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1 METHOD OF MANUFACTURING A SEMICONDUCTOR
HETEROSTRUCTURE 5 The invention relates to a method of

manufacturing a semiconductor heterostructure, comprising

manufacturing a donor wafer, comprising providing a first substrate with a

first in- plane lattice parameter, providing on the first substrate an at least
spatially graded buffer layer having on top in a relaxed state a second
in-plane lattice parameter, forming on the graded buffer layer an

ungraded layer of a semiconductor matérial having in relaxed state a 10

third in-plane lattice parameter, forming on the ungraded layer a top layer

of a semiconductor material, and manufacturing a handle wafer,

compritia Y0 Al MG WU GTIER Blfh 8t B GOYNTING TORNE SEROSTRUC TURE
substrate an insulator layer, and bonding the donor wafer with the handle
wafer. 15 Semiconductor heterostructures like this are used, for instance,

to tPanieriAR talsirtydn 6r mrhegpabyemaidtaripare ofahisemigrimedsiayetructure,
byseredsisaohaplitingiaf shiedoneraaienaniog teviiaadernsaiastAprincipalst in-

Stﬂ%[ﬁt%%%%feW%ﬁ%Wﬁnlén&Wfﬂérﬂ@ Ligan4s %r‘?gt‘r’lgz!gpo%'lnaq raded buffer
s%pég(plg Hetor 20. heterPstr cture device gwnh strained semlconalt?c tor

%/ers The knot h hREFE2HT IR fiReRa SPs iRl ARSI RrEe on the
BORGPGErfRusTiaR T arRdRd e akr ssvison dimtsm alelinthavingvititelaxed state a
sﬁ&'ﬁhli?@ﬁadetﬂit@texﬁarame}artaxm:ayeb;nwfmeh dRgtedads ayarlaidily &iyer of a
ua@ﬁaﬁama@m&&napm%mtgem@g P&I&Y@%ﬂ?%ﬁ%ﬂ&@“&w% %oond
t@gﬂ@g@%ﬁx&r plch het ro%tru tures Ca]n %e for instance, as a
foundatlon for surace emting 1 Ess oarn EpErHeS ‘é‘glglﬁ/do”or wafer
g‘Fvétaeoe &y i‘%afﬁﬁzer is used to adapt the Iattlce parameter between the
underlying substrate and the deposited relaxed material, while trying to
nfﬁuél‘urliT‘ttlii&;:1 tbh@rd&ﬁ'&ﬁ)ﬂr@fﬂﬂ@gglg@ t%ﬁ%lﬁséhefypﬁ]@aq@g l@yt%gn%f{e‘?“ltg%egwtlgyer or
CRBRSIANLEe C n 30 corr to the coneentration obtained
L”}?t gf%f%%ge%g[?% aeylér}girsa%?(g\%)e 5§g & 18I SR (B g water onto
the ﬁ/ TGS quality of the structure. The structure obtained usually has a

surface morphology that is not suitable for further use,

A principal structure of a donor wafer is known from US 5,442,205 disclosing semiconductor
heterostructure devices with strained semiconductor layers. The known heterostructure
includes a strained epitaxial layer of silicon or germanium which is located over a silicon
substrate with a spatially graded Ge,Siy, epitaxial layer, which in turn is overlaid by an
ungraded GeyoSisx layer, intervening between the silicon substrate and the strained layer.

Such heterostructures can serve, for instance, as a foundation for surface emitting LEDs or
MOSFETS.

The spatially graded Ge,Siy, fayer is used to adapt the lattice parameter between the
underlying substrate and the deposited relaxed material, while trying to minimize the density
of defects. Usually, the ungraded layer of SiGe with constant Ge concentration
corresponding to the concentration obtained at the top of the graded layer is provided as a
relaxed layer to improve the crystalline quality of the structure.

The structure obtained usually has a surface morphology that is not suitable for further use,
in particular for bonding or growing of further layers thereon. US2003/0215990, which is
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in particular for bonding or growing of further layers thereon.

US2003/0215990, which is 2 preoccupied with preventing interdiffusion of
dopants in semiconductor heterostructures, proposes a planarization

step, in particular a Chemical Mechanical Polishing (CMP) step, before
growing any further layer. Here it is the role of CMP to provide a .polished
smooth surface, which is typically of about 2 A. Following CMP, the

substrate needs to be further 5 treated to prepare the subsequent layer
deposition. Such treatments include tre&ting the surface using a HF

solution and furthermore a bake to remove any oxide. Then
UB2003/021609 @ prepose rthreitpitaxial deposition efficthesdayarsidikRtructures,
SHGAEGE e MR SHANGH IR eSe Al FRBEARANONEYRE Rt step,
tggf&%hégg\%ggsgﬁgaﬁj%@groﬁeryeﬁ f%r.ghe t%eml onductor heterostructures

are unsatistying, when applying the above des&lited pfdt aff proselay smooth
IFULRES: dhEhgheisalkeohnBrib Ak Helsydnm S UPiHed srbrirlaymesisato be further
refheningrefaivethsilicdragesmanyemdsptiacen0 Sudrs RMRREIENRCIude treating the

Slrseaueghgrawitir 0§oﬁ_1t95m 33§qu§_”&8” alaé/gi{e ﬂ?c? %ﬁ‘fg‘%e any oxide. Then
rggg%&&%ﬁs to dlsmslr}hseh%gam the final roughness, but nevertheless ]
15 stays considerably higher thal TheePaYRREII By ralie @l grgpanium
Qﬁﬁgﬁ'éedir%%awﬁping layer, if present, after the CMP process, as the
thickness of the strained silicon layer cannot exceed the critical thickness,

Revppdanhiahgefertsiupulgn ithiathe layer.or at the interface
ng Eﬁféi %@ined and the undg?lyliér%% %Fggplsgﬂr ag%efgfg,) the Sovtf((e)Fa\I hgf‘higﬁrr?écsos? ductor
o

e strained SificSIRTATING W hAPPLe th i ebauaitierabe T ocesses.
deRsl 9erdatithsr Briteriing o ubendesoshinre off e fattiaéndsiicamdagienmiog of the
tilectegiiechvalyeartnagditien %%&H@@B@%@fﬁﬁ%@gwg@p&pﬁq@d silicon
IBYRF r ess,. US2 1 also proposes
g%coﬁ??ﬁé%%ﬁ%&?ﬁ%%ﬁcﬁﬁ% a)?grasmatrﬁee ;Irrba\?vﬁougﬂ%?ss, Bk ReVertheless
p

Anaf T RIEHA NI GIPHAIPRG QrighresiorigHitessded @eSofarer cri@eBfas of the
peppEddebiteyé dRSeAlt ey tha MW Pr poadiste leatis thiskdesy @AskeObtrained silicon
ByEaeaHRUsRReasf Qﬂ%tﬁﬁiﬁ@%zﬁ@,pb@@\rd which defects would nucieate within the
layer or at the interface of the strained and the underlying layers. Therefore, the overall
thickness of the strained silicon layer is foo thin, so that no additional CMP can be caried
out for flattening out the surface of the strained silicon layer to the desired values. In addition
to the thickness aspect allowing a partial improvement of the surface roughness,
US2003/0215990 also proposes to control the ternperature at which the layers are grown
after planarization, but still only final surface roughness values of the order of 5 A are
achieved

Although, this procedure leads to a decrease of surface roughness of the strained top layer,
it does not influence the roughness of the interface between the strained top layer and the
underlying SiGe layer. Since even this interface will be ihe top surface of the finished sSO|
product after layer transfer and removal of the remainder of the split SiGe layer, the resulting

sSOI structure will still have an increased surface roughness.

Because of the high surface roughness and overall topology of the top layer of the donor
wafer, during direct wafer bonding of the donor wafer with a handle wafer with or without an
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it does not influence the roughness of the interface between the strained

top layer and the underlying SiGe layer. Since even this interface will be

the top surface of the finished sSOI product after layer transfer and

removal of the remainder of the split SiGe layer, the resulting 30 sSOI

structure will still have an increased surface roughness. Because of the

high surface roughness and overall topology of the top layer of the donor

wafer, during direct wafer bonding of the donor wafer with a handle wafer

with or without an 3 insulator layer on the handle wafer problems like non

transferred areas, voids, etc. occur. This is in particular critical if the
dhRtinelagshpl dmdtbdtorebopdineto Bmlinbraftenddonsingeas ibids, etc. oceur.
Kindvisifr panithe SIMREGIULE)sBIRERE S MNENAHEH ikisHd BaRNGA GB@% %ndmg
A o e B A L e A Orneat
elnforce the bonding 5 stren aPWc? espite of UnfortunAtd SR properties

