m-F setdnddubsiteteocr acks,
which split the nonocrystalline thin layer fromthe rest of the first
substrat e t her oy fourtnsdpeanrintgate a1d swpngpond between the first substrate and the second

" substrate is realized by direct wafer bonding or anodic bonding.

In a fifth step the bonded structure, consisting of the first and the second substrate as
bonded is heat-treated at a transfer temperature at which the implanted hydrogen in the first
substrate is fully released from their attachments to the defects which were generated by the
hydrogen trap-inducing implantation as well as by the hydrogen implantation itself, to cause
growth, overlapping and coalescence of of hydrogen-filled microcracks, which split the
monocrystalline thin layer from the rest of the first substrate thereby transferring the thin
monocrystalline layer to the second substrate. This transfer thermal treatment must be carried
out at a transfer temperature lower than that temperature at which the bonded pair suffers any
degradation of temperature sensitive structures in one or both substrates or, in the case of

substrates with substantially different thermal expansion coefficients such as fused quartz and



nmonocrystal line layer to the second substrate. This transfer thermal
treatment nust be carried out at a transfer tenperature |ower than that
.terrperaturewélé lm ch the bonded pair suffers any degradatl on of

t enper at ur e 28K |ve structures in one or both substrat e®CUFPP0R3¢ he case

of substrates with substantlall different thermal ex n.coefficients
such as fuB&dons(sary gndaigealest ffg‘z?%“ﬁéﬁ@lgﬁ@cﬁ‘?é& Eﬁleﬁ?g’hcé?é " and

anneal ed at, various, LegperAldERS L %gr}tﬁt%q%‘?cg%%ﬁgcgér%ta}'bklh@@OU‘dgir&%r acks.

The maxi mum'd BAPEER | uring antation was con l'ed to stay

bel ow 200 degregs centigrade For the sanme inplantation conditions but Wi th
bonded substrdtes it has been discovered that the transfer of the thin

| ayer by splittFsOiheadar anglangan ¢andRionhdnt Wid babdvd|soymenrets iohasopédncal |y
detectabl e surface blisters. In Fi 2, the tinmes required for |ayer
transf er oflisaovenerbdray shtealrarisfes ofjthg 1awaryér S@Hténwﬁaﬁéan%tmo@én fequi r ed

f t | 1 det ect ab) f f h
| ol At a1 GHRIERTE PO G0 R I BEIE acle NGt SHCEA AT 150
degrees Cegt' LAGE, phdnof r%@mﬁ’iﬁe% St i @xt a-Te' gﬁx’?m%m&lkho%c tdUBSd or JpRehigr Of

ten tinmes Jreater are required for t ayer transfer for these

hydrogen ijpRLARkautface Bkt Edrqn&saﬁmyceégcaqmpmmaeﬁ cyradifiens. BNEEgY tappear s
to be the same for both processes. For higher inplantation energies,

cor r espondihpdropen was impiangased00 drpicaricatifrede. Ideptbh seenhieat tlinn%@opb%q@nwséd for
optically detectable surface blister g}pearanci i ncrease aql cgg closer to
t hose requifeaser P%Fenl %ﬁ?%ﬁr "rteﬁ‘éhéﬁeerreq”‘v’él £ 4Rp Hth{3YEh Fasshtti foF £155¢ PRdPEhe

ti nes r eqUIégn‘RgP 3“8% c?rhCFH dev EFECQWCQLUV%PIBL'I g&é&)}/%&%%ra% g@{h@ S§1H ff&}cb

blisters a on er er rans ecrease

Wi th incr eg)%éégscby%pgﬁneﬂ maham&xas 'eﬁH?;gx@P%@rr@d@gncﬂﬁ@%Qx m@fraastcaemgmmmm | evel

of the materia Since Tonger tinmes at | ower tenperatures have been

di scover ed degrhp@e tefsraqalredtor optitall pdastadle susfyerblispt afptiragre incasasé &d,get 0
shorter tines at higher tenperatures, nethods to | ower the hydrogen

i nduced | aybsemsiplthase Fasgired fvplayeramnsiere JVatlsumeitips sxplisHyehas thertishes required

for the development of optically detectable surface blisters as well as the longer times
required for layer transfer decrease with increasing hydrogen implantation dose and depend
on the doping level of the matenal.

Since longer times at lower temperatures have been discovered to be
equivalent, in terms of layer-splitting transfer, to shorter times at higher temperatures,
methods to lower the hydrogen induced layer-splitting times required at a given temperature
or to lower the splitting temperature for a given transfer time are required. It has been
discovered that three methods, which may be used separately or in a commbined way, can be
used in order to accomplish shorter splitting times or lower spliting temperatures as ar¢
especially desirable for the application of this thin layer-splitting transfer method to substrates

of substandally different coefficient of thermal expansion.
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or to lower the splitting tenperature for a given transfer tine are
required. It has been discovered that three nethods, which nay be used °
separately or in a conmbined way, can be wused in order to acconplish
shorter spW@eWW#PStines or |ower splitting tenperatures XETEPY/OTRYpeci al |y

desirable for the application of this thj LitLi, er net hod
t 0 subst r at esTheofrsisHaALAPFSF PR2 1gW %rlg’ﬁlani?g%%/?efa&cr%%tcm Pﬁ’é,}r“gngﬁl%réxpanm on.

11 WO 00/ 19499 CT/ EP99/ O 81 Sith$s 1kirc2ed @yy-dose.
i mpl ant atndyfe B¥ e Efaé)ﬁ‘esug k?%?boerg'{e]?}éﬁé éé aﬁgéﬁsgg hydr otgen Sty aégss such as

bor on in-t(ié}em a%glam‘auéa |iGQR dsM tuaamce@onomssnmdmgemma@ disphaingi ng
i npl ant at? ﬁ ces damage in the nonocrystalline first substrate by

di spl aci Rg,s,subEdHhaberagleBqieoty nglansuiydmpgentridyaeng wisasdhinyrirogsen and

| ater on release this hydrogen during a transfer heat- treat ment . Dependi ng
on the spefng i caefeaiesitrearment Reperdnederibe @ﬁ@ﬁ@?‘eme%ﬁ%di ﬁﬁ}cé?ﬁ?‘éﬂer%n can
generate nore than a thousand di sgﬂac{gd at str.at

Ther ef or epe ithplaned ©NEEN BHETRS BPEJ %‘ﬁa‘?cﬁ‘g‘gp&C% aioﬁBIm [hf tgtrsltts)‘h “can be in
the range. of 0. 1% d(gs% o?‘pmgtﬂgd&)%no& -198\1&1&5@\ Rhatibe UL Heeitse Bydiagen

i mpl ant at ii6FO7E; A% e Bcre are mostly vacancies and interstitials,

they can %%8851@%‘% %Cho@@otaﬂheeaise@eﬁumydlrdsgcﬁﬁﬁiplramtanort akiace thaldefeadwent age of
the defects created during the hydrogen trap-inducing inplantation, the

t enper at upgsu9fvatdneiet adsibestibials,nadyean trepmbing eadhbe anptadast ut | Iorpsderissiekehe

controll ed below that at which signifi cah% def ect. nneal [ Pq takg& pl ace.
The choi dellaﬁvameélfé%‘iﬁfcqtsrﬁ%i?ﬁ %wn@e‘b%h OgEH TP HE “&“@dgﬂp FEGF "t he first

substrate. In the ¢ of . si t r s are
prefer ent‘F‘&P?fﬁt"EFs‘éfdﬁ%grébﬂgﬁmﬁ <§5xrqg &ﬁ&aﬁ al{léntrgi E&bé’g{rﬁ&\iﬁg%gloggcde[?gped and

Is i neXpe}g?ﬁ %ﬁgmﬁzﬁ? {feQ a%&ﬁimé&@lﬁé@'ﬁlzx’c@ B endiden Sl dn@sl: Pt ispeatd i ne thin

| ayers af e |tt| ng can be renoved by a polishing or by a thernal
oxi dat i Ononsé'x@Brdme‘é@biCthe hat aibstSe. 16 &g egalf sitlcdnsohet fivet sgbwmare, bocorwns vvhl ch
can then be renoved by the application of dil.ute hydrofl uori i

essent i al art r;atfcrmmallnpxlseqqpe@uwoh@roadﬂw&ntﬁ@ﬁéﬁétt??caﬁ“éhﬂ?vﬁl?@ﬁ “Piﬁar i n
T gse]; |Sr Stmi;cjptggl(/? ' 'lghempelsx(c:itrl]aleb)g[rcﬁ'lnglsthg [E)rans?erlrédsmgrlxjorc;y%?aﬁlnepfﬁln l%yé???ﬁ\é}’ t@Nor phous
splitting can be removed by a polishing or by a thermal oxidation step in which boron is
segregated into the grown oxide, which can then be removed by the application of dilute
hydrofluoric acid. It is essential that the implanted ions do not generate an amorphous layer
in the first substrate which extends up to its surface. As is known, amorphous layers
produced by implantation begin first in a subsurface layer and not at the surface.
According to the present invention, the damage created by implantation in the first
substrate .[O induce hydrogen-traps must be followed by a subsequent hydrogen implantation
without an intermediate annealing treatment. The implanted hydrogen must be able to be

trapped by the defects generated by the hydrogen trap-inducing implantation and to form

defect structures which are stable up to a temperature higher than the hydrogen implantagon
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produced by inplantation begin first in a subsurface |ayer and not at the

surface. According to the present invention, the damage created by

i nplant at i ely io&lt@e first substrate to induce hydrogen-traps nust be :

fol | oned by 2 SL?Bsequent hydrogen inplantation wthout aFFVFRORPREMI ate

annealing treatnent. The inplante [ n I rapped by
R L e S R R A

the defe rogen -I'n nand to

form defect r U, i : : i t han
e hydr agnd bk L ndt i i b o e B B e O & B

bel ow t heyeb@APp e hitiblié gasatAdsbididy b ke pfoapsianheatifis teatappih obB§disRn degikades.
Beyond a certain tenperature the hydrogen will dissociate fromthe defect
struct ur ey thnteacterceinbe smpieiied kydgeasn whbcoicdn depgdliog bhedspreagd iy therfimnt i on,

t he trappi ng of hydrogen occurs . by the reaction of the inplanted hydrogen
with silikosen @t Rynenaqasabing siieen By Tanped pYGregen SBHS Bhberofpt aiiccadin
nonocrystal li silicon. the tr d hydrogen starts to. beco noti ceably
rel eased "8 ?ﬁicﬁg“‘é%%“é‘ﬁ ng a(%bogrﬁ@@t%cq °8‘8%F3§8-_sh§e3r§‘f"§? ad8™ eg‘ﬁ? 3P&hows in
curve A the; i rmh§aidbéLalatd bt 8RNI baaeks Rt GFhbYedgiect abl e
surface blisters on the hydrogen-only inplanted (100) oriented

