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by the maximumin the concentration of inplanted hydrogen. Th Ba§ 20
transfer process was al so described by Bruel in U S. patent 5,374,215 and
also in his paper entitled "Silicon on #nsul ator material technol ogy",
whi ch was published in Electronic Letters. in volune 31 in 1995 on pages
1201 to 1202 and in the paper by L. DO Coccio, Y. Le Tiec, F. Letertre, C
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whi ch i s mayseonsigtiafghe same materiahesiibe mengarystaliine dayertphedtransfeaeg ord - v.
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art docunents do not nention the inplantafion of hydrogen trap-inducing
el ements. Thin, nonocrystalline silicon |ayers on an oxidized silicon
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macroscopi c splrtting at a location ose to e nmaxi mum’l n
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| ayer is transferred to the second substrate. However, only in cases where
oniy a seENPIStS of R manoceysialline siicopwafgeeonared By-Aspydedavdr: Thedamovalki st s,
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met hod dsgach iabentebigiotr grinding,sandpelishiidror etvhirey davn to abi etehistoyslayeeh as
silicon (as the first substrate) and fused quartz (as the second substrate)
suf fer f infaducedityoppitaxial fagthods cky ion implantgtion &f BarompPseaibon asedifeen t he
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hydr ogen methbas\tAlfof these ragthots MNate iR cORMAES URfestitdhat herenfivedesub-eat ment
woul d be allowed as long as the layer thickness is below a critical val ue,

whi ch degtatesisdest he specific material combination. For exanple, in the
case of silicon on quartz, or galliumarsenide on silicon, or indium
phosphi de on silicon, the thermal expansion coefficient of siliconis 2.6 X
10$/ C whigrgelt el DfpteAt Merhber 8.974! 364, Yistlbseda préceddbithe produetiogdf! i um
arsenide is 6.8 X 10-e/C and that of indi um phosphide is 4.8 x 10-6/C at

r oom t enphinsemieonducterf matdrial ditrds fhatds hased onhyanogeniinplantasioncpeforez pai r
(both of 525 Nmip thickness),.is foupd to crack at tepgperatures as |ow as
50 degr ERBTIGRTGSUREIUGTR BRENG AR Aged oy s rating AEGASAINGETg dr ogen
i mpl ante ki : f 5 ion the
process. SrAlfeioPst {dnferal s HGHS Ron M larmbERTRE WFEH HShYARGER o
centi gr ageimplantedy Acogriing tpBaurdlschateht thisprocess fedds torthée lrmnsferdsfc thin
silicon/quartz pair has to be thinned down to | ess than about 150 pmto
avoi d cracking of the bonded pair during the layer-splitting
heat-treatnment. In this case a main advantage of the process disclosed by
Guel is lost, because extensive |apping and etching to renove nost of the
first substrate is needed. In the nethod of the present invention the first
substrate, fromwhich the Si layer is transferred) can be reused. The high
splitting tenperature required for the thin layer transfer in the process
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Hydrogen induced m crocracks are not all at exactly the sane dZ@t R1§{12n e
fdi stributed around the maxi numin the concentration of inplant y g@n.
Therefore, a certain roughness after the |ayer transfer results, which
linmits the thickness unifornmity of the ¥ransferred filmand requires an
addi tional polishing step. The renai ning surface roughness is especially
difficult to renove for very hard materials, such as silicon carbide for
whi ch t hgeh@ySHdUCGNaTEr, thy tHidkHeAI BT w Siriednby HEARMLAIAGRECKs has
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substrate of very t hermal eXpansion coe cl ent as, exanpl e,
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nonocrystalline material or a |layered nonocrystalline substrate structure,
as, for é&apriptucingredements.sting of at | east one epitaxial |ayer on a
nonocrystalline material or thin polycrystalline surface |ayers and

anor phous surface layers or 111-V conpound epitaxial |ayers on a

crystal | g SHERGErstaInE Slidor BYefs&F hh dxliZédsiibén SABSIRSteS IR MidHe can
consi st of materials wth substantially the sane or with very different
coef fi ci enystaltifie slieonddyers pans glass stibstraté with athermaabexpansion coefficieaoh t he
transfer of the thin |ayer e | ayer or
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substrate caused by a difference in the thermal expansion coefficients
during the heat-treatnent during the transfer process. In a first step in
this new process, a hydrogen trap-inducing inplantation of an el enent,

whi ch can be boron, carbon, phosphorus) nitrogen, arsenic or fluorine into
a first nonocrystalline substrate is carried out to create a disordered

| ayer at depth close to the average desired thickness of the thin
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In-a Ysecond step a hydrogen inplantation is carried out which hgirp; i3 n03
‘hydr ogen concentration depth profile with a maxi mumclose to t }

‘el enent concentration depth profile and al so creates defects. The |an ant ed
hydrogen is chosen anong normal hydrogeh tn the formof H+ or H2+ or
deuteriumin the formof D+ or 28r ~a~ ~~c3 _8_D2+. The tenperature
of the first substrate during the hydrogen inplantation nust be kept bel ow
the tenp I I
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realized by direct wafer bonding or anodic bonding. In a f st t he
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as well as by t rogen I nplantation itse 0 cauSe growh
over | appifeheatdreatalent thearowl splitting sterrOnce thedthin tayec isssdprated atrsplipbfft t he
e thin |a er fromthe rest of the st substrate er eby
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DESCRI PTlonly 055 ﬂ'le*‘/EBPMbNGBgalllum arsenide is 6.8 x 10°/°C and that of i |nd|um phos-
phide is 4.8 x 10°/°C at room temperature. A wafer bonded 4"-diameter standard

silicon/quartz pair (both of ~625 um in thickness), is found to crack at temperatures
as low as 220 degrees centigrade. Since with monocrystalline silicon as the hydro-
gen implanted first substrate, the transfer heat-treatment temperature in the proc-
ess disclosed by Bruel typically is above approximately 500 degrees centigrade,
the hydrogen implanted silicon substrate in the bonded silicon/quartz pair has to be
thinned down to less than about 150 um to avoid cracking of the bonded pair
during the layer-splitting heat-treatment. In this case a main advantage of the
process disclosed by Bruel is lost, because extensive lapping and etching to re-
move 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 method to transfer



JFig. ,1 Tine required to form hydrogen-induced optically detec lﬁ%ﬁu%b ce
‘blisters in roomtenperature hydrogen-inplanted silicon, germnmanfu ke con
carbide and dianond as a function of annealing tenperature. Fig. 2

Conpari son between effective activatiorPenergies for the formation of hy
drogen-induced optically detectable surface blisters in unbonded and for
conplete layer-splitting in bonded hydrogen-inplanted silicon substrates of
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t he hydr thiErmadekpansiph coeéfitienitl i con substrates (H2+ ions inplanted at 129
keV with a dose of 5x10'8 cm2) and for boron inplanted silicon substrates
(inmplanted by B+ at 180 keV with a dose of 5x10'" cn-2) foll owed by the
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detect abl e surface blisters on boron and hydrogen inplanted silicon
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cent i gr aberd materials, such as silicon carbide for which the layer transfer by hydrogen

implantation induced microcracks has also been shown to work. The transfer of

thin monocrystalline layers of very expensive materials such as silicon carbide to

appropriate less expensive substrates such as polycrystalline silicon carbide is

especially interesting for economic reasons since then one monocrystalline sub-

strate can be used to fabricate many mono-crystalline layers of the same area as

the original substrate. This process is only economical if the required polishing of

the surfaces after the hydrogen microcrack induced layer transfer is not extensive.

Another disadvantage associated with the layer transfer method induced by hydro-

gen implantation as presently practiced is the generation of extensive damage

regions, which are still present after the layer transfer process and which have to

be annealed out at a much higher temperatures after the layer-splitting process.

In the case of the transfer of thin monocrystalline layers from one monocrystalline
substrate to another substrate having an equal or similar 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 struc-
tures. A sufficiently low splitting temperature in combination with appropriate other
processing steps leads to a reduced microroughness of the surface of the trans-
ferred layer due to a smaller depth distribution of hydrogen induced microcracks or

to less hydrogen implantation induced damage remaining after the layer transfer.