DPARE D SITHE vibr2 et o ai‘ttFé%{ﬁﬁ?nt‘%’f’Pﬁ’@M@ﬁwﬁér@m%% Hist bonding
rbchainenehitsleofnuifer8nater tQuldry progesie def ehit isonmpontafidp fiaviea heat
&eeeﬂi)egoaxd]@an&ﬂ@?@[&éﬁﬂlﬂm%\ﬁdﬁ%&ﬁj%{é%m@sﬁéﬁﬁk@ 40049, Here, itis

d h € (Io n Of sf 9’& af stol
e e LA O S L SHR P ke 00
E@i&n “sfeéﬁf&uf%@ﬁgf%ﬁ@n?@ﬁdmrqe%lwoporn@afﬁy srfecee inder e stestdefore

bendiot onish dhddhedughrie ssdousfehduldtatspdnaue Borery RlesessRfate of high

dihaﬁtm%aﬂ%@fwsmmr@easémww%@&ag%ea&hxﬁ%@@ﬁm%drd%&o have
g? &Q§§rve tha saxgllttlng Was alw ays more defective when the
insu

tor Is %?owgéd o e hAN e S RAPARS YR S KIASRIRRASRIBY this effect

can be that the 15 species |mplanted in the donor wafer may diffuse
Rowwmmhtine, lohdingdatesiaeeuhaitapienprevantedly therexistense alhen the

lﬁéhiéﬁwﬁtﬁfo@&'@d’ gn dhedamer %Q OfK 1S QHH\%Q& %rﬁ? eﬁg %ngp tgg"%ﬁat the

g%et%eism ore the reach the interface an prevent an efficient
d i a h’hh TAS Jlicilae %ﬁ@FB%Wd?W%%FWHP@P Wighgan be
&Wé?@ﬁ@?ebmé'@%ﬁmf@frﬁn drsttordpyleyer Ofetiendiotndriavifdisafiffusion, and to

dnsirtatoedaypboig bBiom erysfARXIARHABSIRR PIENS TR NS oINS and
gnreter ??W}éf“gm )gse&%]&on of an insulator layer because the top layer is

generally to thin to

For bonding of the donor wafer, it was therefore necessary to form on the top layer of the
donor wafer an insulator layer, e.g. by means of an oxidation step of the top layer or, more
preferably, by deposition of an insulator layer because the top layer is generally fo thin to
form the insulator by oxidation. Since the formation of an insulator layer on the donor wafer
is connected with a thermal treatment of the donor wafer, the thermal load on the donor
wafer could exceed a certain thermal budget of the donor wafer causing, for instance, an
unintentional diffusion of germanium inside of the donor wafer leading in turn o diffuse

interfaces between the layers of the donor wafer.

As deposition tends to form a rough surface, an additional polishing-step may be necessary
and as a consequence a uniform thickness of the resulting insulator layer is difficult to
achieve. Because of deposition and/or polishing of the insulator, there occurred thickness
non uniformities of the formed insulator layer. This thickness variance influences the

emissivity of the final substrate which affects the temperature distribution on its surface



form the insulator by oxidation. Since the formation of an insulator layer on

the donor wafer is connected with a thermal treatment of the donor wafer,

the thermal load on the donor 25 wafer could exceed a certain thermal

budget of the donor wafer causing, for instance, an unintentional diffusion

of germanium inside of the donor wafer leading in turn to diffuse

interfaces between the layers of the%lonor wafer. As deposition tends to
durfognfiLalheligrosarRios, ke aoRidHdeRmgHmY etelensyBesHbetatnty movide
thicRBEAGMEOBHRAHERANRE snilonrethickness wiHle pesidting insulator layer

is difficult to achieve. Because of deposition and/or polishing of the

insulator, there occurred thickness non uniformities of the formed

FURREARE? 4R P VRERITY YR RAGEARI Sh RS R SRISEIIRY 4 i oxide
degfrsitesutbstete odnighicafes taotibng nfibeatoredisaieuidh ahardiiwates.4
during further processing like epitaxial deposition on the sSOI substrate to

enrRNEL S Rstialned Aliconaalies of ARNIEEIHUIRGHERY on the donor
rocesses. Furthermore, the bad uniformity and topography of a donor
walgaRARHFIRMI SHIOP BB A G S R R TRUEERESS 300
. bordbmpend ittt ebatxdle wafer. Embodiments of the present invention
seek to reduce the thermal load on the donor wafer substrate with the top

layer before honding and to achieve nevertheless,aood i
I SRR RIS A1 SCSroACE W e JLDALLEr HE B BchAU R nod of
MaHERS 14 HEL A RSENEC NSO JTeIprasiidtifing AN SSisiRb MR GICIUring a donor

wafwtqqswﬂemepmmm@m@mmmiwgta d@ofrat invglenectattipasiagameter,
ordHOGIne ik pubstpie Wit ilikst KsRIANG RHIRSINAIREPRIGE: REOWEIBE top
. on t}he é}{ft sge[bstrate ag at,lT st Is atia lé é%radgd zuﬁe.r Ia%%r %vmg dog E)Lﬁf ;
N g PRSI RS B QNP IR IR TR R R Sh R P RS Rih g B rPiRe PUTe
laygraoednoidfiad IByer ahapefrieriiiafer Briesahiiavinglbe AR st#gangird
in-predeelatre sipiemmiid forpiage dattideeparagreated, fayeing otthdayer of a
seMs&@?c%ﬁwt@r@PAﬂﬁ%%afa%%nm%wmwwgmg providing a

manufacturing a handle wafer, comprising, providing a second subsér%te, .
nd bonding

SRR RIS SRR CULE SeAR R BB TP STate 5

the donor wafer with the handle wafer characterized in that said ungraded layer is a
strained smoothing layer wherein the third in-plane lattice parameter of this strained
smoothing layer is between the first and second lattice parameter, and said handle
wafer is bonded with the donor wafer in such way that the insulator layer of the
handle wafer is bonded directly onto the free surface of the top layer of the donor
wafer, or the insulator layer of the handle wafer is bonded ontc a superficial layer
being present on the surface of the top layer of the donor wafer, said superficial layer
having a thickness being equal to or smaller than 10 nanometres, and the smoothing
layer is grown with a growth temperature lower than the growth temperature of the
graded buffer layer.

It is the surprising finding of embodiments of the present invention that a so-called
‘inverted-bonding” between the donor wafer and the handle wafer can be applied
without difficulties by providing the smoothing layer between the graded buffer layer
and the top layer, wherein the value of the in-plane lattice parameter of the
smoothing layer is chosen such that it is in between the value of the first and



the donor wafer with the handle wafer characterized in that said ungraded

layer is a strained smoothing layer wherein the third in-plane lattice

parameter of this strained smoothing layer is between the first and

second lattice parameter, and said handle wafer is bonded with the donor

wafer in such way that the insulator layer of the handle wafer is bonded

directly onto the free surface of the ﬁ.‘?p layer of the donor wafer, or the
seqped|dabicayrarefmelendbidieeaiferes Bunddaantoca Sufrasiciakty@shengre

ungrRRRNEADIAGRLIERRS of thadepdaymheiibe domnies warkicsatlgHpesticil the

ungg{g%@%@h@%@@&em Q%ﬁf?qﬂéﬁ@'@{etg%%&&%%%%@:ﬁf the

r'is grown with a growth temperature

donfe WRERtR f@ﬂ‘rﬁ@%&%‘é’w{?%%w ﬁﬁ@r?&%.ﬁﬁ?qﬁwﬁierﬁa and the
dotfiprdivafest eambad neties! afitbedipreibrihnbandin wdeavwithoatidte necessity of

deﬁHéYti@ﬁ&ignhﬁé\QlHtﬂF Q‘?E}’i{%ﬁﬁﬂ@W_Q%Nﬁ?}%&ﬂ%ﬂ?%ﬁ&%@%f%ﬁ@ﬂ%?erhis
. appli culties rovidi e [ t
SR R R OO SRR IR YIRS e
U”%ﬁb&@%&%ﬂﬁ@l‘@ﬂ JRYRE HRBHIFOARYRT 78 HAS BaEARAAR K Rylator layer
on betwdmmotheafaty ehof ttrerfisstlaad da tsecordelatiioe iparacated. Bylnadarfsthe
ab&dhiadAgsndBe mutReR ERieehBsss-RtdbeHeraraded STRROHIRY [aX@ifyh the
aofgiiasg SaMp2ed tn e alilace. raaness ot ihe, wdeflying araded

BUAET %yer. S aconsequence, e Surface roﬁgﬁne s Of the donor wafer
is reduced in comparison to the state of the art heterostructures and the
donor wafer can be bonded directly with the handle wafer without the
necessity of depositing an insulator layer on the top layer of the donor
wafer before bonding. This is due to the fact that the top layer grows on a
strained but smooth surface of the underlying smoothing layer. Due to the
omission of a formation of an insulator layer on the donor wafer, the
thermal load on this wafer can be reduced and all of the above mentioned
disadvantages connected therewith do not apply although the donor

wafer can be bonded with the handle wafer especially well.