monocr ystialpldnred (300) odemedsmbrscryatbige (ikton sumusteatTadhskel20MeVhwid adivse  of 5x
1016 cm 2) and for_conparison in curve (A +B) the times required to form
hydr ogen-ofi d e drnddan sopmpaasaace abve (4 uBd Hiedintsh repuiseds to farm pydsegepor on
implanted (B+ at .180-keV with . a  dose.of 5x1014 cm 2)_and. subsequentl|y
hydr ogen 1 e&r‘??%?fﬁ( ﬂﬁtfaf’%}‘ﬁéu%wgi‘%%éﬁ% r%&‘mp%f&%lég\g/a\t/\}@ﬁ‘& ‘%ﬂb"e of
5x1016 cmy2) of 5004 ehtBNhEdusTRARAAY §idbdenBphhlel GAIH &3?%&%@%@33@
function of annealing tenperature. npared to the hydrogen-only inpl anted
silicon gghetraites dode@f S£1086 &a2p Nt00YpHenddatorbe s@lins eifju@tubitrates as a

hydr ogen-i npl anted silicon substrates, the tinme of formation of optically
det ect abl fnstug at endshling ¢ampezatutg. Gomprred aonpleer byrdupgenomly freplattedrsidicat ur e of
blister generati i r or about 50

n fqr a giyven tine are aE ut ten tines short
centigr ad%’_thEﬁf\?r ?Or f@iﬁé‘lf‘f l?f\quﬂyid andh gubsgaRgnt yg}yd‘ic’&?rﬁ\én%ar“é"é‘ S!“éfﬁ%?‘l Sttt ting
after bonﬁ‘ﬂ's Hitha of fsxt%é’a‘éiton of %Q(ictahgﬁéte&%’?g’ et bristd0 % SLLECtehpErafied bVRE 1 ON
ener gl es r e TWO proceadures remalns
' temperature of blister generation for 2 given time are about ten times shorter or about 50
centigrade lower, respectively. The time for large area layer-splitting after bonding 1s about
ten times longer but-the effective activation energies for the two procedures remains
essentially the same.

Additionally, to lower the layer-splitting temperature further, for a givén layer-
splitting time, or to reduce the layer-splitting time, at a given layer-splitting temperature
according to the present invention, consists of the discovery that a sensitizing heat-treatment
of the hydrogen implanted first substrate before wafer bonding to the second substrate lowers

the layer-splitting temperature This sensitizing heat-treatment, which leads to the formaton

and growth of hydrogen-induced microcracks and facilitates splitting in the subsequent
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essentially the sane. Additionally, to lower the layer-splitting '
tenperature further, for a given layer- splitting tine, or to reduce the
| ayer -spli tti?n?g time, at a given layer-splitting tenperature according to
the presentVQ#i&#Pi on, consists of the discovery that a SEREFIYYHg
heat-treatnment of the hydrogen inplanted first. s F£ awaf er
bondi ng ttmnsﬂqeh@ééfé‘ﬁ@e%&%‘é’f ‘P%i‘g@gl MQ?%C Lpyted tPﬁ&‘énre?olsggoiR\ir?I%tﬁﬁ %'jte(grrperature
This sensitizing heat-treat t i it Qoli6 L RAMBINHRR. 1AME growt h
of hydr ogféﬁmi“r?mﬂfé@“ﬁ?@r%&?cg%’%ssuégr%gé @ggéélr???g% esosplepirtti ng in'the subsequent

13 WO 00/ 19499 PCH. EPOY 07230, wrédiBéts beine hABdndtd Babment hyifdgen iywaiécng, has
to be 1int®4 o’ a tine bel ow t hat required for the formation of optically

det ect abl g; siirsfiE@rebhias tatiad ounhi 250 degredsaepigeadenFizbbsiaiva ghe s needsd a5 | i con
case, the sensitizing heat-treatnent of the unbonded_boron and hydrogen
i npl ant edz00sddgreeopersighrdt ferttes fofaationnt opE@ iy deted o 58140 FLES At P r ade.

Fig.2 shows the tine needed at 200 .degrees cent] : tion of
optical | yimfﬁﬂt%ﬂls’éb%%ﬂﬁf@é@%ﬁ‘?giegfr@&m oA (S)ﬁr%g#u%%b géﬁftaéglé @ﬁaﬁ’%ﬁa

subsequent 'sg?%\/ﬁég%ﬂ-&mgﬂ#g@roﬁhé& GOPsS DS MeBriASdA THBGIDRARAGN t he time

of a sendi heat-treatment performed at 250 degrees centigrade. The

i npl ant at i on - DAKATEE §4Sn §Rf thé RRirdper BRplanistioh e dy cinege givemiok detatiobn ar e
the same 8% grven for the case of Fig. 4. The tinme for blistering

decr eases rrgl @Rk Yorviilis terin nidrceass ngnarkaly with inqesagendpe piAphggnsiuzng
heat-treatnment. For exanple, after g 250

sensitizing h -1 reat men
degr ees cbertimgrtagat- fFoF examl%?ﬁ‘ﬁitaé%“’c“ﬁ@gPFWC?‘B"B?‘O?{%%QS‘f%’ %céﬁnylg}&g ect abl e

surface bljsters js.on|y. -109 ' erk RlonRJ16%QF hokdi@eion in
subst r at ed? W‘?HL%%{HC %@"‘égxg?é:?l?yeéﬁ%gﬁb%@g?ﬁé?ﬁzri£ ﬁg:? llt%ea%t-trteat rr(g!r?{c A

second nethqd torohpWRh it iBstaxemicpkd hdtiergritaepe satiirieg har-reatment

| ayer-splitting time or to reduce the layer-splitting tine at a given

| ayer-splitting st@npetetiiodne laaec o dhiyagsplicinghengsradere fer 2 laysvemitingriimeBnsi st s
of carrying out the hydrogen inplantation at tenperatures which are hi gher
than the terpercabaleeroplithesime HagvgpRyerapiEps B@ﬁng‘ia?fbe ARG FGFr ansf er

E)B?i 22: |ny i@%géli,;fg:’lgétggf ?g—%\é’\gg E)\t]tat e B?&oégnq?n%larn%%g% ra?grr}cpglramtr&ewltia{ Rt ion of

higher than the temperature of heat-treatment after bonding as needed to wransfer the thin
layer. Fig. 5 shows that. the times required for the formation of optically detectable surface
blisters in silicon carbide substrates implanted with hydrogen at a temperature of 800 degrees
centigrade are lower than those required for hydrogen implanted at temperatures smaller than
200 degrees cendgrade with otherwise the same implantation parameters. The duration of the
high temperature hydrogen implantation has to be chosen such that during the hydrogen
implantaﬁon process, no hydrogen-induced optically detectable surface blisters are produced
which would prevent suitable bonding to the second substrate. Since the required
implantation dmes are determined by the implantation dose, the beam current of the implanter

and the area of the monocrystalline material to be ransferred, a wide range of values for the
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blisters in silicon carbide substrates inplanted with hydrogen at a
tenperature of 800 degrees <centigrade are |ower than those required for
hydrogen i\r;wl anted at tenperatures snaller than 200 degrees centigrade
with ot her W8"M® same inpl antation paraneters. The dur ab¢BEPSA28he - hi gh
tenperature hydrogen inplantation has to be chosen such that durli t he
hydr ogen d\irﬁiﬂﬂdﬁta&f‘V‘Hﬁgeﬁ‘%‘e}é@:‘é?O“%QHW‘?ddﬁr@W?tﬁrﬁﬁE&‘ﬁnglﬁ gg‘lsfvs%e&aggt abl e
surface blisters are pr.oduced i j I i to the
second suBgt V&P%Faﬁ"sﬁ ar%%emioﬁécorugtqtﬁ??aggmw%ﬂgﬁgagiélﬁ%mw A ‘%péﬁcehbagrea%@% ned by
the inpl aj}atkQn ;99 58plakhodh ERFW GighIdoRds inb 1hige aicaplrav e Ehordighldnkionr ea of
the nonocrystalline naterial to be transferred, a w de range of values for
the 14 W9/l 9%9&iRATHEROOWOTRBEhg ftuhiat papar efitited MWisknogemmensjohaiohat i on at
el evated tenperatures is available. This is especially true if one takes
al so i nt oirgewetnn foheerigenduepbRro¢reHRs nphightvat Pehisheddnicawsal, MaeRalas pl asma

e o oty oL Ph s S0t Pk B cASER L8 8 P AR ot Y
s | TR S Qiba! @Mbved HRRANAAL 08 JlinR A AANAUE L BLoPLOEE A, mehi o Was

publ i shed" 'Y H&'"ournal , “Materi al s em stry and Physics in volune 46 in

1996 on paggsidndd HyBrokdPindddad SpriceiGhdeegtibledlidfewslisdrhie extension to even
hi gher val ues for possible inplantation tenperatures, w thout the

formation of hidslegenen ndecedcdpthpsaiiuses dets crenlserelgpadi epecipily $ereihs.

| mpl antation at el evated tenperatures has been devel oped. e cially for the
i npl ant at irPlaRRLYXYiGBTY Shinsilicos dhfabacaatn-ralisd éII@g?%@F?BéH‘OSﬁ’WP?aS aration

by I Mol ant_ed en) substrates special. fo of i al:s.., n order
to i nprovE& F?‘%Fat)ﬁfjé‘l.s?mfcf/algoﬁm qfis%lfrlpancﬁ a?hlé‘ 05%}%{“ P gc}?eidﬁ%%g{n{%@gﬁ damage

by al | oW figh; i Aeh@B6aH: bBnpMnta8k Harefze bl aSovelASTEE @nnediitd Ji@art BthR@LAdeON as is
known to practitioners of this fiel 5 Therefore, the proposed inplantation
at el evat ddrihgivpplaatatoress fsomoivnpp pvadtibeeye pf thiahelf e Thofeforonde pyeposed| | ne

| ayers of hydrogen nplanted materials does not pgﬂsﬁg a tecgnol o%i cal
probl em implaaie t sl§vaied EIMBFaLEs fof ERRFRYesiRieeansfer ohEOR Y ERE: PES Of t he

hydrogen 'h%r'ogé}f izrix;[plla%pc-d materials does not pose a technological problem.

