TSMC2001- 1530 1 A METHOD OF FABRI CATI NG A WAFER W TH STRAI NED CHANNEL
LAYERS FOR | NCREASED ELECTRON AND HOLE MOBI LI TY FOR | MPROVI NG DEVI CE
PERFORMANCE BACKGROUND OF THE I NVENTION (1) FIELD OF THE | NVENTI ON The
present invention relates to a nethod for nmaking a sem conductor substrate

having a s ' sigigon layer for {nproved sem conductor device
perfo?nancgsﬁﬁggglﬁgéé&ticulgrly the method utilizes a porous silicon

| ayer and a relaxed silicon germanium (SiGe) |ayer to achieve a strained
Si layer for inproved device performance (mobility). One application of
this strai nedA MEFHEED| OF t BABRPCANING e WARERMITHD STRATWED OCHARNEL i N CMOS
applications on Silicon-On- Insulator (SO) substrates (also referred to

as wafers). (PPYBRECRPPTINFREXSHHEFEYTIHIN\RND HOBEs MOBEREIEY SFOR con

sen conduct or vices such _as bipolar transistors, FETs mere_reduced in
size to inpro&g$58§F§§ DE%F?%r%E#kQﬁMAHﬁgckwﬁces were scaled in both the

vertical direction and horizontal direction using inproved
phot ol i t hographi ¢ and directional plasnma etching techni ques and

sel f-aligning techni quegachgrdiit B iHENhRARBNS! 265 Of the
(1) FIELD OF THE INVENTION

The present invention relates to a method for making a
semiconductor substrate having a strained silicon layer for
improved semiconductor device performance. More par- ticularly
the method utilizes a porous silicon layer and a relaxed silicon
germanium (SiGe) layer to achieve a strained Si layer for improved
device performance (mobility). One applicationof this strained
layer is to improve the channel mobility for FETs in CMOS
applications on Silicon-On- Insulator (SOI) substrates (also

referred to as wafers).
(2) DESCRIPTION OF THE PRIOR ART

In past years silicon semiconductor devices such as bipolar
transistors, FETs were reduced in size to improve device
performance. The devices were scaled in both the vertical
direction and horizontal direction using improired
photolithographic and directional plasma etching techniques and

self-aligning techniques. As the minimum feature sizes of the



TSMC2001- 1530 2 devi ces decrease, the spacings between the netal |ines used
to wre up the devices decrease and there is a corresponding increase in
pitch. This closer spacing results in increased RCtine constants. To
achieve further inprovenents in perfornmance, it is necessary to utilize

| ow di el echgida d iUl sater s and hi gher oconducting netal - |urgies, such as
copper, to reduce the RCtine constant of the circuit. Further increase in
performance is achieved by using a Silicon-On-Insulator to mnimze the
capacitive coupling of the sem conductor devices to the substrate and al so
t o i npr ovedeWecemndiesreasehatbe ipariings bhéwdenithes mehAalt henas nisadnebeat ur e
sizes and wiring pitch approach their limts, it is necessary to explore
ot her met HHH&e 1B theeRAc afedeereasr and ithered s @sorapgrondhngsncreheem
strained sjlicon _layers on silicon germani um sem conductors to nodify the

silicon bahdy PxtFrct GP&Sr ELAFRT ngPRFLG gIRFUIdiSedRy dRCaRasRE| RCnbHme ity .

wobi |ty FSUR BT 1 ofBr TRt TIE ER CPRF PSRt Py BB Smasea 16 . | U

Chi st 1 con Toyera S0g a8 TP p0h BRI B R R Pt s G
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are fornedconstant of the circuit. Further increase in performance is
achieved by using a Silicon-On-Insulator to minimize the

capacitive coupling of the semiconductor devices to the substrate

and also to improve the radiation hardening for the devices.

As theminimum feature sizes and wiring pitch approach their
limits, it isnecessary to explore other methods to improve device
performance. One approach is to form strained silicon layers
on silicon germanium semiconductors to modify the silicon band

structure resulting in higher electron and hole mobility.