The process can also consist in skipping the hydrogen trap-inducing el ement
|nplantat|on as well as the sensitizing heat-treatnment and car |pgRogT3the
hydr o 2 8 P~raR ~~~3 - 10 gen inplantation at a tenperature ich'i

hi gher than the tenperature of the tramfer heat-treatnent. In preV|ous
processes invol ving hydrogen inplantation and | ayer transfer as discl osed
by Bruel the inplantation was al ways perforned at | ower tenperatures than
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i npl ant ation whi ch could then cause the surface above these m crocracks to
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of m croscopic, sub-surface mcrocra s essent’i y at t e hydrogen
concent r ghplantation indotedh dapmgel dsepogsiblehe surface and the formation of

m crocracks of a sufficient size to cause splitting before the devel opnent
of optically detectable surface blisters or |ayer transfer in unbonded
substrates or wafers. The occurrence of optically detectable surface
blisters is associated with a well defined time at a given tenperature for

a given WMMNRYQFUTBE\/INVENWGNEH |rrpl antation paraneters such as
|nplantat|on dose and ener gives results of experinents involving
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it has basd géirmanium adth ¢arponhas well asiatheomaterials.hi n | ayer by splitting
takes a longer tine than the devel opnent of optically detectable surface
blisters. In Fig. 2, the tines required for layer transfer of a

monocr yStald inthod élld‘v@%‘tﬂeaﬁ‘ﬁrﬁsféf f t‘h%rfﬁﬁ‘fl gert at tbhﬂﬁé?aﬁﬁ@é‘!dv?é*‘ thah tRegd cal |y

detectabl e surface blisters for the sanme hydrogen 1 nplantation conditions.
In Fig. possiblehysing tieeprasent stateof the art. Both sihstraées cambegravéeed by onen be
seen that ti out a.tinmes a fa r of ten tine r eat are required
Fort ho PRMOTE ayBRCE caatba Hess. THEAS! ahstAlR armmetin gH"&:’Z‘S‘RHPWéns The
et f eCUi Veafitd Inibridlior 18) BhePRBRBEY stlittPsuiraia Shubiire 184, gopéﬂffﬁﬁ For
hi gher inplantation energies, corr spon Ing to an I ncrease tAtion
dept h, t baetcomsisting@fiat khst one @pitaxial |ayedenecmbberwstallim:mdmemaitcmthm

R e i A o e
opticall )épﬂ‘ﬁilsﬂ?g&ls? SHIH% ls®ibSirate®T h%lr%t %ﬁostt:}é?e LARYIRE sgbgﬁé sgsqw r ed
ecrea R I ncreasin

for layer trans en Inplantatron dose and

depend ostrateccatopomgist afunatevibls With sabeﬁanﬁbuy tﬁlewsamémgﬁm Werynﬂfferent ower
t enper at ures, have been dlscovered to be equivalent, inte
| ayer - sperefficiegts phihermal expansien.-Agcording o e progent 'Q%@Péhﬁﬁ'@é‘s‘c%&fhods

to |
tenper at 1P er 8 ich R g i Sbling d8fen i BpehBaty B PRIy RaibER" |
are r eqUtl‘ﬂﬂ@byérfor@én%@@n%l%ﬁéhﬁﬁph@@é trﬁm@%rl&bbmﬁnaﬁquhefm}f i¥e used

separately or in a conbined can be used in order to acconplish shorter

fsp| it L i ngerfprmgd &t a|t@¥&mer@tpre ﬁ%’ whishtthepwoaubstretess aftee theyphavesPegn desi r abl e
Gobst 1 ot DBRUPEHR 8B irentdin s tiscd Tt esbb Bfly WEBRRA PRI BB ei®, The

first ”e%UBé’tré’tQB%r%ﬁJ% t8fthé %é&ﬂaﬁﬁ@éf strBBsey bétweth the st é’rh@ﬂﬁf‘keé&noe' ement s
whi ch i nduce hydrogen-traps, such as boron in the case of silicon

substrates. This hydrogen trap-inducing inplantation induces damage in the
nonocrystalline first substrate by displacing substrate atons to trap
subsequent |y inplanted hydrogen and | ater on rel ease this hydrogen during a
transfer heat-treatnent. Dependi ng on




,~I~~ ~u~~ - 12 the specific elenment and the incident energy, one inplanted
ion can generate nore than a thousand displaced atonms in the §igr $1AR 7°03
substrate. Therefore, the dose of the hydrogen trap-inducing rrnplantation
can be in the range of 0.1 %to about™ 1V % of the dose of the subsequent
hydrogen i nplantation. Since the defects are nostly vacanci es and
interstitials, they can reconbi ne and be annealed out. In order to take
full adv t 1 ; 3 o i ng

| ol ant ago e Raubae by H FHfeFori R el xpafisif dok et M He

i npl ant aheatriseatrnt lMaringrihe ddansterlprbosed. hat at which significant defect
anneal i ng takes place. The choice of the elenent inplanted depends on the
properties of the first substrate. In the case of silicon as the first

bst r at | pNG:: t . 1 tati
nas: boon BT s i Gnr LSt Aol BERRGREH BB SRiar 47 0 "
t ransf er glethemwhichycnabé boror, ltarbdraphosphbiug; nitfsyemp ardeniivor fadrikeintenoved

by a polishing or by a thermal oxidation step in which boron is segregated
i nto t headrgunonssryétalling sibstrate iseairied oubtaowatea disprdarss layat abdepth

dilute h I i Lt .S, ial tha he | nmj.an 1O do not
genor at e HR8 K S hierB8e psirert RicRBERT bl e s tho BB el Bl p 0 ¢
sur f ace. trifsfefreliNTHE clERBAPESHERNLIRYIBH BKIRIINE BSsdhtidllyRiadéatHefirsbegi n fir st
in a subsurface | ayer and not at the surface. According to the present

i nvent i odybstrate intowneupparpartiohywhichlia theapomionita beHteansfered astmtayate to

i nduce hydrogen-traps st be fol l.oned a bsequent dr.ogen

| ol ant aBn0 A GMEh RO ik I SrereRuSE Sontnife Hhe Fradthardie Thd Sthstraie: ed
hydr ogen Pdresk h t

hydr ogen-l-ltﬂr3|§11t|c!))-p Pﬁggﬂoﬁg&@nﬂggg{ﬁt I on ﬁ%b’t gn :‘é gﬂ;t?nﬁgglfa gg?ﬁfsaﬂﬁgtstﬁégsémnch are
st abl e upniacsilicanewpter at bisémpiaytiation step most e daoigeoltratlastengierature

t enper at ure, hu el gw.the tenperajure, at i.ch the, bonded substrate

st ot ur Bhiads belkty St sempel b hwhrdmplantetonmaye SR isgur eRs are

di ssoci abfind41ed TS di5rBlec el tHefbodtidinR Sefitts TP bIE afiR%o thiF O di ng to
the present 1 nvention, the trapplng cﬁ ygrogen occurs by the reaction of

t he i npl hydredehynl diffgeentvédrifigarationsn Tharigiplargatisndsnditiens alisbpetdhesénrist
boron inplant. In npnocrystalline silicon the trapped hydrogen starts to

becone neH¢LRWAKhabIheEinamiiR she dpeth piafleef therancentsatie péthis
P bgeaemeritds closd e Boftbbsdhding WaniniiPin' 1R gopBintBticrb e of the
bl i st er ssubrsedquently impigatedhigrogen| Thé etinfbér@f displacecatomsgensiaited In ne

silicon substrates QH2+ ions at 129 keV with a dose of 5x10'8 cm z) and for
conpari s firgt syhsjea @ due tethe hydiqgesstrar-inducing implagtatipR s Reclpsie ed

opti cal | I j i j re i +.at 180
ey v t hrABREEIEN Bo B oHYRbGET nlllel itarts o SENEILAMER i 22

i ons wer thei sybisaquent lydrbgén reglantitiorn anasimphintatidikintiused2méorsationi efint ed
monocrystal | ine silicon substrates as a function of annealing tenperature.