Implantation at elevated temperatures allows a reduction of the hydrogen implantation-
induced damage by continuous annealing during the implantation process. It was confirmed
.[hat for lightly p-doped, (100) silicon the hydrogen implantation-induced damage is
significantly reduced if the wafer temperature during implantation is kept higher .than 450
degrees centigrade. In addition, a sharpening of the depth distribution of hydrogen
implantation induced microcracks may be caused by the enhanced mobility of hydrogen
during -the hydrogen implantation at elevated temperatures, which in turn leads to a lower
surface roughness of the transferred layer as compared to the presently used process where
the implantation is performed at a lower temperature than the transfer heat-weatment as

disclosed by Bruel in his U, S. patent number 5,374,564,



i nduced damage by continuous annealing during the inplantation process. It
was confirmed that for lightly p-doped, (100) silicon the hydrogen - o
i npl antation-i nduced damage is significantly reduced if the wafer

t enper at ur eYAMYI9] i npl antation is kept higher than 450 REAEPaU230

centigrade. In addition, a sharp t h di stributi f hydr ogen
i npl ant at i on P*ﬁ‘tﬂﬁ@éa Bt ‘8&?@8[&35%‘&%“&%{}3% i tHe%en rgr?cécfnlngebl lity of
hydr ogen t he h y - t [ s, which
inturn Fé l‘t"'g"‘éealug %Pzggp?na@e?é ?I%&%%g@sf?%‘%r% ﬁl\égﬁ)?gﬁs}‘ g&%egﬁﬁdg%er as

conpar ed e tJ}xetcxpxg%ﬁﬂttAddéd?@ﬁh@fa?@r%%ﬁttﬂﬂ@&E&ferthbﬁ -deAileanimtthednindyeper f or med
at a | ower & enperature than the transfer heat-treatnment as disclosed by

Bruel inykigsaldde oPaprairandy comved. 5, 374, 564. 15 WO 00/ 19499 PCT/ EP99/ 07230
According to the invention, all three nethods | ower the tenperature of the
| ayer transfek hlaebﬁcntf@@étﬂﬁéhﬂumw Oémgliqfi@’ﬁ‘a}(llf‘hﬁ‘aﬁflalﬁ S @ sallipm T‘fé"d‘tﬁcr ed tine
of this heat-treatnent at  the Sr‘?'éft n@‘ﬁra uret ¢ cL 1ab s
Iayer-spIaP‘{lf’fhﬁbIL{ra‘??érfp@f‘“q'?éiﬁtnof AT® ARG t R e %"'Bé“ﬂgé‘a 2ole or
appr opri gt g' mm gﬁgmctu raR@SwEE Wofk® Uit Do e An UMD & anfdnd ARDQGEMST al | 1 ne
material s as galliumarsenide and other “I'l[-V compounds do not show

surface thb%&ee n fH@y 338 4 @dnsRE ber mbﬁmerysumhan@/atdfans @fteridly dhioh eny be forhe

par anmet er range which works for sili'con, germanium dianond and silicon
car bi de. ekimplej gallhas ersanitle angdfilarm oftdde, men de ryeomalishied el thiyreaterist canties
material , which may be, for A exanple, gallium arsenide or galllumnltrlde
may be acpiwpilivshied pi aftafPPEOPﬁﬁF EPP%HWS@&H‘CB@S”@EMSP%&?S&FW“W%H an

appropri at eéﬂhoglocre?{lsdte 0, s1|l1cr:]oen csar%b%ct 18%5 case (#?th%% n3&k g% uépdrmck{[slﬂgwﬁl%sebot h of

galllumaﬂfs f'con car e 1n caseo |umn|tr|

whi ch shq&e&hﬁ surBdct @ﬁiterﬁlfo afebl’ rfyﬁﬁﬁerbﬂnip‘ﬁatn&hbrﬂﬂmd@fsbmmelﬁuﬁroﬁgﬁéht-trsahlna-nt ation
and a sufticiently | ong Reat-treatment. In this case the energy of the

i pl ant edy hyideagane basgyt of theinplasenhydrogsubhs @ bamjiosehadt siche wayekitmaem of t he
concentration depth distribution of _inplanted hydrogen Cfloes not .| le W t hin

the nonoonaxmaln df fe OPFIFRAA dePRyRTIBPD Ph“’tpll?é“cﬁﬁ‘%‘i‘,’ﬁ% F 9L RSt

substrat ethé rrrlxo\xqg]clr)(':srt]alﬁnhe%pnax1a? layer but in the monocrystalline first substrate in which then the

hydrogen-induced microcracks will develop. Under these precautions the same basic
procedures of layer transfer can be used as described above. The only difference is that after
the layer transfer the monocrystalline layer transferred is covered with a second layer of
monocrystalline material from the first substrate . This second monocrystalline layer ha's to
be etched away with proper chemicals with a sufficiently high etch sclectivity in order to not
attack appreciably the underlying ransferred rhonocrystalline thin layer.

In order to check whether there is a difference in hydrogen blister formation between
implantations with H+* and with Hy*, in a separate set of experiments the two ions with
approximately equivalent implant conditions (H*: 60keV, 1x1017 ions/cm?; Hy*: 120 keV,

5x1016 ions/cm?) were implanted into silicon substrates. No differences in hydrogen-
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hydr ogen-i nduced m crocracks will devel op. Under these precautions the sanme
basic procedures of |ayer transfer can be used as descri bed above. The
only difference is that after the layer transfer the nonocrystalline |ayer
transferred'PdWered with a second ayer of nonocryst aPFTEEMERri a

fromt hq nJuicE(? L BHOBli i @lSrmatibh He2E6EAC ERPOAIYSadbld 218 degryesrcerggadeo  be
etched away W th proper chemcals with a sufficiently high etch selectivity

in ordery (@ eNed Bt RS Komppiteaioalinpad: dthuhdBli¢op subsuareansihess FEENS O .
nmonocrystalline thin layer. In order to check whether there is a difference
i n hydr ggens bkingledydiogemaem ohioe Inasidinionitoprrapt Bdresae N6 T BRGPW th H2+,
in a separate set of experinments the two ions with approximtely

equi val efuteiinm eI ons (H+: 60keV, |x1017 ions/cn®; H2+: 120 keV,
5x1016 ions/cnR2) were inplanted into silicon substrates. No differences in
hydrogen- 16 WO 00/ 19499 PCT/ EP99/ 07230 i nduced surface blister formation

were foupdraly g SERIPTIONDOYET AESFIRYN PRERERREDrEMBODIMENYS bel i eved
that H2+ 1on splits upon inpact with the silicon substrate surface, com ng
to rest as a single hydrogen atomor ion. In addition to normal hydrogen,

t he hydrogen isotope deuteriummy als e, used. DETAl|LE | PTI ON OF
THE Fi RST  PREFERREDAENBOHIIRERFH nohbe %ﬁﬁg’agrfiéfﬁ”%&% ‘E‘F‘.‘h?/&ub Bﬁ?\%ﬁ%@ ogescri bed,
descri bes a nmethod for .the transfer of .al | 4d i il dogon | ayers
froma nBABRFYSHUAPT AL SIEFTY 15%?{5 SRR %@%@gﬁyaﬁ%ﬂdgeéagﬁghﬂéﬁ%%sflﬁ%gt rate

I nvol vi ”gua‘}%rst?ﬁsu@aé%am fik @RaioRCHASIpEARR ®Broh &h itrpRhaGéminicaN: silbo ¢ he
silicon *substrate foll owed by a hygrogen inmplantation into the sane
silicon guRsieabiwelhs Shidiagen implalistondin® thasane slowhfsibsirest Thsf siidear mal
expansi on which is substantially different fromthat of the fused quartz
subst r at eubsFare hiyaleasfesient phipeintd expangcq wﬁFfaﬁtSa‘?WHaledlngfﬁeﬂngf%ﬁ" ositively
charged boron ions t 180 keV with a dose of 5x1014 cm.2 in a 330 mthick
nonocrysﬁ'&lf}‘ﬁeﬁél“%“ltzl H YSubstrate. with (100) crystall ogr aphi ¢ surface

or lentation, ywi ll&dwlg%n TP {n@ﬁ:&né)i]cmﬁlﬁ%ti%h bf &9y 818skitiadi@ charged boron ions -
at 180 keV with a dose of 5x1014 cm-2 in a 330 pm-thick monocrystalline silicon substrate.
with (100) crystallographic surface orientation, with the surface of the silicon substrate
covered by a 1500 A-thick thermal oxide, forms a boron depth concentration distribution
with 2 maximum with a boron concentration of approximately 2x1019 cm™3 at a depth of '
approximately 0.58 pm. The concentration depth distribution of displaced silicon atoms is
similar to the boron concentration depth distribution with a maximum concentration of
approximately ZZx-IO22 cm3 at a depth of the maximum slightly shallower than the maximum
in the boron concentration distribution.
Molecular hydrogen Hy* ions are then implanted into the boron-implanted silicon
substrate at 129 keV with a dose of 5x1016 cm2 so that the concentration maximum of the

two distributions of implanted boron and hydrogen are aligned with respect to the position of
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covered by a 1500 A-thick thermal oxide, fornms a boron depth concentration
distribution with a maximumw th a boron concentration of approximately’ -
2x1019 cm 3 at a depth of approximately 0.58 p.m The concentration depth
di stributi P Y19¥Pspl aced silicon atomrs is sinmilar to tRETEBIXI230

concentration, depth distri i | | PR IPEHER Bédcetha@Bn O th
appr oxi rﬂi‘?éﬂ‘%}“@%ﬁ@@?egr?f’%cegy&g’%g%%tﬁﬂg?wm mexi mum sl i gchttlay ‘Shal | ower t han

the maxi mum_in . E teatd an dish of RpbioRimatdvplossBular Thydr ogen
H2+ i ons%?‘@‘f‘ﬁe‘%%ﬁ%ﬁéﬂ%@?i@ﬁ?g tﬁe bor onp?i npl g%lt ed sﬁbi con substrate at
129 keV with 2 6688eeflichx %Ak duming bsib bbtuatand hedrogenciewtanatiperivearaképrum of t he
two distributions of inplanted boron and hydrogen are aligned with respect
to the pgsbiisordeakes ckitighBie) MitR498kPETUEPDINOPIEEE e SHERT APATHHZE hei r

concentration depth distribution. The hydrﬁagen concentrat i on rinri'n tthhe

mexi mum femappheady imthe Ry BRIt SEGn VAT & AJEGRHAN SRS HIORPHEIBIY ™. 58 p. m
The tenperature of the silic I - indmegen

i mpl ant afPHRzTAREP gc%ﬁfmg ueolntg’wﬁlg g‘gefde gf OE%tﬁgigﬁgéﬁzgfey%%gks paral | el