Several methods of fabricatingwafers using SiGe to increase
current mobility have been reported in the literature. For
example, Eket al., U.S. Patent 5,759,898, showamethod for making
a substrate in which a thin silicon layer is used as a buffer
layer for forming a relaxed SiGe layer having reduced crystalline
defects. Then a strained silicon layer is formed on the relaxed
SiGe layer. Devices having higher electl;on mobility are formed
in the strained silicon layer. U.S. Patent 6,107,653 to

Fitzgerald shows amethodof forming a Ge layerwithminimal defects




in the strained silicon layer. U S. Patent 6,107,653 to Fitzgerald shows
anet hodof formng a Ge | ayerwithm ni mal defects TSMC2001- 1530 3 on a <001>
silicon substrate using a series of graded GeSi |ayers having
pl anari zation steps in between. The grading of the GeSi |ayers and the
pl anari zat&%@c%)ﬁ_rspgwji sl ocation dengities. This allows a 100% Ge | ayer
to be forned on a SI” substrate w thou an increase in threading
di sl ocation densities. Sato, U S. Patent 6,143,629, teaches a process for
maki ng a smooth single-crystal |layer on the surface of a porous silicon
|l ayer, whonla abdbwsiSdcontulitrutRiueDhd axsatich ofayided\bbsh 1ag&tist s i n
fewer stacking faults. Sato does not address formng a relaxed SiGe |ayer
or a straihedi®l plaperiz8ikiegustepetindbetwdén S. TRatgrddirfy 2¥4tHY &eBi, teach
a process for formng a silicon-on-insulator_ substrate. The net hod
utilizes alPpyefeesand ththirdpnariizedios conybel rdi sleeatppotanss tdies.ayer. A
non- por ous %hi n §i filmis fornmed through the porous Si |ayer, and a
second subSttaeE1PYs 3,405 Fe davaE ta e formed emasi sHeshrbayithous
renoved to__separate the two bstrates. There.,is stjll a_need in_the
sem conduc?%rulp%ﬁasﬁeer y a5 fdut}\?g dﬁﬁgﬂcfﬁéo’ﬁr%%ré%’s‘f’f%?' mik-Rg YtPai ned
silicon | ayefenOns a8 |dLPN £ ARHLRN “ﬁkfahkgkff r%i}&%'aons'nlo%st% ator
substrates to increase electron an ole nobiTity, a using a
cost - ef f ecéiNgle-crystal layer on the surface of a porous silicon layer,
which allows Sato to grow an epitaxial Si layer, which results
in fewer stacking faults. Satodoesnot address forming a relaxed
SiGe layer or a strained Si layer. Sakaguchi et al., U.S. Patent
6,294,478 Bl, teach a process for forming a silicon-on-insulator
substrate. The method utilizes a process in which a first Si
substrate has a porous Si layer. A non-porous thin Si film is
formed through the porous Si layer, and a second substrate is
bonded to the first substrate. The porous Si is removed to

separate the two substrates.

Thereisstill aneedin the semiconductor industry to improve
upon the process for making strained silicon layers on a silicon
germanium film for silicon-on-insulator substrates to increase
electron and hole mobility, and using a cost-effective

manufacturing process.
SUMMARY OF THE INVENTION

Aprincipal object of this invention is to provide a strained




manuf acturing process. SUMVARY OF THE | NVENTION A principal obj ect of this
invention is to provide a strained TSMC2001-1530 4 silicon |ayer having
increased el ectron and hole nobility on a silicon-on-insulator substrate
for maki ng sem conductor devices. A seconﬁ objef} of tEe preﬁent i nvention
is to use A1 fisGipal layer that ig nechanically weak, such as a porous
silicon | a@self, vmlt r:l"sgr? overlying rel aied SiGe layer to formthe strained
silicon layer on a seed wafer. A further object of this invention is to
bond a handle wafer to the seed wafer, and to etch and separate the wafers
at the saz¥rliifdai dhykeaykaving cxpasasiedeebédaroednd hbayaﬁobinqpmay , by a
first embodi ment, the objects of the present invention for neking a

strai ned stiliean-onydnsydagogOsubmtente hbon making eremivegidustby providing a
polished silicon wafer (seed wafer) having an atomically snooth principal
surface. A®%G8%<icial |ayer, such as a porous silicon layer, is fornmed on
and in the principal surface of the seed wafer, for exanple, by |ocal

anodi zation. The sacrificial layer is processed to forma snooth surface.

|t the mechani Galdoy Jieakeli@uer oo RO LSSl I 50 dG YRY L 8uLf ace ey
be formed by high tenperature f or “exanpl €, ;
sacrificial layer that is mechanically weak, such as a porous

silicon layer, with an overlying relaxed SiGe layer to form the

strained silicon layer on a seed wafer.

A further object of this invention is to bond a handle wafer
to the seed wafer, and to etch and separate the wafers at the

sacrificial layer to expose the strained Si layer.