5 In this context, the term "in-plane lattice parameter” corresponds to a
lattice parameter of the various layers in a direction essentially parallel to
the interfaces between the various layers and to lattice parameters which
the layers would show in an relaxed state. It is, in fact, known that the
lattice parameter depends on the terial used, but also on the nature of
the underlying material on which it is deposited. To be able to compare

In {aisiceopiasimdier (alies BIRE dAtliEs cPa AR o RRIFRP D RS alfaf s'attice
pars@feteebichalumsoas ifathedayessdivention asetmtiadsipdesiiehdo rbe imtaaces

betRLAINGY StasndeL RelprePiarial LATRILRRS WHRSHHR SR ANPHITIULIERY in

the terms pseudomorphic or commensurate growth. As an interface ma
an 15%13Eﬁ%rafaf§riéédsbyqﬁaqfatﬁEB%Fﬁﬁ%e’iﬁ?s,‘Et‘gf%’%’&?@!?ﬁé?{ti Regnes 6 the
matsititioacamtitier be shtsfistfordiothelaticeirampeaiesiar for wigh it is
deggéﬁﬁm *@Q@'E%}bzg}% tophRYRE Qiétré@ ;ks?bef%%&rwakufaé%agéﬂ@@@ts@@@m Rethe
inal layer, further layers strained or relaxed, can be provide reqn.
oGRS g SR ey SELFTEE b araean,  e Es ie a T e ana
notgroiivenstreingr itliseotas NelarPaRitgrahveRNE PR ali eI IRSBURGMR I
theltisr@BOhRILEHIYIBHIEG AsetratiensbalidnadditionAs the intesrfediatean be
ch rg%?gri%[gckgyptwgqg%% g%gﬁmom@%ﬂ)%[n@n%wéﬁ'r&rﬂiiﬁaﬂ QWL er
emperature for the smoothing and/or the top layer compared to the
be GROMRICAPRAHLPEIGH (R BTER T ofe ¥Rk P AT RTSR B aver of
thesestscmidivtios etetostcestadyigtferfiher iapprofethan [zyerpsairisiordewhbtxed

carisoé‘ﬁ}@(@@d%%%gmg to the prior art. Thus by combining the two
roughness reducing methods the overall reduction in surface roughness of

the donor wafer before bonding can be further enhanced.
Aceuitingtageopsifetias gerovwtitieenie tariions ehies eanolise HipYnt BHT gogrowth

teniaﬁﬁtu'légqgf\#?wgéﬁh%ﬂ%w@w]g@ﬁgaae@r@%e tzeddaefoayengithe another
urrer layer. e exact choice.of the.ten 2 gdepe

s e R iy COTRD e IR RS RoBERE 8 ot
of HesreraaoliiealryPedty deRidR RSrthansEPyiil temperature for the smoothing

and/or the top layer compared to the growth temperature of the buffer layer, the
surface roughness of the semiconductor heterostructure is further improved in
comparison to what is achieved according to the prior art. Thus by combining the
two roughness reducing methods the overall reduction in surface roughness of the
donor wafer before bonding can be further enhanced.

Advantageously, the growth temperature is chosen to be about 50°C to about 500°C
lower than the growth temperature used for forming the buffer layer. The exact
choice of the temperature depends e.g. on the precursors used during CVD type
deposition of the layers. in this range best results have been achieved for numerous
materials.

According to an advantageous embodiment, the thickness of the smoothing layer
can be less than the critical thickness, above which defects occur, in particular less
than 1000 A, more in particular a thickness of about 200 A to 800 A, even more in
particular of about 600 A. It should be noted that the critical thickness depends on
the material choice for the
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materials. According to an advantageous embodiment, the thickness of

the smoothing layer can be less than the critical thickness, above which
defects occur, in particular less than 1000 A, more in particular a

thickness of about 200 A to 800 A, even more in particular of about 600

A. It should be noted that the critical thickness depends on the material

choice for the 6 smoothing layer and the underlying layer, but is also a
function of deposition temperature. However, for the above mentioned

values improved surface roughness valfies have been obtained. To keep

the ungraded layer thin has the advantage of preventing defects on its
mmf@ﬂdyﬁﬂﬁﬂemﬁl@iﬁd‘ér@d@ﬁmaﬂu%v@t&bf@mﬁ%tmﬂf@éﬁé@ﬁﬁﬂ t@%perature.

thE%@BP%rCz%B BSov KEBTRIY éﬂye%nm%%é'xu#ase r%ﬁ&r.rl% é’ ngve been

rgl?oth ? er can comprise at least two compounds A
n

e &Eﬁuéﬂﬂ%d%\"zEX&'?*%[Hd‘%??‘%@%"ﬁ@f%&wfégﬁé‘%t“‘t% %%f&ﬁfs on its

@tﬁ'@c%‘rdefiéﬁh%?@rﬁﬂlé hiitfetdas@rsceithiespetddieniaion ofathinagyput can be

extetrigh, 10 such that starting from the substrate the lattice parameter

increases (or diminishes) towards the interface with the top layer and for

t%? smoothing layer the composition of the binary material can be chosen
ATREPY Y g sa e iAKTE A48 thaatiae HAIAIREEr FIDISSBIRAESS, ah least two

fetphyneh dngivigtthedcrvp esiifents valp shitidattica Parcamdtbrs.changthirespect

&mﬁyMngdhexgmm@ q@érmlméndaiﬁeth@ahtﬁéea Igaé@reamiawg &@%Qm%atemas
ﬁr n mi rocess conditions an
supptg%rg'%ﬁwgégryﬁmo%n S nergt S to%e ad arfae%etgrrlggﬁ?fe (10{5}] %‘nmshes) towards

MS@R?&%‘%B%% lanee it ferdbe ﬁﬁ?&ﬁﬁ@&ai@v@r@%mww of the binary
thifterehcenibecdimgsosition Aat @ Xep-Madkitoaprroxiadtebiids batondler; inobserved.
PAEiEWRIRINFADHR éﬂﬁfﬁéﬂlmﬁgﬁc‘iﬁ?ﬁ@eMrcg‘aﬁméﬁamm&é iMurn. By using

ness values have been achieved

%mgr%ltlon opt f;'n Zﬁ) rface ﬂoﬂ%h

%)r the sufa ol[):)u R EA R T STRMANTS By/ehrayRE sy under similar
W&&@?ﬁﬁ@f@f?@aﬁ @H&r@uﬁrembzmi o R ERIstheer8de beerdaristhiurpalize the
difekme ssnofdbitoamaatiting dayeswotldhadimitesdo much due to a

reduced

Preferably the difference in composition AX = Xgo—Xa3 IS approximately 0.5% fo 8%, in
particular 2% to 5%, more in parficular 2.5%. For those changes in composition, optimized
surface roughness values have been achieved for the surface of the top tayer. For Ax less
than 0.5% the desired flattening effect is not sufficient and for Ax larger than 8% the
maximum thickness of the smoothing layer would be limited to much due to a reduced

critical thickness.

Preferably the top layer can be a strained layer of a relaxed layer, in particular one out of
strained silicon (sSi), silicon germanium (Si;.,Ge,), germanium (Ge) and galiium arsenide
(GaAs). These materials are playing an important role in modern electronics and therefore
with improved semiconductor heterostructures of these materials optimized electronic
properties can be achieved. Advantageously the substrate can be of silicon and/or the buffer
fayer can be of silicon germanium (Shixa2Gexaz}. Silicon as a standard material is readily
available and allows to keep fabrication costs low and furthermore with respect to silicon
germanium the buffer layer deposition process is well established so that high quality graded
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critical thickness. 25 Preferably the top layer can be a strained layer of a
relaxed layer, in particular one out of strained silicon (sSi), silicon

germanium (Sil.xGe,), germanium (Ge) and gallium arsenide (GaAs).

These materials are playing an important role in modern electronics and
therefore with improved semiconductor heterostructures of these

materials optimized electronic properties can be achieved.

Advantageously the substrate can be of silicon and/or the buffer 30 layer

can be of silicon germanium (Si,.vaGe§<a2) Silicon as a standard material

is readily available and allows to keep fabrication costs low and

flantbreron deeewsithithes segiptal silicppsigereanmtheidfier fRyeigepositianpply of
m@@@gﬂ%%ﬁﬁ%@g@e&@%@%ggg&mlity graded 7 layers or layers

with a stepped composition can be achieved by playing with the supply of

the silicon and germanium precursors respectively. Accordingto a - .
OV B8 BrimERIRHeh erthrdiReabtim g Iaybitain tss Ghdtcdisieruanioanium (Si.
(Sike.b)xyBGenaByw Teusricogiogmaher sMOsHRingdayesonemo i has Mready used
aslapt eqiacess glbeady dsqdqigrdhe buffer layer to grow the desired

layer. According to another favorable embodiment, starting from a Si

substrate, the lattice parameter of the graded buffer layer increases. The

ESArGIY sGrfarehesulivaesisaftepaient ostartinbakenofah8ibeffstridgethe lattice
g;‘;'be@fmfbbﬁ@d@eﬁ suiféacssoRRiegyRavingrpamks %ﬂﬁ%?ll@)@he«@aehrﬂer CMP

giieep ysia rial tends. to, be larger on the
P Compeicg € L NG ol Dttt 0 LR B et
N va

(20 B RYRF AR h e’ dhroousiading /ariwial addrdianranian the
PeficeYaparaéteththeogronlihtiépertanttbe dagdeidsiebettoytiesialhbealieys. By
tigheothagther snedreakeyasab aialRaldhohdpilies: da-RALANSIR S vh speed
@fbﬁ%ryézar %hﬁ[aepgllgﬁg%ﬁgi ttg)et ? ?geer 'ﬁed fsollj”rtﬁg < é!':ﬂ;[sg?gésn% ggt?ecrt'ma ch of lattice
Preferably the growt terrégeratu?e of s |con.gerrﬁan|um when used1or the
RBIPTASErRGRsFTYRE: JhrserMitgdingde thariBaiedssea® flstenioiise. 1
layer material growth temperature [C]

Preferably the growth temperature of silicon germanium when used for the top layer and/or

the smoothing layer can be chosen to be:

Table 1;
layer material growth temperature [°C])
SixGey, xe[0,20] 650 — 750

SiyxGey,xe[20,40] 600 — 700
SitxGey,xe[40,60} 550 ~ 650
Si1.xGe,,x5{60,80] 500 — 600
Si1.Gex.xe[80,90] < 600
Si1xGey,xe[90,100] < 550