to the SlgI?iE%F&\b%a[é P& Shirh&ppsipfiion Ahehab@dukaniedindhyeeady wanmstdttd
as-inplanted silicon wafers at a |l ocation close to the maximumin the

concent r ahd hidkeplowedbcstian vohith nstoftes theemajoply afi thediliigmisubgiete: This cracks
effectively divide the 'silicon substrate into _a thi nnerfUﬁ_[)er ortion
whi ch const i t o ewoid prackitg of bpaded silicgVarar's pas & AR ACMREFAI S (¥ HICTRBEY | ower
portion which constitutes the jqrity of the silj 4 s - Fo avoid
cracki ng he#-TFEHEREY T8 BH) Hﬁga’ﬁf‘gﬁéﬁr%& oahbfa?%éfl %drugfdgnn%%ab?%{cﬁf%g o he

transfer he%}é PE {h%QRimg)tre{gV '6{ Baowmﬁﬁ;&xgﬁa@é@@ RO@RE e eh A @ ishydliregen

i nduced M?8P'6cracks and’ final transfer of the thin | ayer at or bel ow

appr oxi Mgg&) e Q0 wee gike @Sor€ ethi lah@dé hbers negplicriee silicttolageret 200 tdeguedsl  t ake
more than hundred hours to split the silicon |ayer at 200 degrees
cent i gr adendgradetfhethi st imipinpledrane dordpdisiienndadi fused Quapn SUPSERSUSER 24N t 2

degr ad ngranbie besdeacEDbaeH A B T o ferine ot Potieas PRUER MRt T at oo
For af ur[}ng]r?nral reducti 0n Ofrhie FRPL klrinkNQalidulR of the SPRBAS lihik Mensitizing
heat-treatment of the unbonded boron and hydrogen implanted silicon substrates is performed
at 250 degrees centigrade for 10 minutes before bonding which leads to the growth of
hydrogen-filled microcracks but not yet to the formation of hydrogen-induced optically
detectable surface blisters which would prevent the subsequently required strong bonding by
direct wafer bonding to the fused quartz substrate. This sensitizing heat-treatment allows to
decrease the required time to transfer the thin monocrystalline silicon layer by layer-splitting
at the tra.rllsfcr heat-treatment by about a factor of ten, as can be seen from Fig.2, which

shows that the time needed at 200 degrees centigrade for sufficiently large microcracks (o

cause generation of optically detectable surface blisters on substrates which had undergone a
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heat -treat ment of the unbonded boron and hydrogen inplanted silicon
substrates is perforned at 250 degrees centigrade for 10 m nutes before
.bondi ng which leads to the growh of hydrogen-filled m crocracks but not
yet to the YOPHE#M%n of hydrogen-induced optically detecREAWREY81T ace

bl i sters _which woul v iy £ N9edaardi ng by
di rect vx)é’f‘@‘r““i?c?ﬁ%sl%hzgngto rgeﬁgt ﬁ%@%@g&iﬁg@g%%g&}%ﬁﬁ%ﬁ Tﬁ)ingggnsﬁai Zi ng

heat - treat {IF&% $3bJ@WS whth hdRCioe aslRrgofiea selsititingiitat-kemmdrn transfer the thin
monocrystalline si'licon layer by layer-splitting at the transfer

heat - t r eat mengybyuahiyube aofoaatdhydodged émplasted Hagpnisebw@iens fanded Firegpr2, whi ch
shows that the tinme needed at 200 degrees centigrade for sufficiently |arge
M cr ocr agkgetature bpdEect gefrIandion (oF [Uspt QAR SYOSHRE SLERRAtL SWEFHEIR VDI i st er s

on substrates which ha ndergone a, 18 00/ 194 PCT/ EP 7 10
nmi nut e sesssidearehyy ﬁ?&gér rcg%ﬂ‘ﬁ’érﬁrocﬁfmrf%ﬁse elag{éee% clg%r}d%[/?%@g%g' éﬁ?y - 10% of
that required ..for, sjli j SRR ¢

sensiti zpﬂﬁlc%é’é‘fzg?/ ﬂgg{zré%? ﬁéﬁ%ﬁ%@&%ﬁ% %HPP %énﬁagg%gggg?ﬁ?&g@g"en i ?rpl ant ed
silicon guhsts @t 8oidSsuRagnded mivhodrP@iNing GINGRANAeti6fkn thitkahss elcbowelf Brudonding to
a fused quartz substrate after both substrates have been cl eaned by

st andar dcekespomding pr Ocettprhes! s aupximumtie thpancorierie GEPH ifydhuipn ofhe

bonded silicon/quartz pairs are-then anneal ed at .a i mat el y. 150 degrees
cent i gr adteplarged @ﬁ%ﬁ@é‘yﬁ‘fﬁ’éﬂb‘éHH“§Elf‘érﬁﬁ’tlﬁ.S”Wrﬁ’lﬁﬁb}‘&‘?&{oﬁﬁ?ﬁ@ °§‘i¥(igir?98n | ayer

of a thickness of abho Iy a fent maxi mum
in the Lgﬁ%sgﬂﬁ}cﬁf'}r%%mg;é[pft%ﬁ%ug? v ?‘8‘&%?’229% Q&n%@a%{lgdggg&%iﬁe%ndmﬁgdr)(;Igen is

then spl | 'crEErQEQfsi\Lﬁcﬁua&ttbatrﬁacwﬁéml 51200 HE RgpRGErRARbAGLALE thethiansf er
heat-treatnment for about 24 hours by the growth and overlap of hydrogen

filled midabagsatikslawtrifcn ihedoer portian pfbe sicopheahteapd [otitsgfantitrao thper
portion constituti ng the thin nonocrystalline |ayer frgmthe | ower portion
of the siftsedomasabsebsizate HifdLeren | P8CANFTARRT &t ”teo‘ri”ﬁécmfiu%lé‘if’“q o

substrate. The horon concentration_in the transf Sh L r can
subs equeﬁt’tfsﬁq‘l?éﬁ% i’%ﬂ?‘f‘gﬁa&‘ﬁe&v Irip%%ddﬁé élan?acl)%é{dnb rﬁ%ﬁ%@\%ﬁ“ %df% gqlﬂlkegﬁét9
pol i shi n%x%gtqc/mo;tepz_i thermal oxidation step.

The following table lists the conditions of boron (B+ ) implantation followed by
hydrogen (Hz*) implantation for a first, bare monocrystalline silicon substrate to form
various thicknesses of a monocrystalline silicon layer which may be transferred onto a

desirable second substrate, such as a fused quartz substrate.

Energy of E+ ions (keV) 70 128 180 215 520
Energy of Hy™ ions (keV) 40 S0 129 160 320
Silicon layer thickness (Lm) 0.25 044 058 0.7 1.3
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The followng table lists the conditions of boron (B+ ) inplantation

foll owed by hydrogen (H2+) inplantation for a first, bare nonocrystalline:
silicon substrate to form various thicknesses of a nonocrystalline silicon
| ayer whi chYOBY19%¥ transferred onto a desirable second PEHFEPPHITEC such as

f d t bstrate. E ' : : . 5,
Enelrjzs 019 uar2+zi‘%lfjf§ r%\g& H’G %gg%%;ﬁgd%cgrym{gﬁl}%g%%Jgg? %tg%?%ﬁ n%ggeo( p. M
0.250.44 0, ggpl%égd tbroh atdkSs AR 0ledD4R9 1 RETLERIRAFARRr whisteng: ibenpedied or . t he

hydrogen trap ‘i nducing 1nplantation iS just an exanple. Since the inplanted
bor on at onga@dCintpPint of Bat bi cébd sppaptineaictnduricteenhenitayagions ¢aarpddyer , it is
expected that an inplant of ions of other appropriate elenments or el enent
conbi nat i ogimileamlemsdpran ateshnin| hyfroges EplantadSHISAN StbSHACT ANAYER TRPSAITERDI ant ed
silicon substrates. Another enbodinent el ement _chosen fc{ omthe

: |
Uit of casbpays pheLEIEH HOSCT MOPOYBLS f P, PAP O DR PERa" FOTo A

hydrogen trap. i nducing il nt at | l.nstead of H2+ ions any other kind of
hydr ogen i%W“ﬁg‘gf[%cehyg%oégplsrgclﬁa}acgn%aw?m%%&?he i ons of the hydrogen isotope

deuterium D+ X Tos la o GG & By &g £ o ey HeGISND P IREFHERR&RDhe
EVMBODI MENT Thggsstg%oor%ggnbodﬁﬁgnt whi chlywi FI now be described in

conj unct i ofpnWt fe hiogehasompedeawivuyPr@lxattes to a nethod for the transfer
of thin layers of nonocrystalline silicon or silicon carbide or germani um
| ayer on a substrate with the aid of an hydrogen ion inplantation at

reatmont SRR R EERPIERL O, YRESEOORD PRt Se o ARISERTS.

i nplantation. Inplantation of hydrogen ions may be perfornmed either in the
sed in

Lorms of Lhi s | HEGRTmeRLt Heh e G SRR oG S B A B PR T ne

order of 19ral\<~eu¥gstrgla?egc20 %‘?Q’en‘{lﬁi f%p the transfer of thin layers of monocrystalline silicon or
silicon carbide or germanium layer on a substrate with the aid of an hydrogen ion
implantation at elevated temperatures followed by wafer bonding and a subsequent heat-
treatment at a temperature equal to or lower than that of the hydrogen implantation.
Implantation of hydrogen ions may be performed either in the form of Hy™ or in the form of
H* or D*. Both approaches may be used in terms of this invendon.

Typical enex;gies per hydrogen atom are in the order of 10 keV to 200 keV which
leads in the case of monocrystalline silicon to depths of the implantation maximum of
approximatel"y 0.1 and 1.6 micrometers, respectively, which also corresponds to the
thickness of the ransferred monocrystalline silicon layer.