In summary, by a first embodiment, the objects of the present
invention formakingastrainedsiliconlayeronaSOIwafer (handle
wafer) begins by providing a polished silicon wafer (seed wafer)
having an atomically smooth principal surface. A sacrificial
layer, such as a porous silicon layer, is formed on and in the
principal surface of the seed wafer, for example, by local
anodization. The sacrificial layer is processed to form a smooth
surface. If the mechanically weak layer is porous silicon, the
smooth surface may be formed by high temperature (for example,
>1000°C) annealing in hydrogen ambient. A relaxed silicon
germanium layer is formed on the smoothed surface of the
sacrificial layer, for example, by growing an epitaxial layer.

Next, an epitaxial silicon layer is grown on the SiGe layer to



0 >1000 C) annealing in hydrogen anbient. A relaxed silicon gernmanium

| ayer is forned on the snoot hed surface of the sacrificial |ayer, for
exanple, by growing an epitaxial layer. Next, an epitaxial silicon |ayer
is grown on the SiGe |layer to TSMC2001-1530 5 provide a bondi ng surface for
bondi ng t heggesshafseyo to a handle wafer. Then, a handl e wafer having an
insulator on a principal surface is bonded to the epitaxial silicon |ayer
on the seed wafer. The sacrificial |layer is etched to separate the seed
wafer from the handle wafer and to expose portions of the sacrificial

| ayer andPXPeldegrgdeording [susdackafar bondihg the Seed wifdthéeorahanddeSi Ge
llayer, which_ is now on the insulator of the handle wafer. A second anneal
is used t"&Heal Pﬁé'p%rl'tﬂj’sd gwaayérhwqghenmlém en a pydncadphdrm a

snmoot h strai ned Si r .on the under|yjng.Si | ayer. This conpletes the
silicon-on® ‘I“Fgacﬁeai‘% ° §\7flrﬁ> 'E%eeepﬁ?’é?%ieag%?'f:i’ﬁ&ﬁyleﬁﬁ’rt}bﬂsﬁeﬂf"ﬁ#GFpal

f t | t he f t
erbod ment TR paeg BTRTELER e e’ S ned (R kB0 Be WS EBPAI HASE £0Ror e
th | a e s i
on the re ax@@L sute wakdaggqans kﬁogéi%t %@agg@(?ea agki f}?%l X Ikvlrayef as

t he bondi ng | ayer on the seed wafer ment o ention
i's simlaraid thBesiddiHed 80DOEbNB R er e tﬂéféﬂ%of SHBb1axed Qide! aYeEr

is formed on
layer, which is nowon the insulator of the handlewafer. A second
anneal is used to anneal the porous Si layer on the handle wafer
and to form a smooth strained Si layer on the underlying SiGe

layer. This completes the silicon-on insulator having the

strained silicon layer on a principal surface.

A second embodiment of this invention is similar to the first

embodiment. The difference is that a silicon oxide (sioz) layer

is formed on the relaxed SiGe surface and is used instead of a

Si epitaxial layer as the bonding layer on the seed wafer.

A third embodiment of this invention is similar to the first

embodiment. The difference is that a Sio2 layer is formed on

the Si epitaxial layer on the relaxed SiGe surface to provide

a bonding layer on the seed wafer.
BRIEF DESCRIPTION OF THE DRAWINGS

The objects and other advantages of this invention are best

understood with reference to the preferred embodiments when read




the Si epitaxial layer on the relaxed Si Ge surface to provide a bonding

| ayer on the seed wafer. BRI EF DESCRI PTI ON OF THE DRAW NGS The objects and
ot her advantages of this invention are best understood with reference to
the preferred enbodi nents when read TSMC2001-1530 6 in conjunction with the
fol | owi ng %ﬁ@éﬁ‘@falﬂ&s- 1 through 7gshow schenmatic cross-sectional views
of a portion of a watrer and depict the sequence of process steps for
fabricating a strained silicon layer on a silicon on-insulator (SO) wafer.
Fig. 4A shows a schematic cross-sectional view of a portion of a wafer
depi cti ng thecprierstidrowiftibrtheatfioldowiapr draeings. | ayer on a SO waf er
by a first enbodi nent. Fig. 4B shows a schematic cross-sectional view of a
portion of a wafer depicting the process for fabricating a strained Si

| ayer on a SO wafer by a second enbodinment, Fig. 4C shows a schematic
cross-secti onal FW%WJO¥h5°BS]Pﬂ ShowoFchemaris cFosisceer§irnal prirws off or

fabricatin rain Si_layer.on a SO _wafer by a third enbodi nent.
DESCRI PTI d%l fpftigh ﬁ%ﬁﬁﬁﬁﬁr RS Ao goaretenst PHRCSkiSTEPE
strained Sfol:af%rié@e/iﬂwa strained silicon layer on a silicon-

on-insulator (SOI) wafer.