For this specific material choice, improved surface roughness values have been observed.
Advantageously the growth temperature of strained silicon germanium when used for the top
layer can be chosen to be less than 600°C, in particular less than 550°C to 700°C, or
wherein the growth temperature of germanium when used for the top layer is chosen to be
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Sil_xGex, xs[0,20] 650 - 750 Sil.xGex,xc[20,40] 600 - 700
Sil.xGex,xc[40,60] 550 - 650 Sil.xGex,xs[60,80] 500 - 600
Sil_xGex,xe[80,90] < 600 Si 1_xGex,xs[90,100j < 550 For this specific
material choice, improved surface roughness values have been observed.
Advantageously the growth temperature of strained silicon germanium

when used for the top layer can be chosen to be less than 600C, in

particular less than 550C to 700C, or 25 wherein the growth temperature

of germanium when used for the top layer is chosen to be 8 less than

500C. For this specific material choice, improved surface roughness
VER§dReB190E Crdp1dyie sridifie ndaint wafier Haveoved rudbse rveghness vaiues of the

Ropfeyably tibeiprecvisehioe the:sameriiag layer can be selected such
that it does not 5 incorporate an halide element. For GeSi, for instance

germane, sélane or disilane precursors can be used. The presence of an
hahde in'the greCUrB BdarSRotaR tByRsvas besrleairf e betd! dorrpot
CRfYIRErpiede htlideccBasSithfacted dog irdtete yefereatiaietebintsiabéhe
Igmﬂmﬂr@écarﬂﬁyileéﬁn}?h@?@@&}@tﬁﬁﬁg ﬂi@_{i@@ ]fﬁ[‘ HE ?&S;tﬁlggﬂ Se%l:lr-%qi%f 880 reveal

; lerigration o qu of the GeSi lgyer. ) )
b B A b s ikt o
file% é\ﬁﬂﬁ?@%&“w firtsribUrsdingilpsandnerssehbmatealiihiideteatend to
stapfsrisrativestivptanjiteoiiiodBeshiapéthe inventive 15 method of
manufacturing a semiconductor heterostructure; Figs. 2a to 2f

ashematically jllustrate a SmartCut(r) type process using the inventive
method’ ggie %n%hﬁ?gg?ﬁ Hﬁg‘%&%}ﬂ}’géﬁ%ﬁ/g ?O!IB ﬁe%@?fﬁ@?ﬁ?c‘f% 18e BlgvIpepgh, respect
243 "Y&8hematically show a SmartCut(r) type process using another

variant of the
Figs. 1a to 1g schematically illustrate steps of an exemplary embodiment of the inventive

method of manufacturing a semiconductor heterostructure;

Figs. 2a o 2f schematically illustrate a SmartCut® type process using the inventive method

of manufacturing a semiconductor heterostructure: and

Figs. 3a fo 3g schematically show a SmarCut® type process using another variant of the

inventive method of manufacturing a semiconductor heterostructure.

The following embodiments will be described using a silicon substrate, a silicon germanium
buffer layer and a strained silicon layer. This does, however, not represent a limitation of the
invention fo those materials. Indeed, the invention can also be applied to other suitable

materials, like strained SiGe, SiGeC, Ge or GaAs.

Figs. 1a to 1g show steps of an exemplary embodiment of the inventive method of

manufacturing a semiconductor heterostructure.

In the step shown in Fig. 1a, a silicon substrate 2 with a first in-plane latfice parameter as is
provided,. Silicon substrates are readily avallable with different sizes and different crystalline

surfaces.
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inventive method of manufacturing a semiconductor heterostructure. The
following embodiments will be described using a silicon substrate, a
silicon germanium buffer layer and a strained silicon layer. This does,
however, not represent a limitation of the 25 invention to those materials.
Indeed, the invention can also be applied to other suitable materials, like
strained SiGe, SiGeC, Ge or GaAs. Figs. la to 1g show steps of an
exemplary embodiment of the inventive method of manufacturing a
semiconductor heterostructure. 30 In thé step shown in Fig. la, a silicon
substrate 2 with a first in-plane lattice parameter a, is provided. Silicon
substrates are readily available with different sizes and different crystalline
Sutﬁac@ireﬂcé/‘tldthigeﬁﬂ&tx%%&t Sigp _larpatiféé’sp%]g%q i ?a{?jé’c}tiu%ﬁélﬁ a@ati%';w SitxGes
lssh er 3 of Si_xGex is grown, prefer epitaxially, on the
giglicon §ubé)%%zr:\!lt%wfQ\Tr‘]aﬁlu%%%ﬁogﬁvﬁeesi%%np e, ?ﬁ%t l?rri'f-" ¥%§/8?°§"E(ﬁ’f§[§f§eofhe buffer
tRES o EBRTO B IS: BiRCOIMRANE B rATisAILAN theeEBATemAE NSENHEINST which
chargrssceeihththithivkssesistiod therduiiar layBry oBy dejngesauithenlatitter in the

paresaelend Hvgrasadduiier oy chaRges:F LR RMPIE 0Ol N aitace
%@grg\gtmg(gigc [ tglu% é?t(?rface 9hto ards the silicon substrate 2, so that the
lattice parame?er correapond? IBINE RSt R TREEARSRANIdR P the one of the

d0detie Fligtrnstirsiiiemanititticotiee spatantan qrosntintitn can grow until
appraiiriate 902096 disbyety ﬂnaaianplmazhaﬁmrpa@me&msqa@@s It should be
raeer nbvaverlethRerOmared NGNSl ek hye, fins gb%”??%%lwc osen, for instance

conce tion can QFe freel choseﬂn, for instance 30% or o, and €ou
evé(r?rr%g%’ham&%qi ﬁ‘éeafgaﬁ’h Whe vuffer layer 3 can be achieved using

state of the art techniques, for example chemical vapor deposition in an
Emtgmlne@pﬂiwmenﬁusiagastara_ﬁ_ared?é@ﬁﬁﬁd1@&@“5&1&8% }ﬁgiﬁ?@chniquea for
iflon of silicon germanium include, for

i, Si S SRR BB R STl o roce
Gtz SEERe RSt esewstsgmbe femasbions of siirgergmanium include, for
PREPBIGdiFit oS, FFeldurb8iSgasgS aradngit,, GeH,Cl, GeH,Cly, GeHCl; or GeCl;
together with H; as a carrier gas. Depending on the precursor gases and their
decomposition temperature the deposition temperature is chosen, as can be seen from
Table 2, which represents some possible examples suitable for the growth of SijuGeas
with a germanium content of up to about 20%. The composition gradient is achieved by
adapting the amount of the Si and/or Ge precursor. Afternatively the deposition could be

carried out by molecular beam epitaxy.
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decomposition temperature the deposition temperature is chosen, as can
be seen from Table 2, which represents some possible examples suitable
for the growth of Si, xa2Gexa2 20 with a germanium content of up to
about 20%. The composition gradient is achieved by adapting the amount
of the Si and/or Ge precursor. Alternatively the deposition could be
carried out by molecular beam epitaxy. 10 Table 2: Si precursor Ge
precursor deposition temperature SiH41 GeH4 800C - 900C SiHZCI2
GeH4 800C - 950C SiH2CI2 1000C - 1100C SiHCI3 GeCl4 1050C -
1150C In a subsequent step, which is not explicitly illustrated in Fig. 1, a
slibieé treatment is 5 carried out which comprises chemical mechanical
polighngrécivid) IpanASUrTace Hiaie, BagerSit xagCexa2 buffer
"""" hRess t-1:.3-A-RMS,; obtainedjor a scan

o . aflabhots
window 0f 2 pm % 2 pm. Then the achieved structure undergoes a bake

step, e.&f}‘l’édémergeoc“i%ydrc fluoric a¥ef FIF 8¥ftitieated in hydrogen H2

for gbouithtee minuteedna temperatowesangaq-gbout 8P0 to 850C.

Thig stegjijsed to rggEve okide fragethe 16 surtace-4-of the buffer layer

3, bbit-the-bake step leads to an increased sur}ace roughness of about 2.6

A RMS. Following the surface treatment, in the step shown in Fig. 1c, an

ungraded smoothing layer 5 is grown on the buffer layer 3. This

smoathisgilayesiis Frnnsvit awaat;amttfgémpﬁitiﬁa._ 35 gfsm%%%gnem is
3 Sili rmanium, but.w om n Sjj. xa3Gexa

R o s R R B g s on e

RV ﬁg h@zgﬁﬂ?eb%g%lé"éfﬁh?iQ%@eﬁﬁﬁﬂ%&&&@@%ﬂ«%%&%ﬁi@%ﬁ%@ﬁ for a

e noRdY ekeaph ok tire. Aiheutite ebpireedrsongas praridedsfareashiep, e.g. is

@@m@@ﬂﬂdhﬂﬂ@‘lwﬁi mkﬁﬁ%%h@fhm%nﬂhpﬂgli#%é?tyﬁg Rr %Egtﬁgﬁ#gpﬁ{nutes ina

l{%ﬁ%@?am%t %}?QQO& %glociﬁ Ea)%t‘%o eB%(WE %h?s sLtIepe risalys?erdstg rgflljaove %x%sesfrom the

surface 4 of the buffer layer 3, but the bake step leads to an increased surface roughness of

about 2.6 A RMS.