Conpar edthedirsheubsjiate yerto disi suriage mustde avoidednThe kempearature ofdhetfingt

P ot PutiteRe Ao WO RGEHR et AR GRbRn i e b Beiok e
t enper at tgeperaturd at WHIGHE A ARSEIMEPSULBTitRé YenBrited defeuts takesplaty eThé | e are

about ten times shorter or about 50 centigrade |ower, respectlvelé% The
time forpledersed sange foajhe traptinducing imptantatiomisiandose oblesatthard x 10 peronger

but the effective activation energies, ftgr the tw procedures remnains

cssent | aryArpiretLier il arBRsRARRT 5 10 ek PR SdBISER ¥ [ ng
tenperature further, for a given layersplitting tine, or to reduce the

| ayer-splitting tinme, at a given |layer-splitting tenperature according to

t he preskna seconchsieprg hydnogestimpidntation i carded out which forssres hydrogeo

heat - t r eat nen f the hydrogen inplanted firs ubstrate befqre wafer

bondi ng. ¢QMealan Sibgtt Bty it 4 Biasruum Kose e el o e plegrerd mopranire
This sengit HZi {5 | I F growt h of
hydr ogezﬁéigé?:@g)%ﬁ%r%idr g%&;@ géliifs},&aggl&%t 3?%3‘“@%"?%"2‘3@5% t'ﬁg hgg sequent
transf erameay-rioreal hypdrogehtin the fareh obH' bakl,t or deuteriomiiadhé dormn bf D opel ow
that required for the formation of opticalfy detect abl e surface blisters,
whi ch woul d prevent bonding. In the silicon case, the sensitizing

heat -treat ment of the unbonded boron and hydrogen inplanted silicon
substrates was carried out at 250 degrees centigrade. Fig. 2 shows the tine
needed at 200 degrees centigrade for the formation of optically detectable
surface blisters in a boron inplanted and subsequently hydrogen i npl ant ed
silicon substrate as a function of the tinme of a sensitizing heat-treatnent
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decreases remarkably with increasing time of the sensitizing
heat-treatment. For exanple, after a sensitizing heat-treatnent) ftMIeG03
degrees centigrade for 10 mnutes the tine to formoptically detectable
surface blisters is only ~10% of that-r&quired for blister formation in
substrates which had not experienced a sensitizing heat-treatnment . A
second nethod to |lower the layer-splitting tenperature for a

| ayer - splp &t ; t - o) ; i

| ayer- spia | temaRireldl hERHA SybRfate Mgt jdiBbed IBRlatBrinlEl o of
carryi ng beukept heldw tho tmpeéranirerdtavhich siginificantly baheaksg vbt ohthergenergteer
than the tenperature of heat-treatnment after bondi ng as needed to transfer
t he thi ndefgds bythg hydragasiksaptinduainginplaptationdakesplacer the formation of
optically detectable surface blisters in silicon carbide substrates

i npl anted with hydrogen at a tenperature of 800 degrees centigrade are

| ower t hap atthird tée e firet shipstrdie 4§ egijeciedtoanséskifiting AeBEtrabthent stnaH | er
t han 200 degrees centigrade with otherw se the same I nplantation

par anet eeievated ternperataie for aigivemtigie, whigheisaahgsen isugh daattherhyidsegen iron has

be ch h i he hyd il ' .
hydr ogon e dr SBslsARuwhich ik btpafléet 25 e hEBIRe ARl SR Bant whi ch
woul d pr euRAked Woni it ttBeRfients fd)th%fzﬁefé@tsfmcﬁ Weré gaheratel Wﬁﬂ% h@df&qui red

inplantation times are determ ned by the inplantation dose, eam

current @enttrap-induicing implantatioh@ndrasawell by ke ydmgepsimgilantatiomitself.i Bhist o be
transferred, a wde r of valueg for, t durati f .an _hydrogen

ol ant atiesmant cfdaes Ba Todnationatd eeow dudragen e micPers AR 1y ¢ ue
if one t } : it i i kfues,
such as. o aEnclose M ARt n{HE conEbniratty (el BN LA AN

ar eas i n gearhutshustinot gausethwtdragern indesedisudace blisters, whith walldchmavegti n hi s
paper enti }DI ed "Plas i W on ion inplantation for sem conductor

processi SYOSGRYRH %g'ﬂﬁjﬁ thefirat sybstrate (o a/5¢50nd SEPEYAtE s Chenistry and
Physics in volume 46 in 1996 on pages 132 to 139. This technique allows the
extension to even higher values for possible inplantation tenperatures,

wi t hout tlha foarthatem andhtirhatd age stronglboad bepieemthe/ fide sabstedtecarriithieace
blisters. 2 ~PE~~i~'3- 15 Inplantation at el evated tenperatures
has been S§6084 spbstrale s sealized hydire¢twafapbandingios @neRicoReRERgi n silicon to
fabricate so-called SI MOX (Separation by I Ml anted Oxygen) substrates, a
special formof SO materials) in order to inprove nmaterial quality by

l'i mi ting It Befiftngteptthe bondpd ahusturecotfuigtig dhiths firstvdmbthiehse condeibstated f

part of this damage durin%i | antation as is known to practitioners of
this fiela§.bongedds heat-treq qaggwgeafqrrtgmaﬁtadmw which|tee dmplantedPrdrer ur es

et er 1 o1 Segnd st BB SNSRI B dhPE ARl ¥ AEEes Chatea
t enper at wiich dler®yenaradted byithe hydfogeretrapy-sHd@aty inifbattiahi sy wends pydheganage

by continuous annealing during the 1 nplantation process. It was confirned

that for hydeganimplacigdan itselictp eausedsawtmeoveylappipgrancheoalasegnesehduced

ot ant agWBIPr-ER et RS Al p i nBbob SRR MV bt thegst .
shar peni gt fifsh SuBstPate tHefdby tharidfeming thBXRiIhGaSRotrBlaliNedby&nto theuced
m crocracks may be caused by 't he enhanced nobility of hydrogen during the

y

hydr ogen seaphcisubstrate. Ahisctransfecthermaptreatmerdsnusithecearriedtaut @t adeansfen a
| ower surface roughness, of  t transferred | ayer as .c ared.to the

br esent | {oRDBMHIBEE Togis At triorprRp & EwER e bBBeRg RS ers ahfve.

t enper at t " : } P& lin kHB Di S
UTE: " paieRraciiienl cRghiphinEg soSline SRALTRE e lbomIbsHE LY R e

met hods Icasenf shbstratepevith sulsstantidilyadifferest theraal erpainsian coefficierdatsutbr a
given tine or reduce the required tinme of this heattreatqrgnt at the given

t enper at @dUsRe qEanz andimenpgryatalling sitigan, gue/tgibe sregnamicd’ SYERR®R and t hey
may be u I R ki : ; a
nuber ot isd 80nd ing RecbBepEhetty RN REfent HertE el6aRibl tocicT s,
[11-V conpounds do not show surface blister formation after the

i npl antation of hydrogen in the paraneter range which works for silicon,
germani um dianond and silicon carbide. In this case a transfer of a
nmonocrystalline layer of this material , which may be, for exanple, gallium
arsenide or galliumnitride, zZsr ~~~ ~-s3 - 16 nay be acconplished if
this material can be epitaxially grown on an appropriate nonocrystalline
substrate, such as germaniumin the case of galliumarsenide or silicon
carbide in the case of galliumnitride, both of which show the effect of
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The embodi ment which will now be described, describes a nethog fggfthm
transfer of nonocrystalline thin silicon |ayers froma nnnocrrﬁ % e
silicon substrate onto a fused quartz substrate involving first hydrogen
trap-i nduci ng boron ion inplantation inPo-the silicon substrate followed by
a hydrogen inplantation into the sane silicon substrate. The silicon
substrate has a coefficient of thermal expansion which is substantially

di f f er entgR i HERTRIPTIORCOEUESE RAWIRGbst rat e. 2 8 P~~a~ ~u~3 - 17
The hydrogen trap 1 nducing I nplantation of singly and positively charged
boron ions at 180 keV wth a dose of 5x10'4 cm 2 in a 330 Nmthick
nmonocrystalline silicon substrate with (100 crystallo%raphic surface

ori ent at ifd@, 1 iimg requeired fo fre Bydrogen-ndy Riigadly Ostectablesustaceyblisters oo