Fig. 4A shows a schematic cross-sectional view of a portion
of a wafer depicting the process for fabricating a strained Si -

layer on a SOI wafer by a first embodiment.

Fig. 4B shows a schematic cross-sectional view of a portion
of a wafer depicting the process for fabricating a strained Si

layer on a SOI wafer by a second embodiment.

Fig. 4C shows a schematic cross-sectional view of a portion
of a wafer depicting the process for fabricating a strained Si

layer on a SOI wafer by a third embodiment.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

A novel method for making a strained Si layer, having
increased electron and hole mobility, on a SOI wafer is now

described in detail. Referring to Fig. 1, by a first embodiment,




i ncreased electron and hole nobility, on a SO wafer is now described in
detail. Referring to Fig. 1, by a first enbodi nent, TSMC2001-1530 7 the
process begins by providing a silicon wafer 10 that can be doped or
undoped. The preferred wafer has a <100> crystallographic orientation.

Al ternati vesMe2601i1093p Waf ers  havi ngy<110> or <111> orientation can also
be used. At least one surface of the wafer 10 is polished, for exanple by
cheni cal - mechani cal polishing, to provide an atomcally snoother surface.
A porous Si layer 12 is fornmed on and in the principal surface of the seed
waf er. ForteRaisaess hegporoey Hromding easilbeor ovafed By thadiczat ben. The
anodi zation can be formed in an electrochem cal cell using an anodi zi ng

sol uti on cBPReL(9HFRIoPaddr ShePrefexTert watan dfasud i<d08ei d (HF 49% by

ol une and anol 8% hy voluyne) . Wth the Si wafer acting as the
\a/mode )andcﬁyﬁﬁi] (’1" §€ﬁr’r‘fﬁté§nt hf TR valve £iddrornyaEess ent

o Formed TR ARy Siadk S TRREERN i 6008990005 ASgRE oms i n
the surfacenefsiheaceest \@feenqakgr 8 26" b0 LRedl] G0l ,féi@fee g wafer 101s

thermally annealed for a time sufficien orma havi ng a
snoot h sur éheeicElndtaniGaa pdll iEHIeRS ©f phev Y& AnAtMti c2189EnbBeRer

Angstrons on
surface. A porous Si layer 12 is formed on and in the principal

surface of the seed wafer. For example, the porous layer 12 can
be formed by anodization. The anodization can be formed in an
electrochemical cell using an anodizing solution consisting of
hydrogen peroxide, hydrofluoric acid (HF 49% by volume), and
methanol (98% by volume). With the Si wafer acting as the anode
and a platinum wire acting as the cathode, the anodizing current
density is between about 1 to 10 milliAmps/cmz. The porous Si
layer 12 is formed to a preferred depth of between about 100 and

10000 Angstroms in the surface of the seed wafer 10.

Referring to Fig. 2, the seed wafer 10 is thermally annealed
for a time sufficient to forma Si layer 14 having a smooth surface
and having a thickness of between about 2 and 1000 Angstroms on
the porous Si layer 12. The annealing is carried out preferably
in a furnace using hydrogen gas at a pressure of about 10-7 to

800 Torr and at a temperature of between about 900 and 1150°C.

Referring to Fig. 3, a relaxed silicon germanium (SixGe1 )

layer 16 is formed on the smoothed surface 14 of the porous Si




the porous Si layer 12. The annealing is carried out preferably -7 in a
furnace using hydrogen gas at a pressure of about 10 to 800 Torr and at a
tenperature of between about 900 and 11500C. Referring to Fig. 3, a rel axed
silicon germani um (Si XGel-X) layer 16 is formed on the snmoothed surface 14
of the porgsicso1-3M¥xzP01- 1530 8 | ayeg 12. The SiGe layer 16 can be forned,
for exanple, by chem cal-vapor deposition and using a reactant gas mxture
such as silane (SiH4) , germane (GeH4) , and dichlorosilane (Sid2H4) .
The Ge profile in layer 16 can be uniform or step-graded. The SiXGel-Xis
deposi t ed layver t1d ckAbesSbEebbayernlGboan K (Ecamedl0E@or0eAagpleprsy The

rel axed silicon gernmanium |l ayer is deposited to have a concentration x of
about 0. 05°% ?P"’lc%- - REsT AepgSibim gndinsing @ beaatdnt slaselnmmmlsuphan