Following the surface treatment, in the step shown in Fig. 1c, an ungraded smoothing layer
5 is grown on the buffer layer 3. This smoothing layer 5 is grown with a constant composition
of the same compounds silicon and germanium, but with a composition ShyesGexs different
to the composition of the final layer on fop of the buffer layer 2. Having the same
compounds, essentially the same growth conditions can be chosen, except for the amount
of precursor gas provided for each compound. The total thickness of the smoothing layer 5
and all further layers that are not lattice matched with the buffer layer 3 should be less than
a critical thickness, to prevent the nucleation of dislocations or other defects which would
occur above this thickness. The value of the critical thickness depends on the difference in
Ge concentration between the buffer layer 3 and the smoothing layer 5, and also depends
on deposition temperature. Best resuits have been achieved for thicknesses of less than
1000 A, in particular for a thickness in a range of about 200 A to 600 A, more in particular of
about 600 A for the smoothing layer 5. The composition of the smoothing layer 5 is chosen
such that the in-plane lattice parameter a; of that layer 5 is smaller than the in-plane lattice
parameter a; of the final layer of the buffer layer 3. With the germanium composition of 20%
on top of the buffer layer 3, in this example, suitable percentages for the smoothing layer 5
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20 a critical thickness, to prevent the nucleation of dislocations or other

defects which would occur above this thickness. The value of the critical

thickness depends on the difference in Ge concentration between the

buffer layer 3 and the smoothing layer 5, and also depends on deposition

temperature. Best results have been achieved for thicknesses of less than

1000 A, in particular for a thickness in a range of about 200 A to 600 A,

more in particular of 25 about 600 A for the smoothing layer 5. The

composition of the smoothing layer 5 is'¢hosen such that the in-plane

lattice parameter a3 of that layer 5 is smaller than the in-plane lattice

pRifaPhéteiod?-bFitie farbtuiy o7 GPahe buffenlayerd: Withdbengremamitimver 3, Ge

camaosiion of B0 Unmiep fdheiblicklyesd Jiytiissexample, suitable

percentages for the smoothing layer 5 11 are of 12 to 19.5%, in particular

1A7.5% of germanium. For 40% Ge in the buffer layer 3, Ge concentration

in TR LR8N Gty s Etvelsh 359 Bner Soobokaesortineg (eSthés epitaxially

steprsitsiam theigotthing togeldyesithcfatrained ailicger G de@pitaxially, Bsulting

ae pasitedvercthgspothing layer 5 using state of the art layer deposition

methods, resulting in a donor wafer structure 12. The donor wafer 12

according to this embodiment thus comprises the silicon substrate 2 with

a T <{qRChwrie" diticepatiaamiadiia Prikedimanth SitraRtetad b sifermaygstrate 2

¥ilavirlsh intgayermginiunaperaentagenef §ciat e, intfa0aRWithdhe having a

gesiralm 2andiaying e MR MBRLEE P AR AP UILZR30. 35 S YPRSE.
gm%%(?udrﬁ V(\e/rlt.hI}r}atheeO %[Efer Iggg;r ?i the in plane lattice parameter a _

increases as the amount of G2 ik rRe B det Rifrdiq e daer 3 the in

Qags rlﬁf?iﬂ? PRIRENr @rintieagradisdisuiferual el Getreraagradie, gepitakialfer layer

Siis rasd@txiyarclayer. is mroyidask wineh agaieserbadahave Bashses,  ..ceu.

iyEns i iendeM Ringh 2R LakNG, e JonRYligL laver 3, The 8%5%%%9% paking the

S gro}hin[galasg%r 5 has a germanium percentage which isina ra
about 1715 15 S IRPHF ERASINTE, Byer SOasA HETRGRIHARGS eRREISh is in a
irPgfapfcatiamide paiarbbtan adrisiess! ta. Sbahatas abthiednuifes FayeEd.in-plane

Irtowequesnasdhe Hiskoess is, RseAme FEHERINMCKNGRS NS the thickness is

|§£§°cﬂ§ﬁ"?|9el y&g; ti;s itrain meaning that its in-plane lattice parameter Is
larger than t?‘nie homina e\?é%%’. Epnoéﬁ‘@%(ﬂ? 85’ ot (RS GREEAIRRNAgEhas fijdn-plane
tattiCe parameter is larger than the nominal value. Finally on top of the smoothing layer 5 the

strained silicon layer 6 as top layer is present.

For a strained silicon layer 6 with a thickness of about 200 A, surface roughness values of
less than 1.8 A RMS, in particular less than 1.3 A RMS, have been achieved with a post-
bake roughness of the buffer layer 3 being of the order of about 2.6 A RMS. Up to now, with
the state of the art processes, only surface roughnesses exceeding 1.8 A RMS have been
observed.

It should be noted that already the buried interface 7 between the smoothing layer 5 and the
strained silicon layer 6 has already a roughness of fess than 2.5 A RMS, in particular less
than 2.0 A RMS, even more in particular of less than 1.8 A RMS. The buried interface
roughness is thus improved with respect to interface 4 having a roughness of the order of
2.6 A after CMP and bake.
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20 strained silicon layer 6 as top layer is present. For a strained silicon
layer 6 with a thickness of about 200 A, surface roughness values of less
than 1.8 A RMS, in particular less than 1.3 A RMS, have been achieved
with a post- bake roughness of the buffer layer 3 being of the order of
about 2.6 A RMS. Up to now, with 25 the state of the art processes, only
surface roughnesses exceeding 1.8 A RMS have been observed. It
should be noted that already the buried interface 7 between the smoothing
layer 5 and the strained silicon layer 6'Ras already a roughness of less
than 2.5 A RMS, in particular less 30 than 2.0 A RMS, even more in

Partiextamtiiesstitinch@ A RMSe be @Wﬁ%@é@ﬂ@&%é@H%Q%@tﬂbﬁ@er layer

Iﬂnmwggiewl & efla ay| ness of th
%igictu art q_r C&}I;'/Elgls %%%(%Oé%gw élgg ﬁ’e\’ (éj%( e%n B%ff" ﬁ%b c?m eqn?of erent composmon

invention explainedaBSoaRNGIRIES ogih 8d°61¥ff’€f’l89é|"e§rﬁﬁﬁﬁé%‘?r it igfor to
S5’ poddipte. tor rebidtenideifepiiycorpisng ataifferfdiiaempingiicular three to
St tldegesOHRXRMPIG: axaamméwgm%u@&%m%%@lo%me%%@% ayer a

&%%fa%t%?}{p%t%h"ﬁ %Uﬁ’iep ?a!‘%r %r ?l_' £ bUﬁ%Eé%yc?fr eral%on}qg?(fersawrt ggnstant

of bi-layers, articular thre ayers wherein ayer

gra e("Pc% R éfhﬂ"fheas%’@&ﬁ@ kﬁOIBE?@F'%beB'H%téW%dﬁ]ﬁd@ﬁl@ﬁ”%eﬂm a
iyiitter sgarebieing culvitosdtiohisphrsdibedblayersenitie constaatfurther ungraded

igmmamwr?m?%tr%bb%{wﬁa %%%Ntﬂ%&ff&@&ﬁﬁ#@%&%gé&?yﬁ&%ﬁ@’%er 5
A6P rther alternative. In a n, it is also possible to provi

i neeié%%ag efu%t %‘?ungra e rfay%ﬁsg%l R UKo %%g fRGLPTg1akage smoothing
%%F Wilh Betflrsent t?ﬁ@%?ﬁ‘j’i‘&ﬂ%@ﬁ’ﬁmoothlng layer 5 10 and the top layer 6.

For example, another SiGe layer may be deposited onto the smoothing

IWMH@@C@W@&%&@U@%Q@QPQ%P@” D!Hélt%qligélﬁléll{ﬁg? idRrhan WM,sed 1o
?"l'%y asg tgt %]rté:co aipognd materials may be used to slo ﬂ;/ increase

the lattice parameter Starfiing from ?ﬁg'gﬁléﬁ’r@sJﬁsﬁ%{?@Q THHLRIE thdowards the

dgsrtuelitue. According to a further variant, a germanium, a Ge,

Sil_YGe, or an SiGeC layer may be

According to a further variant, a germanium, a Ge, Si,Ge, or an SiGeC layer may be

grown as a top layer, instead of the strained silicon layer 6.