Much lower implantation energies such as only a few hundred eV, as they become

available in commercial implanters for the fabrication of shallow junctions of dopants in

silicon processing may also be used. Similarly much higher implantation energies of some
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| eads in the case of nonocrystalline silicon to depths of the inplantation
maxi mum of approximately 0.1 and 1.6 mcroneters, respectively, which al so
-corresponds_to the thickness of the transferred nonocrystalline silicon

| ayer. Mich"PO¥EH*Y npl antation energies such as only a feRCHERYNOEI eV, as

t hey becone available in comercial inplanters for the fabrication of

shal | ow j ungtivesslsotodmpaidly aivilablsifbr mded pyadmepshngommayy abste Ured arsiede
Simlarly much higher inplantation energies of some 20 WO 00/19499

PCT/ EP99/ 0 7@8@sponBivs issefiawd wahnme Feriamatgn deph phipnles  GHcBiersd | ayer

i npl antation may_ al sp. be used.and e__corres i associated. wth an

i npl antati on de yﬁxcafmipzarqfaﬁgng Sc?ﬁ%&%%e‘?‘%&°£§gg%g@g?wdrrw%ﬁegﬁfogfsf aorg " oéses
(referring tqg t d fs Si-ngl - 9 i . 2 -
20 %1016 et B 20 KO0 Fhn e Pk ARl g AR B B ARy

i mpl antati Oi'ﬂur_pjla'imiti&nﬁshiﬂ texage BR0ROradenEgRdCOB0D geaes ctighe. Hagilees
centigrade. For silicon carbide the wafer tenperature during inplantation
is in the rangde ok v&l9 dmgrrens Geng implandgiontinin1helBigedd 0@ degrave atntigradele. e
have perforned various inplantations at el evated tenperatures and perfornmed
the |ayer qorla}pgfdggreglstcepggé ®tenperatures. Two exanples are described in

the follow ng. | i.LLcQqr L f re. | 1 H2+
ions at 160 keV \&fg E‘%ef’%gg%lseg Vg#&‘g%@%g%o?ﬁ?iyggﬁvggg&fe\é}ﬁﬁ@%{%gg %rfog@%woé’gegrees
centi grade. |, TH8rah R ANSRL icipelalui®. WS ex2p1dd ARUARS DM LLHC: Foio®thar t enough to
avoi d the devel opnent of optically detectable surface blisters (see Fig.
5). The hydr ogennionpkasatsatos cdrbide wateas Werd émplasied vizth Hahdaliscal §0/kebowiled t o a
high tenperature glass with a simlar coefficient of thermal expansion at
a t enper at udeseof SHE8° cHEGt isTPerivs ofr 898 deersisisswigmasiat Tye immantasion g was

Pycirogen i ol SGE BHCk Eaper SIURR TR ThARRER § Paet B ol STHEY ot oq
after a trapsdgt (s@??‘fg‘. tyeatment of 100 hours. The surface snoothness as
The hydrogen implanted silicon carbide was then anodically bonded to a high
temperature glass with a similar coefficient of thermal expansion at a temperature of 560
degrees centigrade. Subsequently, the bonded structure was heat treated at 725 degrees
centigrade, which is below the hydrogen implantation temperature. The thin layer transfer
was completed after a transfer heat-treatment of 100 hours. The surface smoothness as
measured by atomic force microscopy was improved to 8 nm as compared to 15 nm for a thin
layer of mondcrystalline silicon carbide transferred after hydrogen implantation at a hydrogen
impianltation temperature less than 200 degrees centigrade.
We also implanted monocrystalline silicon substrates of (100) orientation with HY
ions at 160 keV with a dose of 7x1016 cm2 at a temperature of 400 degrees centigrade. The
implantation time of 43 minutes was short enough to prevent the formation of optically

detectable surface blisters (see Fig. 2). One piece of the silicon wafer implanted at 400
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measured by atom c force mcroscopy was inproved to 8 nmas conpared to 15
nmfor a thin layer of nmonocrystalline silicon carbide transferred after -
hydrogen i nplantation at a hydrogen inplantation tenperature |ess than 200.
degrees ceMtQeyia¢h8. We al so inpl anted nonocrystalline si IICGERI%URSt r at es of
(100) orientation with H+ ions at 160 keV with a dose of 7x1016 cm2 at a
t enper atddpeeotetifadtegreden clintiigbented \Tha oxidigAdasiliconi WasTaqat BPM43 nmi nut es
was short enough to prevent the forpation of o%t' cal Ig delgﬁfcit abl e surface
bl i st er Seppeetufd gby 9yect RéerpioBd@e Pliowe By pitkEmahWEFET T I lahf e cs 400 21.

VWO 00/ 19499 PCT/ EP99/ 07230 i d t .dj v, ded t
an oxi diczedgape it%cﬁﬂ'eg%l%%‘l 3G ggrgc{ %g%'ggﬁ?%éegn%cgrsawd\%zesb%n%gpgéé@? 81\%\@ Eanlr)ogoﬁdi ng
fol I oned b ! tﬂ?x{er@ikcoﬁl gRt %Qﬁplﬁfandﬁ&s?@?ﬂa%?%yhcsﬁﬂahgér@QQgtsqc%&engt hen

a

t he bonom?)%th%sean he two "'substrates and fina the thin nonocrystalline
silicon l.aygkdenasichRd lotvetish the Angieaion teniperanrhefn00tde gadseemigradt. BBS degr ees
centigrade, which is lower than the inplantation tenperature of 400 degrees
cent i gr adger cihsder waayempleednldrdhows of comsfeehaguegtment. 5 hours of a transfer
heat -treat nent. DETAI LED DESCRI PTI ON OF THE THI RD PREFERRED EMBCDI MENTS

The third enbodinment relates to a preferred nethod for reducing the m nimum

o EIRSE IR T epeE et o

nMoNocCrys con or L.con car ger nani um or ot her

monocrystal | ing ARl ekitaksneAntdads &UPptetdted hathdd¥érneduchn@t Rgniatueh
subsequent heat treatnent. It has now been di scovered that this nmethod

al | ows  BydesuRs 8bstl reqdlell fdrispigring ofthyliower intpyaireddayersdb sesodryratiinelsdicor equi r ed
normal |y for splitting In the Bruel's U S, patent nunber 5,374,564 it was
i ndi cat e siliran carbid AT gATRRATNE G5 @thergRonaeyt i limITIEITIND? fU8sTae{AlIERE £ or

il | litting. A theoretjcal estimte of f
Py i oganv g PRGU TR TR FATBF B RRYEN LR RBRUE 03 B TOTES TS { o

silicon &?& stQF’s%?iF&nb%;hqgwér-h§drogén%m cthd clbe ?eqﬁﬁ_?éa@{on—ﬁ‘{l"l]_fyifgrl $kind | ower bound
on i npl an densi ty fo induce” wafer splitting in form ng conpliant
substrat es” which was published in the journal, Applied
In the Bruel's U.S. patent number 5,374,564 it was indicated that a minimum H dose
of about 5x1016 cm-2 is required for silicon layer splitting. A theoretical estimate of a lower
bound of hydrogen dose required for layer splitting of about 2.8x1016 cm™2 for silicon was

described by L.B. Freund in his paper entitled "A lower bound on implant density to induce

wafer splitting in forming compliant substrates” which was published in the journal, Applied

l.z‘hysiés Letters in volume 70 in 1997 on pages 3519 to 3521. In practice, typically a high
hydrogen dose in the 5x1016 to 1x1017 cm™2 range is used for implantation to achieve silicon
layer splitﬁng.

For mass production of transfer of thin layers of monocrystalline material onto a
desired substrate, the fabrication cost is one of the main challenges. A reduction of hydrogen

dose is essential not only for cost-effectiveness but also for a low density of defects in the
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Physics Letters in volunme 70 in 1997 on pages, 3519 to 3521. In practice,
typically a high hydrogen dose in the 5x1016 to 1x1017 cm2 range i s used
for -inplantation to achieve silicon |layer splitting. For mass production
of transfer WYOIM | ayers of nonocrystalline material ontPET&PIEEHr ed
substrate, the fabrication cost is one of the main challenges. A reduction
of hydrogen dose is essential not only for cost-effectiveness but also for
a low density of defects in the 22 WD 00/19499 PCT/ EP99/07230 split

| ayers. Recently, it was reported that hydrogen inplantation foll owed by
heliumim plantation enables |ayer splitting at a |ower total dose than

that requi rg@ idyeFs. ﬁb&é}ﬁnp lmﬁﬁpor%ﬁhé?rhﬂ}%édimpﬁh&ﬂén RioARAIGH iRy A

Agarwal et I'n their paper entitled ficient production of
si | i con- on-piantaliPaessbles IRYRS SRt A iRYea ldPIingR thakreayirrdforPtnghidFP-was  pub-

l'ished in tagq} Rélfuﬁﬁélone“ﬁfﬂréé%ﬂteafbyw Agaral $tal B their paPbLERIER" EfMcidR98 on

pages 1086 to . It was denonstrated that the m nimim dose for silicon
| ayer spli tpmqh!gthn@@‘ sieen-gvisaulatey fims By serrrlantgtion st He' Wik ' which was 8eb-of

Z ?éingmC%It?edg% tr%qo&ﬂ&{ Aﬁﬂnla@mhdaxeh&t:mmnﬁa7zollnasg@bm Qit%ééﬂr:bbsﬁa dose of

X C a e.rela 0S 0 e- 1 U can
gener at e ex@8&diy’s mggteﬁpa{{qg "H'?Jg‘f"m Wﬁ?'&@na)fﬁféﬁ“%ﬂgd”a&afkﬁ t to be
[1 ea moveddtby hs;uriagaqwéanftétubﬁwmb doset M0 cié ad3$kmﬂfeﬂcﬂ'¢tdtﬂyafelx%dil6n-m ni mﬁm
ydar ogen ose requlre or ttLn W N SUpS uent eat
Y O oo, © Blndsr s 3ot By SRS by Bl o] B A4S ialidly PRl s 84 3012 o
2) on conj uiagitdanRentrate dxgelsivg @amaggs! ia tiedtosorupstvatédwinct bTeldIfﬁﬂuﬁmdibéteenS

performed at around r with the two ion profile peaks
al i gned or 87 aﬁi’lsum%ﬁ%gtttqems t'%%{égse%ﬁow been discovered that this procedure

can si gni fi cant We diseusereditieat g1gl minimunghydragep dpst r@qeradfforrﬁphum@@howmnl ant ed
| ayer of ”Dngﬁ&hgam%'asggude%gﬁw@at& faah 0§88 B} Izi?x(mgi GSLATRP) A onto a

substrate anted sanp on of
hydr ogen i ddgsemaﬂw%‘écrpé)rqrmonﬂdct@nwtbnhyq!rngqnh@pramamrowtmzmhomplamabm f orm of

H+ or Apterfgrmed at around room temperature, with the two ion profile peaks aligned or slightly
offset. It has now been discovered that this procedure can significantly ower the splitting
temperature of hydrogen-implanted layer of monocrystalline silicon or silicon carbide or
germanium onto a substrate. This is termed B+H co-implanted samples. Implantation of
hydrogen ions may be performed either in the form of H," or in the form of H* or D*. Ata
fixed splitting temperature, a reduction of the required hydrogen dose for the layer split-
ting has been found when elements of Group 11l are implanted either before hydrogen
implantation, or after hydrogen implantation, or at the same time as hydrogen implanta-
tion. In this specification and in the claims the reference to hydrogen trap-inducing im-
plantation being carried out in conjunction with hydrogen implantation and to hydrogen
implantation being carried out in conjunction with hydrogen trap-inducing implantation will
be understood in the above sense, i.e. that the trap-inducing elements are implanted ei-
ther before hydrogen implantation or after hydrogen implantation or at the same time as

hydrogen implantation.