epitaxi al aSigihANQ (48ui)S, %ggglghge%g@ )t hgn§|éﬁe AI@/:% ane ?ge{ae%ggl s al so

deposited using an epi t‘aX| stem suchH as | Fm ca th |tt| on
system T osite |a y in the sane system
a%/t er depggj?%l ngﬁfégl 3 ?Q i% al_naégr ’ﬁ?o?rrdﬁ‘ée%'%’fﬁﬂﬁqwg Bef ace

for bondi ngi fdee_: seedepaéﬁtedeotaothfcmliﬂ 6f Beit@eeh Gouds: G148 1080609 S.
Continuing nowwith Fig. 5 the handle wafer 100 is also a

si ngl e- Cr y&igs t1%dmd .COPhE URIHAPs M § BoR JUrala8i it ayer is deposited to

have a concentration x of about 0.05 to 1.0.

Referring to Fig. 4A, and by a first embodiment, an epitaxial
Si layer 18 is deposited on the SiGe layer 16. Layer 18 is also
deposited using an epitaxial system such as a chemical-vapor
deposition system. The layer 18 can be deposited sequentially
in the same system after depositing the SiGe layer 16. Layer
18 provides a bonding surface for bonding the seed wafer 10 to

a handle wafer 100, as shown in Fig. 5.

Continuing now with Fig. 5, the handle wafer 100 is also
a single-crystal-silicon substrate with a preferred
crystallographic orientation of <100>. The handle wafer 100 has
an insulator 102 on a principal surface. The insulator 102 is
preferably a thermally grown Sioz. The SiO2 102 is grown in an
oxidation furnace to a thickness of between about 0 and 1000
Angstroms. As shown in Fig. 5, the handle wafer 100 is bonded
to the epitaxial Si layer 18 on é principal surface of the seed

wafer 10. Thebondingbetween the SiO2 layer 102 and the epitaxial

Silayer 18 is carried out by wafer-bonding techniques as commonly




crystal | ographic orientation of <100>. The handle wafer 100 has an
insulator 102 on a principal surface. The insulator 102 is preferably a
thermally grown SiG2. The SiO 2 102 is grown in an oxidation furnace to a
t hi ckness of between about 0 and 1000 Angsfronsi As sggmn inFig. 5, fhe
handl e waf y S ded to the epgtaxial Si |ayer on a principa
surface ofe?ﬁéggg%z}yagfer 10 . The bgnding between the SiO 2 layer 102 and
the epitaxial Si layer 18 is carried out bywafer-bonding techniques as
comonly TSMC2001- 1530 9 practiced in the industry. Common techniques

i ncl ude anpdfct idedh dimgthen dimsuetinyost abimaob otk g, qudie e dlides ehbages to be
bonded are brought together and heated to a tenperature of about 100 0 to
300 C. A | breéingpedeliestriostatic bapdlingd whieresthe srer f ated to balgindgdan
extremely stroqg bond to format the interface. Referring to Fig. 6, the
porous Si PE§ER ﬁﬁéhE;RQﬁﬂﬁgﬁrténdsﬁﬁéP%ﬁetQrﬁat§@§éﬁaFEF61@ff¢hﬂnﬁIi@ohandle

opl 1 tting 5Pt A anankt alaqtrye; hielSri ApL oar FeRbSS Wi doint
i fical = it ,ocess i s carr.ied, out a process
Eﬁg\% Igﬁdéﬁgsei mal)t(\ﬁéeﬁirrn usltlf %gr%,hgn \%3 g gjgefognﬂ)l? tYhY eSS Uses  a

jet streamwith directivity to apply stress and penetrate a plane of
separation at the mechanically weak | ayer.

Referring to Fig. 6, the porous Si layer 12 is etched to
separate the seedwafer 10 from the handlewafer 100. For example,
the wafers are separated using a water-jet splitting process,
as indicated by the horizontal arrow 3. More specifically, the
water-jet splitting process is carried out by a process known
and used in the industry. The water-jet splitting process uses
a jet stream with directivity to apply stress and penetrate a

pPlane of separation at the mechanically weak layer.