= ot mum i ¢ 1 SO ErmeeBEs By B8R BPRle BTG, aft Sl HichYatfag 11
dept h of appr GRITIARNCEE (HDICHS! ARG [@hbartaeDt N di St ri buti on of

di splaced silicon atons is simlar to the boron concentration depth
distribution with a maxi num concentration of approxi mtely 2x1022 cm 3 at a

d h of 4&h i um sl ght | |l . th he. i i h
concent r &i9ch Garabaraan beesh Mive Sy bial ehoiaiss o I aB S ant e
into the borOwrbém%-md%dtkawdét&ﬁémé]g@{fﬁ&e bisteksin Untdhdqeddaseigf S5x10° 8

cm 2 so that the concentration ‘maxi num o e two distributions of

i npl ant ed bor compieteHayverssplitting i kondgedlydrogen-implanted silicohsupstsates@f- of
the maximumin thejr concentratio th distrihutipn. The hydrogen
concent r at i on ®HNY¥ Qgﬂwwﬁpﬁ%p@?ﬂgﬁe@ﬁfe@g@ €.cm3 at a depth of
approximately 0.58 arm The tenperature of the silicon wafers during both

boron and hydrogen inplantati ons were kept bel ow 50 degrees centi grade.
M cr ocr adiig. Hahel tirés requited Ubfradydobdgarindsickd optical\bdetestablasarface ned

already in the asinplanted silicon wafer t.alocation close to the

maxi mum i n- t hOSERE BRARSAYEFPaREAMY dMBlaniadsiigen SHDSFRISS fik AAPSIMhy dr ogen.
These cracks i A M t id g h i : i . upper
portion whi Ch%i%rﬁé{i iaf[l’ﬁ? gsw\'gﬁﬁr% n e;?/#ef?ﬂ;ﬁ;ﬂ @g f%gﬁgﬁebrdr}ég l@ﬁ!ﬁ”&%%ﬁ'cker

| ower porti on cohisubstratest (implamted by Btet d80tke\oith zedssd oS Btibsi?) fdle. To
avoi d cracking of bonded silicon/quartz pairs a transfer teﬂgfrature for

the transfer ed pydhe sante hixdreagn WnpaRtatianasinthe fistease (ks ignpdweifen
L Lrans! _ . | f :
oot ot ol < pREled BE 156 RBY WlIRAHCSE o 510 oo/ g BXGhetitn o antfeaily,

more than hundem@etmiures to split the silicon layer at 200 degrees
centigrade for the just inplanted and bonded 2 ~~". a~ ~~c3 - 18 silicon
and fused quartz substrates. Such a long transfer, heat-treatnent would

i nduce t ri r.adi r : r esses
n the suidt anedimereasli HatoRBaiaY ofHgbuBhIAe Y bcsHFidiiectable
sensi ti zi ng heatfate giiseenbnWordmany iaplantedngllidardsuisstatesdsant ed
silicon substrates is perforned at 250 degrees centigrade for 10 m nutes

bef ore bondi n§h@WNdA FigadAt2H0: drgrges wentigrdeas ion|afdle tims otseitks but

not yet to the, ' fh ng i nduc optically detectable surface
blisters whi c%‘tmé%t?t&%qﬂferﬁ%«iaggﬁe@(ﬁ%{%?g@&éa& red strong bondi ng by
direct wafer bonding to the fused quartz substrate. This sensitizing
heat-treatnment allows to decrease the required tinme to transfer the thin

nonocr ystragl 3 keoraparisambetwesn times fordhe dpinnatiamef§ epticaliv detegtallersurface
heat -t reat ment,_,.by about. a factor of ten, , a n.be seen fromFig. 2. which
Chovs 1 hat ¢ nolisters i dliodh e 4 R wterh Tholehled Y (0 Sribertet teRarafidt | v | ar ge
m crocracks t i } St ers on
Substr ot as whe el atf 000 Mo Rt oritRadaol ¥t O Bl Sl e O
250 degrees ceentigragée is only ~10% of that required for silicon substrates

whi ch have not undergone a sensitizing heattreatnent. Subsequently the
boron and hydrogen inplanted silicon substrate is bonded at room

tenper at 4 %cg%)é g5h a}f@ﬂc %rﬁ%ﬂﬁ?{@ﬁh& @eil’l@oggggff?faﬁazinagaﬁé@érﬁe ter both

substrat es have been cleane ng procedur€s used in the
sem condugpfntatishias well abnbelanditiziny heattréatrnt andaiarsyiryg out therhyaroeal ed

at approxi mately 150 degrees centigrade to enhance the bond strength. A
nmonocrystalline silicon |ayer of a thickness of about 0.58 Nm correspondi ng
to the depth of the maximumin the concentration depth distribution of

i npl anted boron and hydrogen is then split fromits substrate during a 200
degrees centigrade transfer heattreatnment for about 24 hours by the growth
and overl ap of hydrogen filled mcrocracks which | eads to a nmacroscopi cal
split of the upper portion constituting the thin nonocrystalline |ayer from
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- 19 The following table lists the conditions of boron (B+) inplantation
fol | oned by hydrogen (HZ+) inplantation for a first, bare nonocygspaR! g
silicon substrate to formvarious thicknesses of a nonocrystalline silicon

| ayer which may be transferred onto a dési-rabl e second substrate, such as a
fused quartz substrate. Energy of B+ ions (keV) Energy of H2+ ions (keV)
Silicon layer thickness (Nm) 70 128 180 215 520 40 90 129 160 320 0.25 0. 44

0.58 0.7 ' ; . | ' | jon is
Pust an GeminHEMEICEEPR eRbel e UAIBS o InaR i letboeraRirBbrhe T

act i vat edratdfdrimat-i@atragnt. (b praVides pradeskés MR Hydidglendmplantation apdl i ons
of other appropriate elenents or el enent conbinations can play a simlar

rol e as tryesiransteras diselpaed dyrBrusptherimplaniatior wassalweys pesormed @t her

enbodi nent | o n_el.ement .chosen fromth I st .of .carbon ho or us,
ot ogen 10w eBrReafiies MRS ed IS mocRautEgE hasee n 8 ae e AR Atk a1 on.
I nstead @he H/br traRSier Procddsanolidihtafall) ¥eq @eeh H[i)qlr'ﬂé‘i' t@ﬁ%)e?@tuk@ﬂﬁhrﬁth‘éh as H+,
or the ions of the hydrogen isotope deuterium or p2+ DETAI LED

DESCRI PTiirgMantatitrEeSREDADreRFrReERFAEeNEARBOn: MEOIDCTanksvauld deyetopdairaady whi ch
wi |l now be described in conju ilon with the above drawings .relates to a
et hod f SLAPEAMPANETQ WHEA SAUIS AL ralss therpanave, tHese mieasTacks to
silicon ' ' i Lt it | ;

v ogen THigk 6 el 16 SBRELILNERS WhTLNBRIN IR olil ok et A bodray

bondi ng pnocedwe hdechueduitesdiat andanimortpaished serfacesvigeodquality to ber | ower
than that of t?ewgﬁ/dro en, i nplantation. Inplantation of hydrogen ions nmay

be perf oSHEeessiyllyperfoimed, g —— —— ———3 _ 20 the formof HZ+ or in the
formof H+ or D+. Both approaches nay be used in terns of

We have now unexpectedly discovered that besides temperature, time plays an
essential role in the development of microscopic, sub-surface microcracks essen-
tially at the hydrogen concentration maximum and parallel to the surface and the
formation of microcracks of a sufficient size to cause splitting before the develop-
ment of optically detectable surface blisters or layer transfer in unbonded sub-
strates or wafers. The occurrence of optically detectable surface blisters is associ-
ated with a well defined time at a given temperature for a given 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 detect-
able 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 H,* at 120-160 keV with 5x10"® ions/cm? (corresponding to
1x10" cm™? H* ions/cm?) and annealed at various temperatures to introduce hydro-
gen filled microcracks. The maximum temperature during the implantation was

controlled to stay below 200 degrees centigrade.