In a specific preferred embodiment, silicon samples were impianted by B* at 180 keV with
a dose of 5x10™ cm? followed by H* implantation at 64.5 keV with a dose of 5x10'¢ cm™?
shows the similar splitting behavior as of silicon samples which were implanted by H* only

with a dose of Ix10"7 cm?.
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fixed splitting tenperature, a reduction of the required hydrogen dose for
the layer split- ting has been found when elenents of Goup Il are C
i npl anted either before hydrogen inplantation, or after hydrogen

i npl ant ati 3P 009P498t t he sanme tine as hydrogen inpl anta- tPCEEPIYII2PN| s
specification and in the clains the reference to hydrogen trap-inducing i m
plantation beipg.catihd §6 n@nuinHc@d} Bacilicaniaydr splittnyglHogen ihpkgledatat i on and
to hydrogen i npf antation being carriedout,in conjuncfion wth hydrogen

trap- i ndygi0g4isngelvamitayirns wbiek frotpel 2IQE T Dird 1% A0t KE BBV TR | e
that the trap-inducing elenents are inplanted.ei-, the fsor e2 [ogen

i npl ant atyia@ers dolladinge fhpd rwmlwwaﬁggﬁqu?&t“f%{ g’aﬁe @« rferytgesr
hydrogen inplantation, In a specific pref r i Sl sanpl es
wore T plstieesaisg e keolng REV e 815 JE LG SIRAT YRRk PPl R G°TY

i mplantation at. 64. 5 - P c QXL @RYes Zess FAAWSKLOIE cai i | ar
splitting'ael isﬁpnaglé%}/vc\saﬁnimégﬁa aﬁ?al ee™whi ch were i npl anted by H only

with a doﬁ’% gfanhéamyatrémvzwd MR 6104, TOAQS « POR/ EPSIHDI2Bp 1 Froeddstienni ne t he
m ni num dése for silicon | ayer splitting, H+ was inplanted at_a fixed
64.5 keV yidolesViistening t@os pBes wohHL, dosa ssleWan 2X1Q 0 199 F1 EMTE ¥t 0 sone

silicon waters followng a fixed B+ inplantat %on atl.-180 kel\l{at\(/)\,j_{s&a dose of
5x1014 cndi2. SiQykevas winpferetongeasidizedeilieon Wit dntosd A R R P 6§eh onl y. In

hydr ogen-only i ant.ed.si.] ji.cen, LE2 4 £00, AliinS 88 108r oftR@av et on -t he
sanpl e susr“PéfEaé"su\?%}e‘trW‘ﬁ%dgégés&?gég&feﬁg‘n BX1016 cm -2 zn%u?‘?ng anneal i ng at

elevated e [ 85 (alddQVEMRIH cPithpldd 8Sitas theGinilanpffndfdiIsindplananon sanpl es,
blisteri nlbavng%rggtdgl ac(e uWi th dosep as low as 1.2x10 16 cm 2 and an entire

waf er - si zejoNerih@y@hinas hydapsf évsedd:r brerasplionigdi Qder gemeriomt WEF8rii o form a
silicon-on-insulator (SO ) substrate wafer with H+ dase of 2.8x| 016 cm-2

by waf er poRh igdiamdandayedifuns pyera Smdar effget apkores MGREPRGt Al (al umi ni um) +H

co-inplantation has the simlar effect of B+tH inplantation in |owering

m ni rum hydrogen dose for layer splitting. Qther elenents in group |11,

DETAILED DESCRIPTION OF THE FOURTH PREFERRED EMBODIMENT

The fourth preferred embodiment describes another method for lowering the
minimum hydrogen dose required for splitting of hydrogen-implanted layers of
monocrystalline silicon or silicon carbide or germanium or other monocrystallime matenal
onto a substrate following bonding and subsequent heat treatment It has now been
discovered that this reduction can be achieved by implanting hydrogen ions at high
temperatures.

In a preferred embodiment, silicon was implanted with Hp*at 160 keV with a dose of
2 5x1016 cm-2. The silicon wafers had a (100) crystallographic surface orientation. The
temperatre of the silicon wafers during hydrogen implantation is preferably 300°C, but

temperatures as low as 150 °C can be used. The silicon wafers which were implanted by
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gallium indium and thallium have a simlar effect as boron and

al um ni um DETAI LED DESCRI PTI ON OF THE FOURTH PREFERRED EMBODI MENT The
fourth preferred enbodi ment descri bes anot her nethod for |owering the

nmi ni num hydV9d&W48bse required for splitting of hydrogen- PREEBMOEE | ayer s
of inonocrystalline silicon or silicon carbide or germanium or other
nmonocr yst Aydrogen aed09F Cahowehe oplatigg hshavaresitfuddrl wwilivgn bemplen g hahdveaabsequent
heat treatnment |t he}Fs now heen discovered that, this reductjéon an be -
achi eved bplanigst B2 g LAY K7 ORSFPUNE FROTHEMAFTANTE Wilhpdsapit-ad 0'1cH™a preferred
enbodi ment, sil.icon.was i n%gg ant grdtwi h. H2h+§t %60 kleV Wi :# a dose of 2.5x
1016 cm 2. Thels PROBH KT B ERad A (08 TrEY AP g s Pel Prfeedn
orientati .ot I a) iohd £

i npl ant at ?{;)%r? Sysﬁf)]rg g?ﬁﬁ‘ﬁ?@%@‘é‘%‘”ﬁ%ﬁ ) %akeénr%g?eaﬁtéﬁé%g%ggglll%é}vggg%gg%ncan be
used. Thep&hlitdiampaieress adouc 500€raad forplliaod ebitiyit 1s240MO00, f04L2nple.

PCT/ EP99/ ICJ)7230 hydr ogen at 3000C showed a splitting behavior simlar to
silicon s&opli@songhibe magispum pérmpted tarepdrapyre is2bourtl24080. keV at ar ound room
tenperature with a dose of 3.5x1016 cm 2. The maxi num waf er tenperature
during hydrogen inplantation for |ow hydrogen dose splitting of

nonocr yst aldi i I+ : id | i mum

por i 1 od AL (A B D A REF PN REFRR T ERPRQDIAETTES TL0L
900C, for example. For dianond, the maxi mum permitted tenperature i s about
1200C. DETAI LED DESCRI PTI ON OF THE FI FTH PREFERRED EMBODI MENTS The fifth
preferred enbotharéfnt peesedtembadimehhpttsémy almamksd frg IbReridg thenmidimivydr ogen
dose required for splitting of hydrogen-inplanted | ayers of nonocrystalline
silicon Brdregandosnreaurd fresPing af by e ri B e Llaxh el PUCEY#HPMOWISE bondi ng
and. subse ye‘lﬂ onh(.ea?Bigc %F EMQBT rIQ%%ulpsrtr%Ic%{lc?v% n%torbaqgg Iandvcl)l ¥e§ ntl Ipleeat

co-inpl an ati'on of porof rons at T oom tenperaFére ore &t° W geﬁ tenper at ur e
in conj ungbh@RniMitils Pydérgeneihod Snvoliek and 86lidblakta@h of boron ions at room

temperature or at high temperature in conjunction with hydrogen ions implanted at high
temperature.

Implanting B* ions (dose >1x1012 cm2) in conjunction with HT implantation at an
elevated temperature, with the two ion profile peaks aligned or slightly offset has been found
to reduce the minimum H dose required for layer splitting.

In this preferred embodiment B* was implanted 180 keV, with a dose of 5x1014 cm"
2 at around room temperature into silicon wafers with a (100) crystallographic surface
orientation together with Hy* implantation at 129 keV with a dose of only 1.0x10"¢ cm2 at
300°C. Silicon wafer controls, implanted with Hp* ar a fixed 129 keV but without boron

implantation, were found to require Ha* doses of about 2.5x 10*8 cm? to achieve splitting.

In contrast, entire wafer-size silicon layers were split and wansferred from B+H(HT) co-
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tenperature. Inplanting B+ ions (dose >1x1012 cm2) in conjunction with H+
i npl antation at an elevated tenperature, with the two ion profile peaks -
aligned or slightly offset has been found to reduce the mninmum H dose ,
required fSOMA9EP splitting. In this preferred enbodi meRETEBRINE20| npl ant ed
180 keV, with a dose of 5x 10L4 cm 2 at around roomtenperature into
silicon ki £ I PhhE sl f-ac rientation together
W th 1 e e R e R A A R0 e o

300C. Si l¢agQ8 byafdr vopdihg MdSsubdefRhambataidh H2+ at a fixed 129 keV but

wi t hout boron inplantation, were found to require H2+ doses of about 2.5x
1016 cm 2 to Fnhirewienspivafet iutheratkd deigt Hydsgen nplesieiontheo| @mgénl icon

| ayers were split and transferred from B+H(HT) co- 25 WO 00/ 1949

PCT/ EP99/dose2gittingngf] mpmestysailing daynrsvia freatesialavid¢pendenH2F atoslécon ftho flayimlmOx 1016
cm Z. onto an oxidized silicon. wafers by wafer bonding and subsequent heat

t r eat mentermrEReE WERFANR Hhaltour SPBmaad for siliednsatbidedt i ybews §9PC, iferpixamplat i on f or

| ow hydragen_ _do tting of nocrystal hn ers is materi al
dependen?.gr?%?lgréc}s’ﬁ%’gn %‘fép@ﬁm qgr)ﬁipebaé‘%f:ﬁst %"cﬁ?(gﬁ%e HREDFIEmsas BgEP 500C and
for silieggn I deiukd ahdth t 0&..1£.0 I For di anond, .t he

mexi mum gg’r %ﬁ??%rg’d tlgmﬁer at _Etrﬁgh&f g%%o%ﬂ%ze%ﬁﬁgﬁﬁg% g @%ﬂf“@‘i nnﬁ oup |11,
gal I'i um chgeeli subtesefdsplttiag tdnlt® ackians withStiydidgat i8f 1585 Hon ¥ s QUL NHANG:s
alumnium In all cases, successful spitting can be achieved w th hydr ogen
i npl ant athagry xbddsméss than less than 5 x 1017 -cm 2. 26 WO 00/ 19499