Referring toFig. 7, after thewafers 10 and 100 are separated,
the remaining portions of the porous Si layer 12 on the handle
wafer 100 are annealed in hydrogen to form a strained Si layer
104 on the unstrained (relaxed) SiGe layer 16 to complete the
SOI handlewafer. Thehandlewafer containing the porous Si layer
12 and the underlying smoothed Si layer 14 are annealed preferably
in hydrogen at a temperature of about 900 to 1150°C for a time
sufficient to form the strained Si layer 104 and concurrently
to form a smooth surface on layer 104. The preferred thickness
of layer 104 is between about 10 and 1000 Angstroms. This

completes the silicon-on insulator having the strained silicon




Referring to Fig. 7, after thewafers 10 and 100 are separated, the

remai ning portions of the porous Si layer 12 on the handle wafer 100 are
anneal ed in hydrogen to forma strained Si |ayer 104 on the unstrained
(relaxed) SiGe layer 16 to conplete the SO handle wafer . The handle

waf er contpgipkdgptesProus Si layer 1gl2 and the underlying snoothed Si

| ayer 14 are anneal ed preferably in hydrogen at a tenperature of about 900
to 11500C for a time sufficient to formthe strained Si |ayer 104 and
concurrently to forma snooth surface on layer 104. The preferred

thi ckness layey yrera ¥oAncspadt weeiaabofior 1falntc iy Argsidondiic tdi s

conpl etes the silicon-on insulator having the strained .SI.| i con .
TSMC2001- 198015 |1hapemaoinergrsae paPcsuen azed fapld ambiddttimg seni conduct or
devi ces having increased electron and hole nobility. Referring to Fig. 4B,
a second enbodi nent is now described. This enbodinent is simlar to the

fi nbodi 0 Flg... 4 except that.the bondi ng epjtaxial |ayer 18
slh(r)\?\;l ien Igi |gme2% é%[}slll%gp‘:%ge; 'EA)%]B‘t ﬁssg?%‘gfg’bg?é’ﬁgég#:aég‘gi rr:ﬁ?lgzégrl %Ier
18" f bR di e . .

IS fo?;remdsd%r?%?er ablc{:/ﬂt??/%dggogﬁ%%f a‘?ézcsgjesffbggﬁzl %%?d%% %t 4 (?‘l?ngég' of

bet ween abguf ekQeprdtdQOAHNBSHAOHE epf dBEinAl 1¥GLY 16 RRowRONdisfg, | axer 18
can be forped b e’?her.nal |y oxidi z?%g Itﬂhe Sll Ge .?aye‘r 16°to ?‘grm he Si O 2
| ayer 18' .isrep aced in the process steps by abonding S:LO2 layer 18’ formed

on the relaxed SiGe surface 16. For this embodiment layer 18’
is formed preferably by depositing a CVD SiO2 layer to a thickness
of between about 10 and 1000 Angstroms. Alternatively, the

bonding layer 18’ can be formed by thermally oxidizing the SiGe
layer 16 to form the SiO2 layer 18'.

Referring to Fig. 4C, a third embodiment of this invention
is now described. This embodiment is similar to the first
embodiment up through Fig. 4A, except that after forming the
bonding epitaxial layer 18, a bonding SiO2 18’ is also formed
ontheepitaxial layer18. For thisthirdembodiment the epitaxial
layer 18 is formed as in the first embodiment (see Fig. 4A), and
Eo a preferred thickness of about 10 to 10000 Angstroms. The

bonding SiO2 layer 18’ is formed by depositing a CVD SiO2 layer

to a thickness of between about 10 and 1000 Angstroms.

While the invention has been particularly shown and
described with reference to the preferred embodiments thereof,

it will be understood by those skilled in the art that various




Referring to Fig. 4C, a third enbodinent of this invention is now

descri bed. This enbodinent is simlar to the first enbodi ment up through
Fig. 4A, except that after formng the bonding epitaxial |layer 18, a
bonding SiO 2 18" is also forned on the epitaxial l|ayer 18. For this third
enbodi mentpdle @Rl iagigdl | ayer 18 igqforned as in the first enbodi nent
(see Fig. 4A) , and to a preferred thickness of about 10 to 10000
Angstronms. The bonding SiQ2 layer 18 is forned by depositing a CVD Si O 2
| ayer to a thickness of between about 10 and 1000 Angstrons. Wile the

i nvent i on ¢kandsseinpietincahdrdetaiicwmanrick nehelecwi brduti ddpaefigicefieemt o t he
preferred enbodi ments thereof, it will be understood by those skilled in
the art thite \aRiGds apdviszope: eE3bhe linvembienin form and details may be
made wi t hout departing from the spirit and scope of the invention.