this invention. Typical energies per hydrogen atomare in the ﬂéd?’“ 0odn 30
keV to 200 keV which leads in the case of nonocrystalline sili&8n "t“g ﬁ’g t hs
of the inplantation maxi mum of approximately 0.1 and 1.6 m croneters,
respectively, which also corresponds-tdlthe thickness of the transferred
nmonocrystalline silicon layer. Much | ower inplantation energies such as
only a few hundred eV, as they becone available in comercial inplanters
for the FapfHecsdrme implantiidn ehditioied RQWitl‘?BoFlB@@%DBs!ere‘é'ii h&9Be@h 0cessi ng
may al so be used. Simlarly nmuch higher 1 nplantation energies of sone MeV
as al so discoveredahbat/thevizansfet ef therthimiaiedby splidting takesna kingen time/thainso be

used and,are cqrrespondi ngly associ ated with an inplgntation, depth of
t ent hs o¥hen$%\f€‘3%m§559queﬁg?%x|d%?%ﬁiﬁﬁlﬁt%ﬁg&ﬁ%!'§£9é§- '{‘rr%ge rih84ines fére dose of

single h ' I GEN: i o ' jlicon
and ger rréﬂilrr%)(?h H%%ﬂ?aer}ﬁ%i%%ﬁ a({?ﬁ)rc@sgﬁl!lp%famlg%llé%rﬁlggﬁnfﬂsgrlég‘ té:ﬁiosr%ange of
200 degr estruireerfor gpictlytdetéOiablicgurtsce ilistérisgorthe sdme hydrogamingsiabiatient he

waf er tenperature duri ngménpl antation is in the range of 500 degrees
cent i gr agienditions. 104 igie) FnacBydregen yrasieplaeted At 409degseas geotigrages It can

| oner 't ohb3gn ShaftfideiBiul SRS I SRR bR’ 915 reBlTP S0P Cre ™
case sil tHi®ayertiindrorief #ieseWRideoderPingplhativh ddntifibns OTRe aiffetfive ;bfﬁfg/aﬂn th a

dose of 5x10'6 cm2 at a tenperature of 800 degrees centigrade. T
i npl ant atiP@eNergyapprearsdo berthe samefariboths prroesses foardrigher implantation

1T 20 Bherafis, BiresBandipgdo FuRCiersEl iAo P Bl fimesdeaifish for
anodi cal bytimydrdeétabR SlrtHte KIS Fiptafafiteneredddand g%ghb@& feompkeci ent of

thermal expanSion at a tenperature of 560 degrees cen rade. Subsequently,
t he bondeafjuinedifot layer transfesaiVe: alsamaehtion exddicitlydhatthedimes cequired fahtheh i s

Dol ot oevaionmeRof GRuGHy Harab BB ta Bistert 66 welAs 1R fnder sy
srmothne%ma%@@g&%ﬂghwff]’w&as@%@?id&&égﬁ@gﬁq@ﬁe@ il ér‘i’c‘éﬁand%gé nm as

conpared to 15 nmfor l'ayer of nonocry si'l'1con carhbide

t r ansf er ard dapend omttiealpping lgviehat thiei matesal.a hydr ogen i npl ant ati on
tenperature | ess than 200 degrees centigrade. W al so inplanted
nonocrystalline silicon substrates of (100) orientation with H+ ions at 160

keV wi t hsﬁm@%ﬁ%&f tirﬁé&%} %&P&énﬁer&&éﬂ?&{%ﬁéﬁ df¥cofd odﬁ%é’%mnﬁﬁ]é‘erﬁ,gr ade.

The inplantation tine o ndtes was s enough to preve
f or mat i oim tefme jof iay@risplitliegerarediere te shdderctirnes at highet serapéiratures) methedgi ece
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| ayers of nonocrystalline silicon or silicon carbide or germani um or other

nonocr yst@rmahexpansien.al s onto a substrate fol |l owi ng bondi ng and subsequent
heat treatnment. It has now been di scovered that this nethod all ows
successful splitting with | ower hydrogen doses than that required normally

for spliThéfitst method consists of a low dose implantation of an element or elements
which induce hydrogen-traps, such as boron in the case of silicon substrates. This
hydrogen trap-inducing implantation induces damage in the monocrystalline first
substrate by displacing substrate atoms to trap subsequently implanted hydrogen

and later on release this hydrogen during a transfer heat-treatment. Depending on
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i ndicated that a m ni mum H dose of about 5x10'8 cm~2 is required for
silicon layer splitting. A theoretical estimate of a | ower bound of
hydrogen dose required for |ayer splitfRng of about 2.8x10'6 cm 2 for
silicon was described by L.B. Freund in his paper entitled "A | ower bound
on inplant density to induce wafer splitting in form ng conpliant
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dose of 2.8x10'8 cm 2 by wafer bonding and | ayer splitting. W have found
that Al (al um niunm) +H co-inplantation has the simlar effect of B+H
inplantation in | owering m nimum hydrogen dose for layer splitting. O her
elenents in group Il1, gallium indium and thallium have a simlar effect
as boron and al um ni um
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The fourth preferred enmbodi ment describes another method for |owering the
m ni nrum hydrogen dose required for splitting of hydrogen-inplanted |ayers
of nonocrystalline silicon or silicorm d@ bide or germani um or ot her
nonocrystalline material onto a substrate foll ow ng bondi ng and subsequent
heat treatnent. It has now been discovered that this reduction can be

achi eved pigtersBhané hyardheH-0819 Tmpitited (1 d0)Btidn®aP fictoehRtallihg siicBr ef er r ed
enbodi ment, silicon was 1nplanted wth H2+at 160 keV with a dose of
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tenperature or at high tenperature in conjunction with hydro gen ions

i npl ant edower, egpectivelye Thedinae for large area layer-splitting after bonding is 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 given layer-
splitting time, or to reduce the layer-splitting time, at a given layer-splitting tem-
perature according to the present invention, consists of the discovery that a sensi-
tizing heat-treatment of the hydrogen implanted first substrate before wafer bond-
ing to the second substrate lowers the layer-splitting temperature. This sensitizing
heat-treatment, which leads to the formation and growth of hydrogen-induced
microcracks and facilitates splitting in the subsequent transfer heat-treatment after
bonding, has to be limited to a time below that required for the formation of optically
detectable surface blisters, which would prevent bonding. In the silicon case, the
sensitizing heat-treatment of the unbonded boron and hydrogen implanted silicon
substrates was carried out at 250 degrees centigrade. Fig. 2 shows the time
needed at 200 degrees centigrade for the formation of optically detectable surface
blisters in a boron implanted and subsequently hydrogen implanted silicon sub-
strate as a function of the time of a sensitizing heat-treatment performed at 250
degrees centigrade. The implantation parameters for the boron and the hydrogen

implantation are the same as given for the case of Fig. 4. The time for blistering



Inplanting B+ ions (dose >1 x10'2 cm-2) in conjunction with H+ inplantation
at an elevated tenperature, with the two ion profile peaks ali dhgdMAR 2003
slightly offset has been found to reduce the m nimum H dose required for

| ayer splitting. In this preferred erbddi ment B+ was inplanted 180 keV,
with a dose of 5x10'4 cmz at around roomtenperature into silicon wafers
with a (100) crystallographic surface orientation together with Hz+

i npl ant atj e : : g E~ |1 con
warer cotbtyaves el wih fiefgBhd imeRohe 058tz Re et faibliF vl on
| npl ant atgx@mpleedfeerfnsasitifing Geut-treatidentdt 250 ddgrabs ¢entigdeXof 10miad-t o
achieve splitting. In contrast, entire wafer-size silicon |ayers were split

and t r andites thattimedmiermoptisalbodeteptabla surface blitersiaoaiys~IPYrofdhel dose of

ly 1.0x10' 6 : i dized sili f b f bondi ng . and
Db Bt BB dafRedii Bt BREr RS s B R
i mpl ant at{gytfe@fmbaiv hydrogen dose splitting of nonocrystalline |ayers is

mat eri al dependent. For silicon the maxi mum permtted tenperature i s about
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flat, said nmethod consisting of the ster of : 10 subjecting said surface to

a hydr ogdantedwithaydoggniatgl tentrerature of 800 degreefeantiarade are layverdhandr ogen