PCT/ EP99/ 07230 Cdains 5 1. A nethod for transferring an upper portion of a
nonocrystalline, first substrate to a second substrate, said nethod

provi ding both a
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reduced | evel of hydrogen inplantation dose requirenent and a reduced
splitting tenperature requirenent, said first substrate consisting of said
.upper portion and a | ower portion, said | ower 10 portion constituting a

maj ority of WS4V rst substrate and said upper portion PEERYOR3Surface
which is essentially flat, said method consisting of the steps of. -
subj ecting said surface to a hydrogen trap-inducing inplantation of 15 one
or nore elenments at a hydrogen trap-inducing inplantation tenperature.
which is kept below that tenperature at which inplantation-induced
hydrogen-traps are anneal ed, said one or nore elenments selected fromthat
group consisting of alumnum gallium indium and thallium said at | east
one el enment having an el enent 20 depth distribution after inplantation in
said first substrate, said elenment depth distribution having an el ement
concentration maxinum said el enent ncentrati on maxi mum essentially
dividing said first substrate into s per portion and said | ower
portion, said hydrogen trap-inducing inplantation having a dose |ess than
5 x 25 1016 per square centinmeter but greater than 1 x 1010 per square

cent i metser ; 1.sulf} seathad feninsiprringean vpachpdrigeal A mporeerastalline ficst

hydrogen 27 WD 00/19499 PCT/ER99/.07230 i.nplantation.t.enperature, wherein
sai d hydrogen i% S&fﬁigt P anSePB R A ?aslgplfgﬁ{ilogt?m#lﬁgt O_Ltgr?per ature at
whi ch i npl ant atre@0ced et e hpiFiRaem laARSGH o ReRliRGneS@hAd ydr ogen
selected from that rouP_conS|st|ng of nornmal hydrogen and deuterium said
reduced splitting temperature requirement, said first substrate
consisting Of. said upper portion and a lower portion, said lower
10 portion constituting a majority of said first substrate and said upper
portion having a surface which is essentially flat, said method

consisting of the steps of:

subjecting said surface to a hydrogen trap-inducing implantation of
15 one or more elements at a hydrogen trap-inducing implantation
temperature which is kept below that temperature at which
implantation-induced hydrogen-traps are annealed, said one or more
elements selected from that group consisting of aluminum, gallium,
indium, and thallium, said at least one element having an elemént
20 depth distribution after implantation in said first substrate, said
element depth distribution having an element concentration
maximum, said element concentration maximum essentially dividing
said first substrate into said upper portion and said lower portion,
said hydrogen trap-inducing implantation having a dose less than 5 x
25 1016 per square centimeter but greater than 1 x 1010 per square

centimeter;

subjecting said surface to a hydrogen implantation at a hydrogen
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5 hydrogen having a hydrogen depth distribution in said first substrate,
sai d hydrogen distribution having a hydrogen concentration maxinum' said "
hydr ogen concentrati on maxi mum occurring essentially at said el ement ,
concent r at Wsho0rii8#P num sai d hydrogen inplantati on bei ng $ROEPEYO7T2A durati on
than that required to produce 10 hydrogen-induced surface blisters;
subjecting said first substrate to a sensitizing heat-treatnent at a
sensitizing tenperature bel ow that tenperature at which

i npl ant ati on-i nduced hydrogen-traps are annealed, for a tine 15 sufficient
to formmcroscopic, sub-surface mcrocracks essentially at said hydrogen

concentration max%glum and parall el t sai dégﬂ'l ce but shorter t han t hat
required to prian tRUAR 3G ef?‘l%ﬁ’eﬂ BRTEES TIPS AT ng sai d

surface of sai Eéﬁgéx%&u?&gskéﬁt@eléw tﬁatee ng&%aréapma&%ni d;sgema bonded

structure by a bonding nethod chosen from anodic bondi ng an Irect wafer
bondi ng; subj emdutgdslayctrogende@psMQMWaed,osaadthyahegm stleated freat ment at a

25 transfer tenperature, for i entl to grow . hydrogen
i nduced ni cr ocHF&tH&E W%Qﬁlsbwg‘é n?‘ﬁn ogﬁné\éida%e‘%? ‘H?? yrrax?rrum in
sai d hygrogen peafRN RAHAR adlhysdrbgéwegm At ﬁrﬁm‘?ﬁﬁﬁgﬁbé‘ﬂrhfk

parallel to said surface, Wwhereby said upper portion of said
00/ 19499 PCT/ E@Q/M@genfﬁmtﬁbmhmmaby@,mganeqoeléebsraslpm tt| ng from

sai d | ower portion n d: e substrate. 2. A nethod
for transferri ﬁ’gaj%rﬁl p’per de}lf rS% ng ﬁé)enﬁg%tg%r?;?,%a?m% nﬁé)cclflfrru%%
essentially at said element concentration maximum, said hydrogen
implantation being shorter in duration than that required to produce

10 hydrogen-induced surface blisters;

subjecting said first substrate to a sensitizing heat-treatment at a
sensitizing temperature below that temperature at which
implantation-induced hydrogen-traps are annealed, for a time

15 sufficient to form microscopic, sub-surface microcracks essentially at
said hydrogen concentration maximum and parallel to said surface
but shorter than that required to produce hydrogen-induced surface

blisters;

20 bonding said surface of said first substrate to said second substrate
to form a bonded structure by a bonding method chosen from anodic

bonding and direct wafer bonding;

subjecting said bonded structure to a transfer heat-treatment at a
25 transfer temperature, for a time sufficiently long to grow hydrogen

induced microcracks which overlap in a region adjacent to said

maximum in said hydrogen concentration distribution and which are

essentially parallel to said surface, whereby said upper portion of said
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5 substrate to a second substrate, said nmethod providing both a reduced

| evel of hydrogen inplantation dose requirenment and a reduced splitting
tenperature requirenent, said first substrate consisting of said upper
portion and¥YQ W&t portion, said-lower portion constituPCHEPI/OTRAY Ority of
said first substrate and said upper 10 portion having a surface which is
essentially flat, said nethod consisting of the steps of: subjecting said
surface to a hydrogen trap-inducing inplantation of one or nore el enents,
said one or nore, elements selected fromthat 15 group consisting of
boron, alumnum gallium indium and thallium said at |east one el enent

bor i indium and thallium sard at Ieast one eler
cubst rate, sai QST Shont dent hokie ol pbBnd BBef BB o R RSk r ati on

maxi mum sai d arefisfeiredCONsAltseabh@BubBKLRIM essential |y dividing said
first substrate into 20 said upper portion and said | ower portion, said
hydr ogen trap- inducing inplantation having a dose |less than 5 x 1016 per

square centi g ﬁlﬂgn 1 are centi,neter:
subjectingn%ai ?&?ngég%o a m? r genu?R%Péﬁfgﬁégggo OP%ggs%HﬁﬁCSIQHZS 1017
cm 2 at 5 hydr cgdsstiareltard s¢domd $iequedtal s4iel, mettesdeproviding bdiyds ogen
i npl antation terrgeraﬁ&gre i g afb:love 150C but  bel ow 1200C, said hydrogen
sel ected from tRERCEH des! Cb A AERgeRmplantatinn dosy mpyEymentiagd  eri um sai d
hydrogen havi nggup¥dIsp8efng ethBedui¥- QY R 9
di stribution inesgid.fﬁﬁst gubs ?ate, §%ﬁgﬁﬁ§§$%5%%4Eﬁgfég%ﬁfggn having a
hydr ogen concersonsistorg ahsdisiMppes giaditihydirslye lowenpertiarg tsaidi lower

portion constituting a majority of said first substrate and said upper

10 portion having a surface which is essentially flat, said method

consisting of the steps of:

subjecting said surface to a hydrogen trap-inducing implantation of
one or more elements, said one or more elements selected from that
15 group consisting of boron, aluminum, gallium, indium, and thallium,
said at least one element having an element depth distribution after
implantation in said first substrate, said element depth distribution
having an element concentration maximum, said element
concentration maximum essentially dividing said first substrate into
20 said upper portion and said lower portion, said hydrogen trap-
inducing implantation having a dose less than 5 x 1016 per square

centimetpr but greater than 1 x 1010 per square centimeter;

subjecting said surface to a hydrogen implantation of less than 5 x
25 10!7 cm2 at a hydrogen implantation temperature, wherein said
hydrogen implantation temperature is above 150°C but below
1200°C, said hydrogen selected from that group consisting of normal
hydrogen and deuterium, said hydrogen having a hydrogen depth
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maxi mum occurring essentially at said el ement concentration maxi mum said
hydrogen i npl antati on being shorter in duration than 5 that required to
produce hydrogen-induced surface blisters; subjecting said first substrate.
to a sensitW@pPdig4¥eat -treatnent at a sensitizing tenper RAAEPIBERHW t hat
tenperature at which -- inplantation-induced hydrogen-traps are anneal ed,
for a tinme 10 sufficient to form m croscopic, sub-surface m crocracks
essentially at said hydrogen concentration maxi nrum and parallel to said
surface but shorter than that required to produce hydrogen-induced surface
blisters; 15 bonding said surface of said first substrate to said second

substrate to f %trlq(?qg‘lpoﬁggfgaﬁtﬁ&gTSHBSF%?,%%%ng?%ﬁe&igﬁrgbﬁgﬁﬁg‘%";ﬂ{i? cht ur e

anodi ¢ bondi ng an wafer bon S g sa

to a transfer he@ydiogeatovetnautioan Ahdimansf eiditgrpeset voLcerd@ationt i me
sufficiently long to grow hydrogen induced m crocracks which overlap in a
regi on adj acenfMEFRFNPCHERNHFFSTRIRLY gt A3 J5EISNE SAREFRITAHPRN

di stribution angd whi I I t i , er eby
sai d upper por ?Ilqon 0 &ég?%h f&r%g?ﬁs"ﬁ@éfx?%?ﬁ E‘Sééﬁglroggégn%u%%ﬁﬁttth%g from
sai d | oser porthanrandré&btd pasbicerhettopendaddcatsorfdcs bhistaraf e. 3. A net hod
for the transfer of an upper portion of a nonocrystalline, first substrate
to a second substrate, said first substrate consisting of 30 WD 00/19499

PCT/ EP99/ 07230 g\ 33 iiPRSH BQF bhiBStrafittPa oSk RY héQDresthnt QYET portion
constituting a majority of said first substrate and said upper portion

sensitizing temperature below that temperature at which
implantation-induced hydrogen-traps are annealed, for a time

10 sufficient to form microscopic, sub-surface microcracks essentially at
said hydrogen concentration maximum and parallel fo said surface
but shorter than that required to produce hydrogcn—indubed surface

blisters;

15 bonding said surface of said first substrate to said second substrate
to form a bonded structure by a bonding method chosen from anodic

bonding and direct wafer bonding;

subjecting said bonded structure to a transfer heat-treatment at a

20 transfer temperature, for a time sufficiently long to grow hydrogen
induced microcracks which overlap in a region adjacent to said
maximum in said hydrogen concentration distribution and which are
essentially parallel to said surface, whereby said upper portion of said
first substrate is separated by splitting from said lower portion and

25 transferred to said second substrate.