According to another embodiment of the inventive method of manufacturing a
semiconductor heterostructure, during the growth of the ungraded smoothing layer 5 a
growth temperature is used which is lower than the growth temperature used during
formation of the buffer layer 3. The growth temperature for the ungraded Siy..Ge, layer 5 is
chosen to be about 50°C to about 500°C lower than the growth temperature of the graded
buffer layer 3. During growth of the buffer lower 3 one typically fooks for a high deposition
temperature to ensure high growth rates but by choosing a lower growth temperature for the
ungraded layer 5, even though growth speed will lower, it is possible to preferably deposit
material in the valleys of the surface of the Sii,Ge, buffer layer 3 rather than on the peak. As
a consequence a smoothing effect occurs. This effect adds to the already advantageous
effect of having a smaller in-plane lattice parameter applied in the first embodiment. Thus, a
further improved smoothing of the surface 7 of the ungraded layer 5 and thus also of the top

layer 6, here the strained silicon layer, will occur.
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grown as a top layer, instead of the strained silicon layer 6. 20 According
to another embodiment of the inventive method of manufacturing a
semiconductor heterostructure, during the growth of the ungraded
smoothing layer 5 a growth temperature is used which is lower than the
growth temperature used during formation of the buffer layer 3. The
growth temperature for the ungraded Sil,,Ge, layer 5 is chosen to be
about 50C to about 500C lower than the growth temperature of the graded
25 buffer layer 3. During growth of the Béiffer lower 3 one typically looks
for a high deposition temperature to ensure high growth rates but by

dhdwsingleddiveygrawtbriperperatymgioribecungiases { 8 @¥&Hriving atoms

tRaough Sreowthssread Wil - ssible to nreferably deposi

ferial jn the valleégs of é—?évvgﬂ!?fll]aget%% t%grg}(l?élé)% Efj?f'i"a(g\ré Ig?/é"%g‘r‘é feploms are
than on the pear: RGN rt @y ety Efecrmactps. srgthening. If,
Sfpaer go dRerdhaieali ety delvalatirgyolow 3keffect ofeavirigea smadiercan have a
?msmexumg:ﬁsarﬁ%%;%wm iﬂ;ﬂl?f#ﬁh%h%@ %Ulé‘rﬁﬁ-s-ﬂgélge Qﬁc]tb‘mgggmauer
HWARIOVE [als| sutface 7.0of the ungra ayer. 5 and thus
ﬁ(l)soeef ti}ﬁ?tg; Iayerb%hherétgg%tir%mg SSIIC%%n?gf{?ehll?%VI t(i)‘c%csffr.afﬁ wilt occur. I,
ndeed. witer tRE i 8rfe AR feia #ligReme itarthe suirienkiettst amiving
RN RARRYateihs ristigd anddhipssifacn erergieywhichdisthaenergy: ehergy.
the surface on which the atoms are deposited, becomes negligible, so

i ositive. impact on smoothening. If, however, the
R TR e oo AR brabelgy a P bl bt

tp&r al _ener?y ISre

apos%b%”r?ﬂﬁ%f%?& ByPerd B Lty BRemRS e taRdanaN Sy § ofirestvined| silicon layer 6
“iirfaceidecsmesamalleoansidacenewgyrgain vaighservest s, 5 IRMS has
RasesanTENeo iR G, %B&%%ﬂﬁﬁﬁh%@&&%% HurBPWENel 8 1S MRe E%;é?t%)#sabout

e thermal energy will not be sufficient for the arriving_ atom
égﬁé%%e&sf%f@ﬁe%’%%dgﬁétae 1555t (918)eRdsddKee thanduffgcgirained
sliardoyaiobeipe dnrsonnd rughness vales\writen (e ariaBMBoughnesew as 1A
HddSperties are even better both at the buried interface 7 and on the

surface of the top layer 6. For a strained silicon layer 6 with a thickness of

Tﬁg%%tVZOOA, surface roughness values of less than 1.15 A RMS has been
achievadtit's SEReRRe raigh metebr Hsehdreedyep Sheenrieantins the layer,

egrder afSbEgt layer on the germanium content, the precursor gases used, and the layer
thickness. Table 3 iliustrates the preferred temperature range for the smoothing layer 5 as a
function of the germanium percentage in Si;..Ge,.
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2.6 A RMS. Also the buried interface 7 between the ungraded layer 5 and
the strained 15 silicon layer 6 has improved roughness values of less than
1.8 ARMS, and as low as 1A RMS. The advantageous temperature
range actually used depends on the material of the layer, e.g. for a
Sil_"Gex layer on the germanium content, the precursor gases used, and
the layer 20 thickness. Table 3 illustrates the preferred temperature range
for the smoothing layer 5 as a function of the germanium percentage in
Sil.xGex. 14 Table 3: layer material tyb"ﬂfcal growth temperature growth
temperature ungraded buffer layer 3 [C] layer 5 [C] Sil_xGex, xs[0,20]
g@8'e 800 650 - 750 Sil_xGex,x420,40] 750 - 850 600-700

[ WaYaWnVak lalalal 0

Sil.xGeyostAbeA 700y R R B et G AL SR faPaded
500i- 600 Sil_xGex xs[80b9%rqgoe- ,Zg < 600j Si1_xGex,xs[90,100] 550
- 650-< 550 For CVD)layer depoStion e smloothing 18953 the

preéu%@%ehd‘@@-ﬁ?b > chosen®ich®¥Aat they have a decdatboiition

temperateeexPichois| loWer or @olegsiclose 10 the 5 tempRRitrg;range
o nnncnﬂlle,gge’ it-may.occur that for the growth of
rect

indicatedkin-table-3-As-a-cohsegu

the S%ontﬁ’iﬁe Iéf\%)}' ba differ@?ﬁ rsor is used or neeﬁ@ﬂtﬁfﬁg used
thah ForPre. lBfeB0layer 3. Figse-sHews the st¢p of providdog adeandle
substiale s CeppIFeNy of Silicoggar_appther—10-materfat-stitapleto-actas-a
car +§Fmateual for ajresulting heterostructure, With reference to Fig. If, an
insuratsr fayEr489€ ormed onthe Bfhdle substrate 1 forming® handle
substrate 14. The insulator layer 10 can be a native or growin insutator and

AT 15RP MR SAGNRIERE %&ﬁ%ﬂ&%% %%&%F%%?s%%etg 2 c(':'??osen such

rate 1. .
tﬁgp%ey %ave a decomposition temperature which is lower or at least close to the

temperature range indicated in table 3. As a consequence, it may occur that for the growth
of the smoothing layer 5 a different precursor is used or needs to be used than for the buffer
layer 3.

Fig. 1e shows the step of providing a handle substrate 1 consisting of silicon or another

material suitable to act as a carrier material for a resulting heterostructure.

With reference to Fig. 1f, an insulator layer 10 is formed on the handle substrate 1 forming a
handle substrate 14. The insulator layer 10 can be a native or grown insulator and is in the

shown example of SiO; formed by an oxidation of the handle substrate 1.

Fig. 1g shows a bonding step in which the handle wafer 14 is bonded with the side of the
insulator layer 10 directly onto the free surface 8 of the top tayer 6 of the handle wafer 12
resulting in a source-handle-compound 20.

Although on the top layer 6 of the donor wafer 12 no insulator layer is formed, bonding can
be performed very well. Due to the absence of an extra formed insulator layer on the donor
wafer 12 and because of the influence of the smoothing layer 5 it is not only possible fo
provide & very low roughness but also a good topology of the surface 8 of the donor wafer
12 so that the surface 8 is well suited for bonding. This way, inverted bonding can be applied
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15 Fig. Ig shows a bonding step in which the handle wafer 14 is bonded

with the side of the insulator layer 10 directly onto the free surface 8 of

the top layer 6 of the handle wafer 12 resulting in a

source-handle-compound 20. 20 Although on the top layer 6 of the donor
wafer 12 no insulator layer is formed, bonding can be performed very

well. Due to the absence of an extra formed insulator layer on the donor

wafer 12 and because of the influence of the smoothing layer 5 it is not

only possible to provide a very low rouﬁhness but also a good topology of

the surface 8 of the donor wafer 12 so that the surface 8 is well suited for

i heigth isnarayaiaveitie dhb dradifig walerbecappliedid viioHoonddhe caresary to
e e b water et G e 1l R TRCEe Rt Bupjetea o
D R L AEh S G AT TR gy Tt th
RV el Erirlg TRcanRg G SRR TR Of bR tvery Watapordraceiatained and the
Héfivdiss thvlagtos of dherdoyorcualfescanaganaisiainesbandsdrer 3o not occur.
difficulties in formation of a homogeneous insulating layer on the donor

er, do. nat oc ur. a to 2f schematlcally illustrate a further , _
wﬁ% rrt%(r%% accor f& 1B TRV RribH A PR UmShi R ERIH A% Jpehe invention,

?éﬂ}?é%ﬁoﬁ%%@ékstm&‘?ﬁ@aiﬁi&bﬁmﬁme‘mmj toefanweodive angthedniedfabricate a

#iyEedivirsulaloniuaferater acacsiraiapdsiitem on insikaprwalesdssOl).
10 Fig. 2a shows the donor wafer 12 comprising the substrate 2, the

ged buffer layer 3, the ungraded smoothing layer 5 and the strained
|conslrz];1yer%I NIRER Rl 6%3?1‘?86?18%&8 %\‘éb%‘@é%ﬁbg’t? §668 b seigyers?. the

W%Wé‘%ﬁﬁ drotha Heawitd silityatraged ot isatypbeatiyfabricated as
dtsmitacchiwaser, e.g. a silicon wafer, an insulating layer 10 is provided.
This layer 10 can be a deposited layer or can be formed by thermal

X %%tlon of the handle substrate 1, resulting e.g. in a Si02 layer in the
et 0% R elRs g Fai)é?q{?) bTErs abifsPniedyigally a standard
wHiRlatan ef sili8irhandie substsateidg eeause thisrpedmitsTiaobiain @ can be a

dexisidayByPRINENEIY formed by thermal oxidation of the handie substrate 1, resulting
e.g. in a Si0; layer in the case of a Si wafer. The insulating layer 10 is preferably formed by
oxidation of a Si handle substrate 1, because this permits to obtain an oxide layer being very
uniform, unrough, and resistant to a chemical attack which my follow in a subsequent
processing step after the splitting step.