2t ani cn o B hlbos TpiTiEA e foBeraeS el fith 208 kiR "o ¢
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pl antation having a dose less than 5 x 10'8 per square centineter but
great er tstrate.1Sirce the requireglimplantation timesrare determined by the implantation

dose, the beam current of the implanter and the area of the monocrystalline mate-

rial to be transferred, a wide range of values for the duration of an hydrogen im-
plantation at elevated temperatures is available. This is especially true if one takes
also into account the fact that new implantation techniques, such as plasma im-
mersion ion implantation, allow high doses into large areas in very short implanta-
tion times as described by N. W. Cheung in his paper entitled "Plasma immersion
ion implantation for semiconductor processing" which was published in the journal,
Materials Chemistry and Physics in volume 46 in 1996 on pages 132 to 139. This
technique aliows the extension to even higher values for possible implantation
temperatures, without the formation of hydrogen-induced optically detectable

surface blisters.



subjecting said surface to a hydrogen inplantation at a hydrogen

i npl antation tenperature, wherein said hydrogen inplantation tegppARtAN(8 is
kept bel ow 25 that tenperature at which inplantation-induced hydrogen-traps
are anneal ed, said hydrogen sel ect ed f Fom hat group consi sting of norna
hydrogen and deuterium said hydrogen having a hydrogen depth distribution
in said first substrate, said hydrogen distribution having a hydrogen

concent r 3ipfihtaBon BtielevaRidteMErafifss e beBh dtvefipetedpadialgaekthe ng
essentially at said 30 el enment concentration maxi mrum said hydrogen
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does not pose a technological problem.

Implantation at elevated temperatures allows a reduction of the hydrogen implanta-
tion-induced damage by continuous annealing during the implantation process. It
was confirmed that for lightly p-doped, (100) silicon the hydrogen implantation-
induced damage is significantly reduced if the wafer temperature during implanta-
tion 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 per-
formed at a lower temperature than the transfer heat-treatment as disclosed by
Bruel in his U. S. patent number 5,374,564,

According to the invention, all three methods lower the temperature of the layer
transfer heat-treatment for a given time or reduce the required time of this heat-
treatment at the given temperature needed for the layer-splitting transfer heat-

treatment and they may be used alone or appropriately combined.

It has been found that a number of monocrystalline materials such as gallium
arsenide and other llI-V compounds do not show surface blister formation after the
implantation of hydrogen in the parameter range which works for silicon, germa-
nium, diamond and silicon carbide. In this case a transfer of a monocrystalline layer

of this material , which may be, for example, gallium arsenide or gallium nitride,



.rect ;wafer bonding; subjecting said bonded structure to a transfer
heat-treatment at a transfer 15 tenperature, for a time suffigigemiRy7%03ng
to grow hydrogen induced m crocracks which overlap in a region adjacent to
sai d maxi rumin said hydrogen concentr&éi en distribution and which are
essentially parallel to said surface, whereby said upper portion of said
first substrate is separated by splitting fromsaid | ower portion and

transfer o B r fi 'ng an
upper pol Py A arlfioARENeuD RiEl Cartize SptdbadiBl o] 6 sbidimaBieeC, oT
sai d net htw\oarysvalmnélsubsttéteaswdusgénham@lm if theystise cﬂ‘q:jhlliumlaasémae@n dose
requi rement and a reduced splitting tenperature re quire said first

subst r at slliehsaride i e easedfigaiium mitride obothraf Vd\lcbﬁéﬂwzgg;ﬂﬁe@t ehsursai d
upper poricedefedlitgte hifode Pplebtaticn ala spisiAbhs Wedl Fedfifiell .o
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el enent sthadithe mexirhuonof thetcomcentratiomdepth dlsalbutlmmlmgmaad hydrogen
does not lie within the monocrystalline epitaxial 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 monocrys-
talline layer transferred is covered with a second layer of monocrystalline material
from the first substrate. This second monocrystalline layer has to be etched away
with proper chemicals with a sufficiently high etch selectivity in order to not attack
appreciably the underlying transferred monocrystalline thin layer.
In order to check whether there is a difference in hydrogen blister formation be-
tween implantations with H* and with H,’, in a separate set of experiments the two
ions with approximately equivalent implant conditions (H*: 60keV, 1x10" ions/cm?;
H," 120 keV, 5x10 ions/cm?) were implanted into silicon substrates. No differ-
ences in hydrogen induced surface blister formation were found at temperatures
above 218 degrees centigrade. It is believed that H," ion splits upon impact with the
silicon substrate surface, coming to rest as a single hydrogen atom or ion. In

addition to normal hydrogen, the hydrogen isotope deuterium may also be used.
DETAILED DESCRIPTION OF THE FIRST PREFERRED EMBODIMENT

The embodiment which will now be described, describes a method for the transfer
of monocrystalline thin silicon layers from a monocrystalline silicon substrate onto a
fused quartz substrate involving first hydrogen trap-inducing boron ion implantation
into the silicon substrate followed by a hydrogen implantation into the same silicon
substrate. The silicon substrate has a coefficient of thermal expansion which is

substantially different from that of the fused quartz substrate.



-28 iing of boron, alumnum gallium indium and thallium said at |east
one el enent having an el enent depth distribution after inpl anp gt ir,t?m i;gmsai d
first substrate, said element depth distribution having an el éenment -
concentration maxi mun) sai d el ement cohdentration maxi mum essentially
dividing said first 5 substrate into said upper portion and said | ower
portion, said hydrogen trapinducing inplantation having a dose less than 5
x 10'8 per square centinmeter but greater than 1 x 10' per square
centinmeter; subjecting said surface to a hydrogen inplantation of |ess than
5 x 10" dhehysdrogen trapymduging impianhtatioat dfeingly mpdrpasitively oihangedrbosan d

hydr ogen. i npl a tioon.tenperatyre is in the nge from 300C to 120Q0C, said
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form m croscopi c, sub-surface m crocrac essentrally at sai ogen
concent r distritutiomavitiu en raaxinuem @bheéntraticeofa pprokiatately 2x 1030 cmErat tahdepth hat

required roduce hyd en-i nduced surface blisters; 25 bondi ng. said
surface 8# &é’inax'lni“ﬂ@tg{'gflﬁg?Bﬁlﬁ%"’?rotﬁﬁﬁit'ae admymsidoeharen coneeptiationhonded

struct ur gidbRigpondi ng met hod chosen from anodi ¢ bondi ng and direct wafer
bondi ng; 2 8 MAf~ 2003 -29 subjecting said bonded structure to a transfer
heat-treatnment at a transfer tenperature) for a tinme sufficiently long to

grow hyd en i nduced m crocracks, which overlap in a regi on adjacent to
Sai d mx MAlRGYIF @éffregﬁwfzosjm ¥eribeRiaiangsA tnte the baransinriaptagsitigerar e

essenti ablisthitb:!19h ke dtht dke §T b 8»?%%% il fodtBlffatBA hLRMEA Sa' d

; ation.
first substrate 1's separate rom sa ower portion and

t r ansf er obthe twosdisttibitions @f fmplahted borod. anl hpdrogenfare dligret withsfespeof an
upper portion of a npnocrystalline, first substrate to a second substrate,

sai d fir&Qtheupasitien ef thenmpximum in thejeeencaniiatiopsteptiy distabution Thet fse-
nd sai 495h sEneatFeudith h @ maRRT i bR B B A gorhd “oare
met hod cappiadmately0.58nems Thetemberature of the silicon wafers during both boron
and hydrogen implantations were kept below 50 degrees centigrade. Microcracks
parallel to the surface of the silicon substrate are formed already in the as-
implanted silicon wafers at a location close to the maximum in the concentration
depth distribution of the implanted hydrogen. These cracks effectively divide the
silicon substrate into a thinner upper portion which constitutes the thin layer to be
transferred and a thicker lower portion which constitutes the majority of the silicon

substrate.