3. A method for the transfer of an upper portion of a monocrystalline,

first substrate to a second substrate, said first substrate consisting of
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having a surface which is essentially flat, said method consisting of the
steps of: 5 subjecting said surface to a hydrogen inplantation at a
‘hydr-ogen inBIantation t enper at ure above roomtenperature, said hydrogen

i npl ant at i o¥OPRYNy a dose, wherein said hydrogen inpl ant BEVERPIOT2Bhper at ur e
is greater than 150 degrees centigrade but |ess than 10 above 250 degrees
centigrade and said hydrogen inplantation dose is less than 5 x 1017 cm 2,
sai d hydrogen selected fromthe group consisting of normal hydrogen and
deuterium said hydrogen having a hydrogen concentration depth
distribution in said first substrate, said hydrogen concentration depth

di stribution hayy rt}*ﬁlﬁggeﬂlqlg IGRECEOIAL, 1sai W{‘%@gﬂ(ﬁﬁl d depth

concentration naximum ‘essentially dividing said first substrate into said
upper portion conbtitating d megorifyooft saod fisat substdategend sapl wppet portidsei ng

shorter in duration than that required to produce hydrpgen-.induced surface
blisters; 20 bAPRG §’é§ﬁ°"sﬁ’?‘l“§bé§ %stegéﬁa's}yff{)altsfalgtfﬁgﬁoéf Orf%sgﬁg(??second
substrate to rg&?stg,@_nded structure, said bonding selected fromthe group

consi sting of direct bonding and anodi ¢ bondi ng; 25 subjecting said bonded
structue to a transfer heat-treatnent treatment, said transfer

heat 1 ot et ST PSS I Bty ST Mgl o | oo
to grow hydr ogeRpian@sees téhperature above room temperature, said hydrogen
implantation having a dose, wherein said hydrogen implantation
temperature is greater than 150 degrees centigrade but less than
10 above 250 dégrees centigrade and said hydrogen implantation dose is
less than 5 x 1017 cm-2, said hydrogen selected from the group
consisting of normal hydrogen and deuterium, said hydrogen having
a hydrogen concentration depth distribution in said first substrate,
said hydrogen concentration depth distribution having a hydrogen
15 concentration maximum, said depth concentration maximum
essentially dividing said first substrate into said upper portion and
said lower portion said hydrogen implantation being shorter in

duration than that required to produce hydrogen-induced surface

blisters;

20
bonding said surface of said first substrate to said second substrate
to form a bonded structure, said bonding selected from the group -
consisting of direct bonding and anodic bonding;

25 subjecting said bonded structure to a transfer heat-treatment

treatment, said transfer heat-treatment treatment being carried out
at a temperature which is less than said hydrogen implantation

temperature for a sufficiently long time to grow hydrogen induced

31



WO 00/ 19499 PCT/ EP99/ 07230 m crocracks which overlap in a region adjacent
to said maximumin said hydrogen concentration depth distribution which
are-essentially parallel to said surface, whereby said upper portion of
said first W08t e is separated by splitting from sai dPCOmEPQI2H0t i on and
5 transferred to said second substrate. 4. A nethod in accordance with
claim1l or claim2, wherein said hydrogen trap-inducing inplantation is
carried out in conjunction wth hydrogen inplantation and/or said hydrogen
inplantation is 10 carried out in conjunction w th hydrogen trap-inducing
inplantation. 5. A nethod for transferring an upper portion of a first

substrate to ami§%§g¥§%ﬁ&ﬂ%b@ﬂﬁg?ﬂradxie@%rf Qﬁgggnppogf% the. preceding

clainms, wherein sai Irst substrate Is~a nonocrys ne-substrate with
an 15 epitaxi ahid hydroges. cohoeptiativnf depthrdissimrtiomgdch appessqmidliyon of a

first substrate t second substrate according to any one of the
precedi ng cl ai Rﬁfgueaﬁerséi‘ SHfPaFga‘é’g‘e’fﬁ%é( W‘gé’é}mrfﬂoﬁ'g?né’ﬁéa@aﬁtﬁtsecond

substrates 20 pABSRISES &dpdransd byggﬁgttﬂg{rgﬂ{ gégqﬁ%@%g)%gﬁ% egled from that

group of surface layers consisting of polycrysta ace |layers and
anor pholis sur f tweesferyed $0 said geqperchaebstoatet r ansferring an upper portion of
a first substrate to a 25 second substrate according to any one of the
preceding clains, wherein said first substrate is nonocrystalline and said

first substrahemeshs®ireatestdaneswiiatla@nOLBr s 51 wherdh ssid i con car bi de,
32 WO 00/ 19499 PCT/ EP99/ 07230 =

hydrogen trap-inducing implantation is carried out in conjunction

with hydrogen implantation and/or said hydrogen implantation is

10 carried out in conjunction with hydrogen trap-inducing implantation.

5. A method for transferring an upper portion of a first substrate to a
second substrate according to any one of the preceding claims,

wherein said first substrate is a monocrystalline substrate with an

15 epitaxial layer.

6. A method for transferring an upper portion of a first substrate to a
second substrate according to any one of the preceding claims,
wherein at least one of said first and said second substrates

20 possesses at least one thin surface layer selected from that group of

surface layers consisting of polycrystalline surface layers and

amorphous surface layers.

7. A method for transferring an upper portion of a first substrate to a
25 second substrate according to any one of the preceding claims,
wherein said first substrate is monocrystalline and said first

substrate is selected from that group consisting of silicon carbide,
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si.licon, germanium dianond, germanium and alloys essentially of silicon
and germaniumw th carbon. 8. A nethod for transferring an upper portion of
a first subgid@hseh? @ S second substrate according to a% one of the
precedi ng clalims, wherein said second substrate is sel ectedE ¥ ¥hat
group consisting of silicon, oxidized silicon, glass, fused quartz,
sapphire, and silicon carbide. 10 9. Anethod for transferring and bondi ng
an upper portion of a first substrate to a second substrate according to
either of claim5 or claim6, wherein said epitaxial |ayer is selected
fromthat group of epitaxial |ayers consisting of II11-V conpound epitaxi al
layers. 15 10. siligerhgermanivm adisfriond, ggrmaditmn dindgalinysumsentiptly bfon of a
first substratgeﬂiggn%nfsdeég_ndansubstr. te z)ccordi ng to either of claim®6 or
claim9, whereiti said first subst MArecd Pl ected fromthe group of
germanium and silicon carbide and said epitaxial layer is selected from
that group of epitaxial l|ayers consisting of galliumarsenide and 20

gal | i um ni t 8i de’ epethed for tansdemingan yppestpeston of at fizst sbstriate taa upper

portion of a fi t : ond substrate according to claim 3,
wher ei n fai d hy%?gagﬁgﬁgn%tgrﬁcg?%ﬂgﬁ érfaﬁlé’r%rt‘eu?}eﬂllcspﬁﬁﬁg C'eH8H 150 degrees
centi grade and @betein ssaichaecahbseb2batedegetrsed G @lﬁ@@%‘- cSdigkihg I St
substrate is er&%seﬁti ally silicon. 33 WD 00/19499 PCTI EP99/07230 12. A

met hod for trarfdrBEehPXdIz6d siicose glassn fevechanartas sapnhire, sanal sidican second
substrate accordjpgyd 0 claim 3, wherein said hydrogen

10 9. A method for transferring and bonding an upper portion of a first
substrate to a second substrate according to either of claim 5 or
claim 6, wherein said epitaxial layer is selected from that group of

epitaxial layers consisting of 11I-V compound epitaxial layers.

15 10. A method for transferring and bonding an upper portion of a first
substrate to a second substrate according to either of claim 6 or
claim 9, wherein said first substrate is selected from the group of

‘germanium and silicon carbide and said epitaxial layer is selected
from that group of epitaxial layers consisting of gallium arsenide and

20 gallium nitride epitaxial layers.

11. A method for transferring an upper portion of a first substrate to a
second substrate according to claim 3, wherein said hydrogen
implantation temperature is greater than 150 degrees centigrade and

25 less than above 250 degrees centigrade and said first substrate is

essentially silicon.
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inplantation tenperature is greater than 150 degrees centigrade and |ess

t han above 250 degrees centigrade and said first substrate is 5 essentially
silicon carbide. 13. A nethod for transferring an upper portion of a first
substrate tWO#19%¥cond substrate according to claim 2, wWTEPAEAI
hydrogen inplantation tenperature is greater than 200 degrees centigrade
and 10 | ess than 800 degrees centigrade and said first substrate is
essentially silicon. 14. A nethod for transferring an upper portion of. a
first substrate to a second substrate according to claim2, wherein said
hydrogen 15 inplantation tenperature is greater than 500 degrees centigrade

and | ess tim|n AlZ2(6hee goreaansfifting I’a&ﬂﬁﬁ péps@idh of 4 SitstSsldsdtiadecto $
essentially silicon carbide. 15. A net ?or transferri ng and bondi ng an

upper portion &gcend |SP§§tfaQ®a§‘€RT§W%E%Clﬁéna3 Jeleesisin salsshydnogerccording to

claim?9, mherel t 2
ger mani um and SI H?%%%u%fat; Eﬁ%% and lgzﬁ?%éep?ﬁéﬁﬁtﬁ?a%/r%& %g&s‘} é%?%g from
that group of eqid @drahbbwy256 degreissdentigrade gad Isaihfiestsabsdeatarid gal | i um

nitride _epitaxial | 34
S P essentially sﬁlcon carbide.

13. A method for transferring an upper portion of a first substrate to a
second substrate according to claim 2, wherein said hydrogen
implantation temperature is greater than 200 degrees centigrade and

10 less than 800 degrees centigrade and said first substrate is

essentially silicon.

14. A method for transferring an upper portion of a first substrate to a
second substrate according to claim 2, wherein said hydrogen
15 implantation temperature is greater than 500 degrees centigrade and
less than 1200 degrees centigrade and said first substrate is

essentially silicon carbide.

15. A method for transferring and bonding an upper portion of a first
20 substrate to a second substrate according to claim 9, wherein said
first substrate is selected from the group of germanium and silicon
carbide and said epitaxial layer is selected from that group of
epitaxial layers consisting of gallium arsenide and gallium nitride

epitaxial layers.
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