Fig. 2c illustrates the process to create a predetermined splitting area 16 in the donor wafer
12. This is achieved by implanting atomic species 18, like for example hydrogen ions or
other inert gases, with a predetermined dose and energy. Due fo the implantation the
predetermined splitting area 16 is created inside the donor wafer 12. The implantation
conditions are chosen such that the predetermined spilitting area 16 is positioned below the
strained layer 6.

Fig. 2d iilustrates the next step in the process which consists in attaching the donor wafer 12
to the handle wafer 14 by bonding the free surface of the insufating layer 10 of the handle
wafer 14 directly onto the free surface of the top layer 6 of the donor wafer 12 to thereby

form a donor-handle compound 20. Prior to bonding, eventually a surface preparation step
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20 uniform, unrough, and resistant to a chemical attack which my follow in
a subsequent processing step after the splitting step. Fig. 2c illustrates
the process to create a predetermined splitting area 16 in the donor wafer
12. This is achieved by implanting atomic species 18, like for example
hydrogen ions or 25 other inert gases, with a predetermined dose and
energy. Due to the implantation the predetermined splitting area 16 is
created inside the donor wafer 12. The implantation conditions are
chosen such that the predetermined spfitting area 16 is positioned below
the strained layer 6. 30 Fig. 2d illustrates the next step in the process

Vidhighriednsistsimaigaahing theodonasimafelsliade the-handle wpleikdidY ayer 6,
Q%@!H@ Egﬁiggﬁﬁy g@r?& Wa%gre 1'9%%'(% hlg‘l¥ gl% eI meleha%gq!:? vg\rliég%rogidbonding

dgg‘ﬁ%/ onto the free surface of the top layer 6 of the donor wafer 0

there y form a donor-handle compound 20. Prior to bonding, eventually a
surface preparation step 16 is carried out. Although there is no smoothing
imsuledﬁéﬁbmgaﬁ;ﬁ@d?m@fo;mﬁeg s %t@@ﬂﬂﬂl&%ﬁw%wﬂﬁaﬂ?%&m such
wafehd2,2ngd ) [ eads ta very goo nding_results

'{hhe dor%(,)r-handlle c}rﬁggﬁiﬁ 5%?5 tﬁeﬁ%%%é{% %_%8 %nfat(latyngggs(ﬁ% s%%%ﬂ?em‘ of
AN RBARE SR HisAanY prldfelérinitend shmvaMgingdberpakenaiginzbe fragiization
WitcHefieraycitatigitcalscd btachinieretioby thepvistingindetid bEteegdanainy form, for

wigfeich2n dosiaRe ehoMH NSRBI e NS agilizating &gy,

detachment may also be achieved by providing additional energy in any
form, for instance mechanical energy or a combination of thermal and

Riechsiusiaire iy, routicf dbalieipahmsnhetaps it eTmeustaepintishtvarer 24 is
sebfsvadommpusingltnedteiatingiteicP 40isthachienpet 6aipaSIng dheninsaling layer
FiyanidQrdbedtepdaveri anda.pait of the ungraded layer 5 in this order

on the handle substrate 1. 15 The compound material wafer 24 then
undergoes a further surface treatment to remove the remaining part of the
RerampRyyeRtsTia Hafendd theruassmeche Achienadiine Aratabimtp remove the

remaining part of the smoothing layer 5. This can, for example, be achieved by an eiching
step. As a consequence, the former buried interface 7 now becomes the free surface.

A final strained silicon on insulator substrate 26 is illustrated in Fig. 2. it comprises the
handle substrate 1, the insulating layer 10 and the top layer 6, thus the strained sificon layer.
As due to the provision of the smoothing layer 5 the buried interface 7, now being the free
surface, has superior surface roughness properties, the strained silicon wafer according to
this embodiment is improved compared to the prior art. Instead of a strained silicon on
insulator wafer also other types of top layers 6 could be transferred including the above
mentioned SiGe, Ge or GaAs.

[n addition, the thickness of the strained silicon layer could be increased by epitaxial
deposition of silicon, for instance up to 600 or up to 800A.

Besides the above described sSO! wafers, SiGe on insulator (SiGeOly wafers can be
produced with the inventive method, for instance by using SiGe as top layer 6 or by
depositing a relaxed layer of SiGe on the top layer 6, wherein this SiGe layer is lattice
matched with the buffer layer 3.
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step. As a consequence, the former buried interface 7 now becomes the
free surface. A final strained silicon on insulator substrate 26 is illustrated
in Fig. 2f. It comprises the 20 handle substrate 1, the insulating layer 10
and the top layer 6, thus the strained silicon layer. As due to the provision
of the smoothing layer 5 the buried interface 7, now being the free
surface, has superior surface roughness properties, the strained silicon
wafer according to this embodiment is improved compared to the prior
art. Instead of a strained silicon on insdfator wafer also other types of top
layers 6 could be transferred including the above 25 mentioned SiGe, Ge
or GaAs. In addition, the thickness of the strained silicon layer could be

pereases t Qorupt
S ol A

Warers caA ac&fﬁ%é@%ﬂw%?ﬁ%ﬁfﬁ%m@fﬁod for instance

by using SiGe as top layer 6 or by depositing a relaxed layer of SiGe on
thieeteleniayen invhigseln thiscSimedaye Bipdaiiepomatchedith the auftetnown in
Iﬁﬁgr % 1 oF 10RciaidR 3 E0RD SRIMONA JBMICHIRL DS R REE Ron of

ano e[)varlant of the inventive method of manufacturing a
se%lconduc?o%eterostructure 5 The step shown in Figs. 3a to 3c and 3e
to 3g correspond in general to the steps shown in Figs. 2a to 2f.
ghter@%‘r@ramdegwﬁbf@ﬂb&ﬁﬁ sipRHGRiRkRNGS i§ ﬁ’&%ﬁt%%@ g%s%lp&t@afl e donor
t rence.t thin s icial layer

ﬁfgiren%o%t%rﬁg %? yfﬁg I\é(\e/%%@t eﬁ]ogontgg Ei% Ciaé ¥ fﬁ%géx &ample® 3 layer

R An S ess, ﬂ@%ﬁﬁi&ﬂnﬁi’dﬂﬁ%%"‘fg |§0aﬁqaﬂwtssﬁdelna9i@?r r?as@mgf%ﬁ of the
'W@kﬁ%é@e‘?ﬁgee‘mféllﬂefomm Ifmahemetresit bfotherexamples=tbn step

pbgolmeantiomethenskpariicial |5—$§(§'thags@ﬁ@ fRpRsiAS %%ngr%ﬁﬁe a cleaning

f erfor the onor wafer 12. Such a
Szgé gﬁgl&rg%aratlon stea?ocﬁ)an{ |RCP:J3 8I(tehan R AL LA/ Saypegficial oxide

'%?fv}ﬁlBH YfPrdarsng %tﬂ‘?éjﬂﬂ‘?ﬁ&ﬁ&f d?-a Vespihinfisiab reiaP dsidecaBse of its
veryelotAtidektieestop dayen, aidhectpaipmalt 12 JigeHRRslitiRaNRr ifmed o

dép@ﬁ@qﬁérﬁ{oﬁglly as an extra laxer on the top layer 6.

As shown in Fig. 3e, the handle wafer 14 is bonded with its insulator layer 10 onto the
superficial layer 19 on the top layer 6 of the donor wafer 12. Despite of the absence of an
insulator layer being thick enough to have a smoothing influence on the bonding suiface of
the donor wafer 12, bonding between the handle wafer 14 and the donor wafer 12 leads o a

very good bonded donor-handle compound 20.

The heterostructures manufactured with the inventive method are advantageously used in
semiconduclor devices, as improved electrical or optical properties can be achieved with the

substrates having improved surface roughness properties.
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very low thickness of <_ 10 nm, not comparable with an oxide or insulator
layer formed or deposited intentionally as an extra taxer on the top layer
6. As shown in Fig. 3e, the handle wafer 14 is bonded with its insulator
layer 10 onto the 20 superficial layer 19 on the top layer 6 of the donor
wafer 12. Despite of the absence of an insulator layer being thick enough
to have a smoothing influence on the bonding surface of the donor wafer
12, bonding between the handle wafet814 and the donor wafer 12 leads to
a very good bonded donor-handle compound 20. 25 The heterostructures
manufactured with the invenygnethod are pdvantageously used in
semiconductor devices, as improved electrical or optical properties can be
achieved with the substrates having improved surface roughness
PropertiesoriBsiRefetence numerals 1 second substrate 2 first substrate 5
-3 graded.byfferlayer 4 upper surface of the buffer layer 3 5 smoothing
layer 6 top layer (strained silicon) 7 buried interface between smoothing
lAyer 595?1%??3{&%%?5’@" 10 8 surface of the top layer 6 9 interface between
the firstppirsudte@dtitb thetgramed buffer layer 3 10 insulator layer on the
Bandlesw@inidgiddeAonor wafer 14 handle wafer 15 16 predetermined

%plittin%afea 8 ions 20 donor-handle-compound
p layer (strained silicon)

7 buried interface between smoothing layer 5 and top layer 6
8 surface of the top layer 6

9 interface between the first substrate 2 and the graded buffer layer 3
10 insulator layer on the handle wafer 14

12 donor wafer

14 handle wafer

16 predetermined splitting area

18 ions

20 donor-handle-compound

22 remainder

24 compound material wafer (fig. 2e)