To avoid cracking of bonded silicon/quartz pairs a transfer temperature for the
transfer heat-treatment during which growth and overlap of hydrogen induced
microcracks and final transfer of the thin layer at or below approximately 200
degrees centigrade is required. However, it will take more than hundred hours to

split the silicon layer at 200 degrees centigrade for the just implanted and bonded



subjecting said surface to a hydrogen inplantation at a hydrog 3% D A0
‘inplantation 15 tenperature above roomtenperature, said hydrog MAR 2303

i npl antati on having a dose, wherein said hydrogen inplantation tenperature
is greater than 150 degrees centigradelBut | ess than or equal to 250
degrees centigrade and said hydrogen inplantation dose is |less than 5 x 10"
cm 2, said hydrogen selected fromthe group consisting of normal hydrogen
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treatment.

Subsequently the boron and hydrogen implanted silicon substrate is bonded at
room temperature by direct wafer bonding to a fused quartz substrate after both
substrates have been cleaned by standard cleaning procedures used in the semi-
conductor industry. The bonded silicon/quartz pairs are then annealed at approxi-
mately 150 degrees centigrade to enhance the bond strength. A monocrystalline
silicon layer of a thickness of about 0.58 um corresponding to the depth of the
maximum in the concentration depth distribution of implanted boron and hydrogen
is then split from its substrate during a 200 degrees centigrade transfer heat-
treatment for about 24 hours by the growth and overlap of hydrogen filled mi-
crocracks which leads to a macroscopical split of the upper portion constituting the
thin monocrystalline layer from the lower portion of the silicon substrate and to its
transfer to the fused quartz substrate. The boron concentration in the transferred
silicon layer can subsequently be significantly reduced to a normal level by a light

polishing and/or a thermal oxidation step.
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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 Il11-V conpound epitaxial |ayers.
Energy of B* ions (keV) 70 128 180 215 5620
Energy of H," ions (keV) 40 90 129 160 320

Silicon layer thickness (um) 025 044 058 0.7 13

Using boron for the hydrogen trap inducing implantation is just an example. Since
the implanted boron atoms are not electrically activated during the layer transfer, it
is expected that an implant of ions of other appropriate elements or element com-
binations can play a similar role as boron atoms in hydrogen implanted silicon
substrates. Another embodiment employs an element chosen from the list of
carbon, phosphorus, nitrogen, arsenic and fluorine for the hydrogen trap inducing

implantation.

Instead of H," ions any other kind of hydrogen ions may be used such as H*, or the

ions of the hydrogen isotope deuterium, D* or D,’

DETAILED DESCRIPTION OF THE SECOND PREFERRED EMBODIMENT

The second embodiment which will now be described in conjunction with the above
drawings relates to a method for 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
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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 MeV as also commercially available for buried layer implantation
may also be used and are correspondingly associated with an implantation depth

of tenths of micrometers.

Typical implantation doses (referring to the dose of single hydrogen

atoms) are in the order of 2 - 20 x10" cm™. For silicon and germanium the wafer

temperature during implantation is in the range of 200 degrees centigrade to 800

degrees centigrade. For silicon carbide the wafer temperature during implantation

is in the range of 500 degrees centigrade to 1,100 degrees centigrade.

We have performed various implantations at elevated temperatures and performed
the layer transfer at lower temperatures. Two examples are described in the fol-

lowing.

In one case silicon carbide wafers were implanted with H," ions at 160 keV with a
dose of 5x10' cm at a temperature of 800 degrees centigrade. The implantation
time was 30 minutes which is short enough to avoid the development of optically

detectable surface blisters (see Fig. 5).
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wafer implanted at 400 degrees centigrade was then directly bonded to an oxidized

silicon substrate at room temperature by direct wafer bonding followed by a thermal

treatment at 150 degrees centigrade to strengthen the bond between the two

substrates and finally the thin monocrystalline silicon layer was split and transferred

by a heat-treatment at 385 degrees centigrade, which is lower than the implanta-

tion temperature of 400 degrees centigrade. The layer transfer was completed after

5 hours of a transfer heat-treatment.
DETAILED DESCRIPTION OF THE THIRD PREFERRED EMBODIMENTS

The third embodiment relates to a preferred method for reducing the minimum
hydrogen dose required for splitting of hydrogen-implanted layers of monocrystal-
line silicon or silicon carbide or germanium or other monocrystalline materials onto
a substrate following bonding and subsequent heat treatment. It has now been
discovered that this method allows successful splitting with lower hydrogen doses

than that required normally for splitting.
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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 split layers. Recently, it was reported that hydrogen implantation
followed by helium implantation enables layer splitting at a lower total dose than
that required for either hydrogen or helium alone as presented by A. Agarwal et al
in their paper entitled " Efficient production of silicon-on-insulator films by co-
implantation of He* with H™ which was published in the journai, Applied Physics
Letters in volume 72 in 1998 on pages 1086 to 1088. It was demonstrated that the
minimum dose for silicon layer splitting was achieved by hydrogen impiantation
with a dose of
7.5x10" cm? at 30 keV followed by helium implantation with a dose of 1x10'® cm?
at 33 keV. However, the relatively high dose of helium can generate excessive
damages in the host substrates which are difficult to be removed by subsequent
thermal treatment.

We discovered that the minimum hydrogen dose required for splitting following
bonding and subsequent heat treatment can be reduced by implanting boron (B*)
ions (dose >1x10'2 cm™) on conjunction with hydrogen implantation, with both
implantations performed at around room temperature, with the two ion profile peaks
aligned or slightly offset. It has now been discovered that this procedure can sig-

nificantly lower the splitting temperature of hydrogen-implanted layer of mono-
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18) crystalline 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*. At a fixed splitting temperature, a
reduction of the required hydrogen dose for the layer splitting has been found when
elements of Group |l are implanted either before hydrogen implantation, or after
hydrogen implantation, or at the same time as hydrogen implantation. In this speci-
fication and in the claims the reference to hydrogen trap-inducing implantation
being carried out in conjunction with hydrogen implantation and to hydrogen im-
plantation 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 either before hydrogen implantation or after hydrogen implantation or at

the same time as hydrogen implantation.

In a specific preferred embodiment, silicon samples were implanted 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 1x10"” cm™2,

To determine the minimum H* dose for silicon layer splitting, H* was implanted at a
fixed 64.5 keV with various doses from 1.2x10" cm? to 1x10"” cm? into some
silicon wafers following a fixed B* implantation at 180 keV with a dose of 5x10™ cm’
2, Other silicon wafers were implanted with hydrogen only. In hydrogen-only im-
planted silicon, there was no blistering observed on the sample surfaces with H"
doses less than 3.6x10" cm? during annealing at elevated temperatures. However,
on the B+H co-implanted silicon samples, blistering takes place with H* dose as
low as 1.2x10' cm? and an entire wafer-size Si layer was transferred on an oxi-
dized silicon wafer to form a silicon-on-insulator (SOI) substrate wafer with H* dose
of 2.8xI0" cm™ by wafer bonding and layer splitting. We have found that Al (alu-
minium)+H co-implantation has the similar effect of B+H implantation in lowering
minimum hydrogen dose for layer splitting. Other elements in group ll1, gallium,

indium, and thallium, have a similar effect as boron and aluminium.
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DETAILED DESCRIPTION OF THE FOURTH PREFERRED
EMBODIMENT

The fourth preferred embodiment describes another method for lowering the mini-
mum hydrogen dose required for splitting of hydrogen-implanted layers of mono-
crystalline silicon or silicon carbide or germanium or other monocrystalline material
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 H," at 160 keV with a dose
of 2.5x10" cm™, The silicon wafers had a (100) crystallographic surface orientation.
The temperature 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 hydrogen at 300°C showed a splitting behavior similar to silicon
samples which were implanted by H," at 160 keV at around room temperature with

a dose of 3.5x10" cm™.

The maximum wafer temperature during hydrogen implantation for low hydrogen
dose splitting of monocrystalline layers is material dependent. For silicon the
maximum permitted temperature is about 500°C and for silicon carbide it is about
900°C, for example. For diamond, the maximum permitted temperature is about
1200°C.

DETAILED DESCRIPTION OF THE FIFTH PREFERRED EMBODIMENTS

The fifth preferred embodiment presents a method for lowering the minimum
hydrogen dose required for splitting of hydrogen-implanted layers of monocrystal-
line silicon or silicon carbide or germanium onto a substrate following bonding and

subsequent heat treatment. This preferred method involves the co-implantation of
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gen ions implanted at high temperature.