' TSMC2001- 1530 12 Wiat is clainmed is: 1. A nethod for nmaking a strained
silicon layer on a handl e wafer conprising the steps of: form ng a porous
silicon layer on a principal surface of a seed wafer; 5 annealing said
seed wafer to forma snmooth surface on said porous silicon |ayer;




formng a silicon germanium | ayer on said snooth surfa
epitaxial silicon layer on said silicon 10 germanium |
handl e waf er having an insulator on a principal surfac
silicon layer on said seed wafer; cutting said porous

ce; grow ng an
ayer; bonding said
e to said epitaxial
silicon |ayer and

separati ngshe2pghdibapdl e wafer fromsaid seed wafer, while retaining
portions of said porous silicon |layer on said handle wafer; . annealing

said handle wafer to formsaid strained silicon |ayer

on said handl e

wafer. 20 2. The nmethod of claim 1, wherein said seed wafer is a

si ngl e- cryst al Whialti denchaimed hiiwi ng a crystal | ographic
sel ected fromthe group that includes <100>, <110>, an
nmet hod of claim 1, wherein said porous silicon TSMC2001-

formed by anodigat hoﬂeg:ﬁog Qg\ﬁtnba]%{n bet 2 WL %%0 11%‘.9:g>n

5 4. The net hod of arm er el SEed Warer
handle wafer comprising the steps of:

orientation
d <111>. 3. The
1530 13 layer is

ap d 10000 Amgstrons
ayer o

forming a porous silicon layer on a principal

surface of a seed wafer;

5 annealing said seed wafer to form a smooth surface

on said porous silicon layer;

forming a silicon germanium layer on said smooth

surface;

growing an epitaxial silicon layer on said silicon

10 germanium layer;

bonding said handle wafer having an insulator on

a principal surface to said epitaxial silicon layer

on said seed wafer;

cutting said porous silicon layer and separating

15 said handle wafer from said seed wafer, while retaining

portions of said porous silicon layer on said handle

wafer;

- annealing said handle wafer to form said strained

silicon layer on said handle wafer.

20

2. The method of claim 1, wherein said seed wafer is a

single-crystal silicon wafer having a crystallographic

orientation selected from the group that includes <1005,

<110>, and <111>.

3. The method of claim 1, wherein said porous silicon




anneal ed in hydrogen to forma snooth surface having a thickness of about
2 to 1000 Angstrons on said porous silicon layer. 10 5. The nethod of
claim1l1, wherein said silicon germanium/layer is formed on said snooth
surface by chem cal -vapor deposition, and is formed to a thickness of
bet ween abayl-308: a5k 100000 Angstrongy 15 6. The nmethod of claim1,
wherein sald eplrtaxia silicon layer is forned on said silicon gernmani um
| ayer by chenical -vapor deposition, and is formed to a thickness of

bet ween about 10 and 1000 Angstrons. 20 7. The nethod of claim1, wherein
sai d seed waf erlager bhiosdbskmnienl 331 dnbdddheivaf e6 hydepth osEIseta@lect ed from
the group that includes anodic bonding and el ectro- static bonding. 8. The
met hod of cl ai nRROUZKE}Riand di0P 0dedagwbiremsis separated from said handl e
waf er by cutting said porous silicon layer using a water-jet splitting
process. TSMC2001-1530 14 5 9. The nmethod of claim 1, wherein said porous

silicon | ayer opn saj,d handl fer,is annealed in hydrogen at a,

t enper at uré andEf o?ﬂhe? 19 °§UP¥?E¥37‘H‘ 1o YRersinise rsﬁe%e&’aéFFi ¢8n | ayer

having a th'Ck”&ﬁﬁe§ie&“§ﬂwﬁyh£§3§&3t%of%Q% §00800 £ 954 P18 having a
thickness of about 2 to 1000 Angstroms on said porous

silicon layer.

10 5. The method of claim 1, wherein said silicon
germanium layer is formed on said smooth surface by
chemical-vapor deposition, and is formed to a thickness

of between about 100 and 100000 Angstroms.

15 6. The method of claim 1, wherein said epitaxial
silicon layer is formed on said silicon germanium layer
by chemical-vapor deposition, and is formed to a

thickness of between about 10 and 1000 Angstroms.

20 7. The method of claim 1, wherein said seed wafer is
bonded to said handle wafer by a process selected from
the group that includes anodic bonding and electro-

static bonding.

8. The method of claim 1, wherein said seed wafer is
separated from said handle wafer by cutting said porous

silicon layer using a water-jet splitting process.