26 final structure (fig. 2f)
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22 remainder 24 compound material wafer (fig. 2e) 20 26 final structure
(fig. 2f) 19 CLAIMS 5 1. Method of manufacturing a semiconductor
heterostructure, comprising manufacturing a donor wafer 1 comprising-
providing a first substrate with a first in-plane lattice parameter, providing
on the first substrate an at least spatially graded buffer layer having on
top in a relaxed state a second ingplane lattice parameter; forming on the
graded 10 buffer layer an ungraded layer of a semiconductor material

cn.ABying in a relaxed state a third in-plane lattice parameter) forming on the

ungraded laver a top laver of a semiconductor material, and
manufacturing a handle wafer comprising providing a second substrate |
forming on the second substrate an insulator layer y and bonding the

. ddethod afenmith ahiehiag d leewmafordiscthdrectar ved i thatsaidsimg raded

laver. is. a strained smoothing layer wherein the third in-plane lattice
pa?amf%‘tg‘eﬂrlIt é? %%sggtr}rg%e %%oo‘t%?r%lﬁ%}%s between. the first and
uoviditgttdespenbsiraterant Bhid firat dhepieafe tasibe pdedneith the donor
{&in:ah wanlialihe 20 insulalon aye ! ishonded
\gﬁectly ohto the free surface of the top Iayéﬁé#%%%r%%v\%la gerrg% or 1'Eheel%iavmg on
insplEterdgediinte hagrardiaieaisbaiitederme asuperficiatimyen Beigpded

%@?ﬁ@ﬁ%ﬂ:}he %Hr@%qﬂeﬁlﬁaé%p A@X%%HEBS&?%{ H@E&Qﬁ ﬁ%ﬁ :1[% a relaxed state

superficial layer having a thickness being equal to or smaller tha

naHuRseR el HHeetRarameisthing fayeving groths wigradgrowihr a top layer  of a
lSIRREHURHWRLLDAN g}ﬁi%%i?acturing a handle wafer |  comprising

providing a second substrate y  forming on the second substrate an insulator layer |
and bonding the donor wafer - with the handle wafer

characterized in that

said ungraded layer is a strained smoothing layer ~ wherein the third in-plane lattice
parameter-  of this strained smoothing layer  is between the first and second lattice
parameter and

said handle wafer.  is bonded with the donor wafer in such way that the
insulator layer of the handle wafer is bonded directly onto the free surface  of
the top layer ~ of the donor wafer, . or

the insulator layer of the handle wafer is bonded onto a superficial layer

being present on the surface  of the toplayer  of the donor wafer ,  said
superficial layer having a thickness being equal to or smaller than 10 nanometres,
and

the smoothing layer - is grown with a growth temperature lower than the growth

temperature of the graded buffer layer «

Method according to claim 1, wherein the top layer is grown with a growth

temperature lower than the growth temperature of the buffer layer,

3. Method according to claim 2, wherein the growth temperature of at least any one of the
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temperature of the graded buffer layer . 2. Method according to claim 1,
wherein the top layer is grown with a growth 30 temperature lower than
the growth temperature of the buffer layer, 3. Method according to claim 2,
wherein the growth temperature 2§ at least any one of the 20 smoothing
layer and the top layer is chosen to be 50C to 500-C lower than the

growihitempesature,phithe hufferdayer. 4s Method @oGOEHIRI 40 RIAMLRr than the

3, wherein the thickness of the smoothing layer is less 5 than a critical
AR RssoBRRE e s 8¥etr, in particular less than 1000 A, more
in particular a thickness of 200 A to 800 A, even more in particular of 600
A . 5. Method according to ?ﬁ%one of claims 1 to 3, wherein the graded

PirtapersrLia s dtkiny YRR dhcohisHanTs At askopshmg layer s less
MWQ&M%@SQB@M@@CHQQ@@%&Q@rﬁpﬁﬂﬂ@ﬁiﬁaé@%‘?@@ﬂ{) A, more

and Al_xa3Bxas with respect to each other. 6. Method according to claim
in pRrarti R hinia s o TGS s rerstmame o prsttrsles 266896 in

particular 2%-5%, more in particular 2.5%. 15 7. Method according to any
one of claims 1 to 3, wherein the top layer is a strained layer or a relaxed

drhorh 355PEEINGIt8 ABLER D PERIRBRS (S &) sibsre i arndier (brile Gaygr and
and aRIFRARKIM L), M ethoskaaeoraingata elaimanWheteinAhend B and have a
substrate is of silicon and the graded buffer 20 layer is silicon germanium
@fierenbresarasfian frewher AREdMaInE e Wi SRRHdRmIMeBRioothing

layer is of silicon germanium (Sia_xa3 Gexa3). 25 10. Method according

to claim 7, wherein the growth temperature of silicon germanium (Sil-x

Alharrersknade ABat arNEsHE SrrifsHRaeR AR HAD Gt Xes s 0.5%
layey: depandsuer the TRlmariumerenagsl.ayer material Growth

temp erature [C ] Si Ge xe[0,20] 650-750
Method according to any one of claims 1 to 3, wherein the top layer  is a strained layer

or a relaxed layer, in particular one out of silicon (85i), silicon germanium (Si1x Ge,) and

germanium (Ge).

Method according to claim 5, wherein the substrate  is of silicon and the graded buffer

layer  issilicon germanium (51 1.2 Gexar).

Method according to claim 3, wherein the smoothing layer  is of silicon germanium

(Sil-xaB Gexas).

Method according to claim 7, wherein the growth temperature of silicon germanium
{Sil-x Gex) when used for at least any one of the top layer ' and the smoothing layer

depends on the germanium percentage.

ayer material Growth temperature [T]
Si 15 Ge » x2[0,20] 650-750
511 Ge », xe[20,40] 600-700
Si 1. Ge 5, xe[40,60] 550-650
5i 1. Ge , xg[60,80] 500-600




Si i-x Ge xe[20,40] 600-700 Si 1-x Ge xe[40,601 550-650 Sil x Ge
xe[60,80] 500-600 21 Si _x Ge x, xe[80,90] < 600 Sii_a Ge " xa[90,100]
< 550 11. Method according to claim 7, wherein the growth temperature of
silicon when used for the tope layers is chosen to be less than 6001C, in
particular less than 5507 to 700C or wherein the growth temperature of

[ SRRy USed for the Top 1o IS S chosen to be Tess than {

|

11.

5U0Ge VEISGEYOF MANUFAC TURING) A SEMICONDUCTOR

HETEROSTRUCTURE ABSTRACTT The invention relates to a method
of manufacturing a semiconductor heterostructure, comprising

Mathor ersardinedoriimafe ki ibmgTprsMidRg REMEES U stHigeryither used for
firstedpeniane lattice patemeten RieVidingonthedimtauhstratesanpatially o 700C,

graded buffer layer having on top in a relaxed state a second in-plane )
@ttmb%%ﬁstgf%ﬁnrﬁa%ﬁ%ﬁge@é@@ﬁl&ﬁ%@ﬂa‘%@%ﬁlﬁmﬂg.faaé%qé%r%‘fer s I
asemicenduciommatenat having in a relaxed state a third in-plane lattice
parameter, forming on the ungraded layer a top layer of a semiconductor
material, and manufacturing a handle wafer, comprising providing a

second substrate, forming on the second substrate an insulator layer, and
bonding the donor wafer with the handle wafer. It is the object of the

invention to reduce the thermal load on the donor wafer substrate with the

top layer before bonding and to achieve nevertheless good bonding

results. The object is solved by a method of the above mentioned type

according to which said ungraded layer is a strained smoothing layer

wherein the third in-plane lattice parameter of this strained smoothing

layer is between
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the first and second lattice parameter, and said handle wafer is bonded
with the donor wafer in such way that the insulator layer of the handle
wafer is bonded directly onto the free surface of the top layer of the donor
wafer, or the insulator layer of the handle wafer is bonded onto a
superficial layer being present on the surface of the top layer of the donor
wafer, said superficial layer having a fhickness being equal to or smaller
than 10 nanometres. Fig. 1a-1g

METHOD OF MANUFACTURING A SEMICONDUCTOR HETEROSTRUCTURE
ABSTRACT

The‘invention relates to a method of manufacturing a semiconductor heterostructure,
comprising manufacturing a donor wafer, comprising providing a first substrate with a first
in-plane lattice parameter, providing on the first substrate a spatially graded buffer layer
having on top in a relaxed state a second in-plane lattice parameter, forming on the
graded buffer layer an ungraded layer of a semiconductor material having in a relaxed
state a third in-plane lattice parameter, forming on the ungraded layer a top layer of a
semiconductor material, and manufacturing a handle wafer, comprising providing a
second substrate, forming on the second substrate an insulator layer, and bonding the
donor wafer with the handle wafer. It is the object of the invention to reduce the thermal
load on the donor wafer substrate with the top layer before bonding and to achieve
nevertheless good bonding results. The object is solved by a method of the above
mentioned type according to which said ungraded layer is a strained smoothing layer
wherein the third in-plane lattice parameter of this strained smoothing layer is between
the first and second lattice parameter, and said handle wafer is bonded with the donor
wafer in such way that the insulator layer of the handle wafer is bonded directly onto the
free surface of the top layer of the donor wafer, or the insulator layer of the handle wafer
is bonded onto a superficial layer being present on the surface of the top layer of the
donor wafer, said superficial layer having a thickness being equal to or smaller than 10

nanometres.

Fig. 1a ~1g