Implanting B* ions (dose >1x10% cm™) in conjunction with H* 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 5x10™ cm
at around room temperature into silicon wafers with a (100) crystallographic sur-
face orientation together with H," implantation at 129 keV with a dose of only
1.0x10"° cm at 300°C. Silicon wafer controls, implanted with H," at a fixed 129 keV
but without boron implantation, were found to require H," doses of about 2.5x10"
cm to achieve splitting. In contrast, entire wafer-size silicon layers were split and
transferred from B+H(HT) co-implanted silicon wafers with a H," dose of only
1.0x10" cm? onto an oxidized silicon wafers by wafer bonding and subsequent

heat treatment.

The maximum wafer temperature during hydrogen implantation for low hydrogen
dose splitting of monocrystalline layers is material dependent. For silicon the
maximum permitted temperature is about 500°C and for silicon carbide it is about
900°C, for example. For diamond, the maximum permitted temperature is about
1200°C. Other elements in group I, gallium, indium, and thallium, have a similar
effect as boron and aluminium. In all cases, successful splitting can be achieved

with hydrogen implantation doses less than 5x10"" cm.
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Claims

A method for transferring an upper portion of a monocrystalline, first substrate
to a second substrate, said method providing both a reduced level of hydro-
gen implantation dose requirement and a reduced splitting temperature re-
quirement, said first substrate consisting of said upper portion and a lower
portion, said lower portion constituting a majority of said first substrate and
said upper portion having a surface which is essentially flat, said method con-

sisting of the steps of:

subjecting said surface to a hydrogen trap-inducing implantation of 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 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
said upper portion and said lower portion, said hydrogen trap-inducing im-
plantation having a dose less than 5 x 10 per square centimeter but greater

than 1 x 10" per square centimeter,;

subjecting said surface to a hydrogen implantation at a hydrogen implantation
temperature, wherein said hydrogen implantation temperature is kept below
that temperature at which implantation-induced hydrogen-traps are annealed,
said hydrogen selected from that group consisting of normal hydrogen and
deuterium, said hydrogen having a hydrogen depth distribution in said first
substrate, said hydrogen distribution having a hydrogen concentration maxi-
mum, said hydrogen concentration maximum occurring essentially at said

element concentration maximum, said hydrogen implantation being shorter in
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duration than that required to produce 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-
5 traps are annealed, for a time sufficient to form microscopic, sub-surface mi-
crocracks essentially at said hydrogen concentration maximum and parallel to
said surface but shorter than that required to produce hydrogen-induced sur-

face blisters;

10 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 di-

rect wafer bonding;

subjecting said bonded structure to a transfer heat-treatment at a transfer
15 temperature, for a time sufficiently long to grow hydrogen induced mi-
crocracks which overlap in a region adjacent to said maximum in said hydro-
gen concentration distribution and which are essentially parallel to said sur-
face, whereby said upper portion of said first substrate is separated by split-

ting from said lower portion and transferred to said second substrate.

20
2. A method for transferring an upper portion of a monocrystalline, first substrate
to a second substrate, said method providing both a reduced level of hydro-
gen implantation dose requirement and a reduced splitting temperature re-
quirement, said first substrate consisting of said upper portion and a lower
25 portion, said lower portion constituting a majority of said first substrate and

said upper portion having a surface which is essentially flat, said method con-
sisting of the steps of:

subjecting said surface to a hydrogen trap-inducing implantation of one or

30 more elements, said one or more elements selected from that group consist-
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ent having an element depth distribution after implantation in said first sub-
strate, said element depth distribution having an element concentration
maximum, said element concentration maximum essentially dividing said first
5) substrate into said upper portion and said lower portion, said hydrogen trap-
inducing implantation having a dose less than 5 x 10" per square centimeter

but greater than 1 x 10" per square centimeter;

subjecting said surface to a hydrogen implantation of less than 5 x 107 cm? at
10 a hydrogen implantation temperature, wherein said hydrogen implantation
temperature is in the range from 300°C to 1200°C, said hydrogen selected
from that group consisting of normal hydrogen and deuterium, said hydrogen
having a hydrogen depth distribution in said first substrate, said hydrogen
distribution having a hydrogen concentration maximum, said hydrogen con-
15 centration maximum occurring essentially at said element concentration
maximum, said hydrogen implantation being shorter in duration than that re-

quired to produce hydrogen-induced surface blisters;

subjecting said first substrate to a sensitizing heat-treatment at a sensitizing
20 temperature below that temperature at which implantation-induced hydrogen-
traps are annealed, for a time sufficient to form microscopic, sub-surface mi-
crocracks essentially at said hydrogen concentration maximum and parallel to
said surface but shorter than that required to produce hydrogen-induced sur-
face blisters;
25
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 di-

rect wafer bonding;
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subjecting said bonded structure to a transfer heat-treatment at a transfer
temperature, for a time sufficiently long to grow hydrogen induced mi-
crocracks which overlap in a region adjacent to said maximum in said hydro-
gen concentration distribution and which are essentially parallel to said sur-
5 face, whereby said upper portion of said first substrate is separated by split-

ting from said lower portion and transferred to said second substrate.

3. A method for the transfer of an upper portion of a monocrystalline, first sub-
strate to a second substrate, said first substrate consisting of said upper por-
10 tion and a lower portion, said lower 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 implantation at a hydrogen implantation
15 temperature above room temperature, said hydrogen implantation having a
dose, wherein said hydrogen implantation temperature is greater than 150
degrees centigrade but less than or equal to 250 degrees centigrade and said
hydrogen implantation dose is less than 5 x 10" cm, said hydrogen selected
from the group consisting of normal hydrogen and deuterium, said hydrogen
20 having a hydrogen concentration depth distribution in said first substrate, said
hydrogen concentration depth distribution having a hydrogen concentration
maximum, said depth concentration maximum essentially dividing said first
substrate into said upper portion and said lower portion said hydrogen im-
plantation being shorter in duration than that required to produce hydrogen-
25 induced surface blisters;

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;
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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 microcracks which overlap in a region adjacent to

5 said maximum in said hydrogen concentration depth distribution which are
essentially parallel to said surface, whereby said upper portion of said first
substrate is separated by splitting from said lower portion and transferred to
said second substrate.

10 4. A method in accordance with claim 1 or claim 2, wherein said hydrogen trap-
inducing implantation is carried out in conjunction with hydrogen implantation
and/or said hydrogen implantation is carried out in conjunction with hydrogen

trap-inducing implantation.

15 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 epitaxial layer.

6. A method for transferring an upper portion of a first substrate to a second
20 substrate according to any one of the preceding claims, wherein at least one
of said first and said second substrates possesses at least one thin surface
layer selected from that group of surface layers consisting of polycrystalline
surface layers and amorphous surface layers.

25 7. 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 monocrystalline and said first substrate is selected from that
group consisting of silicon carbide, silicon, germanium, diamond, germanium,
and alloys essentially of silicon and germanium with carbon.
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10.

11.

12.

13.

substrate according to any one of the preceding claims, wherein said second
substrate is selected from that group consisting of silicon, oxidized silicon,

glass, fused quartz, sapphire, and silicon carbide.

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 111-V

compound epitaxial layers.

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 gallium nitride epitaxial layers.

A method for transferring an upper portion of a first substrate to a second
substrate according to claim 3, wherein said hydrogen implantation tempera-
ture is greater than 150 degrees centigrade and less than above 250 degrees

centigrade and said first substrate is essentially silicon.

A method for transferring an upper portion of a first substrate to a second
substrate according to claim 3, wherein said hydrogen implantation tempera-
ture is greater than 150 degrees centigrade and less than above 250 degrees

centigrade and said first substrate is essentially silicon carbide.

A method for transferring an upper portion of a first substrate to a second
substrate according to claim 2, wherein said hydrogen implantation tempera-
ture is greater than 200 degrees centigrade and less than 800 degrees centi-

grade and said first substrate is essentially silicon.
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14. A method for transferring an upper portion of a first substrate to a second
substrate according to claim 2, wherein said hydrogen implantation tempera-
ture is greater than 500 degrees centigrade and less than 1200 degrees cen-

tigrade and said first substrate is essentially silicon carbide.