10 10. A nethod for neking a strained silicon layer on a handle wafer

.conprising the steps of: formng a porous silicon |ayer on a princi pal

surface of a seed wafer; 15 annealing said seed wafer to forma snooth

surface on said porous silicon layer; formng a silicon gernaniumlayer on

sai d srmot.j:sM oflg oformng a firstygnsulating layer on said silicon 20
on

ger mani um | ayer ;

|ng sai d handl e wafer having a second insul ating

| ayer on a principal surface to said epitaxial silicon |ayer on said seed

waf er ;

cutting said porous silicon |layer and separating said handl e wafer

fromsaid seed wafer, while retaining portions of said porous silicon
| ayer on said Qaqglmum fer; anneallnglsald handl e wafer to formsaid

of clhim 1, wherei

strai ned S|I|con ayer on said 1mé?%?’“*ﬁﬁtQOOf”TBgﬁsTghTT“ The
nmet hOd Of v&ée@lzmaﬂzgalemrxﬁ.lc@eé@ g St.eeggra e and for a @‘ime sutglclen(értxsfgxgll saSJ l I con

waf er

having a crystall o-

strained silicon layer having a thickness of between about 10 and 1000

Angstroms.

10
10. A method for making a strained silicon layer on a
handle wafer comprising the steps of:
forming a porous silicon layer on a principal
surface of a seed wafer;
15 annealing said seed wafer to form a smooth surface

on said porous silicon layer;

forming a silicon germanium layer on said smooth
surface;

forming a first insulating layer on said silicon

20 germanium layer;

bonding said handle wafer having a second insulating
layer on a principal surface to said epitaxial
silicon layer on said seed wafer;

cutting said porous silicon layer and separating
said handle wafer from said seed wafer, while retaining
portions of said porous silicon layer on said handle .
wafer;

annealing said handle wafer to form said strained

silicon layer on said handle wafer.



graphic orientation selected fromthe group that includes <100>, <110>,
and <111>. 10 12. The nethod of claim 10, wherein said porous silicon

| ayer is formed by anodization to a depth of between about 100 and 10000
Angstrons. 15 13. The nethod of claim 10, wherein said seed wafer is

anneal ed i psiyzomgersioo form a snoot Rsurface having a thickness of about
2 to 1000 Angstrons on said porous silicon layer. 20 14. The net hod of
claim10, wherein said silicon germaniumlayer is fornmed on said snooth
surface by chem cal -vapor deposition, and is formed to a thickness of

bet ween about 100 aRBe1Bebbedpfselaim. 105 wiRneiveshdd skedl wafie0is wherein

said first insulati r}%ola er i.s a_silicon _oxide |ayer forned to a
t hi ckness of bet ViEdl¥ '&% stglafdlic0D ¥AGRT rdEing a@ryrt@lderhod of claim
10, wherein sai a%%% vaf.er bond ndl e wafer by a process

f iS. d idh
sel ected from gr ouﬁ”[eeﬁ’é:lta%ﬁﬁc?l 68§§°§%83 ’|6°Ibo FF SR Badctro

TSMC2001- 1530 1fho1fcld 109191 291010 Idq IhpyLethod of claim 10, wherein
said seed wafer is

10
12. The method of claim 10, wherein said porous
silicon layer is formed by anodization to a depth of

between about 100 and 10000 Angstroms.

15 13. The method of claim 10, wherein said seed wafer is
annealed in hydrogen to form a smooth surface having a
thickness of about 2 to 1000 Angstroms on said

porous silicon layer.

20 14. The method of claim 10, wherein said silicon
germanium layer is formed on said smooth surface by
chemical-vapor deposition, and is formed to a thickness

of between about 100 and 100000 Angstroms.

15. The method of claim 10, wherein said first
insulating layer is a silicon oxide layer formed to a

thickness of between about 10 and 1000 Angstroms.

5 16. The method of claim 10, wherein said seed wafer is
bonded to said handle wafer by a process selected from

the group that includes anodic bonding and electro-




separated fromsaid handle wafer by cutting said porous silicon |ayer
using a water-jet splitting process. 18. The nethod of claim 10, wherein
said porous 15 silicon |ayer on said handle wafer is anneal ed in hydrogen
at a tenperature and for a tinme sufficient to formsaid strained silicon
| ayer havifgyas§di cfgygss of between qgpout 2 and 1000 Angstroms. 20 19. A
nmet hod for making a strained silicon layer on a handle wafer conprising
the steps of: form ng a porous silicon |ayer on a principal surface of a
seed wafer; annealing said seed wafer to forma snooth surface 25 on said
porous silicon $tateic Homxdiingg a silicon germanium | ayer on said snpoth
surface; grow ng an epitaxial silicon |layer on said silicon gernanium
| ayer; 5 forming a first insulating layer on said epitaxial silicon |ayer;
bondi ng saig hapdl e _waf er having a_second insulating_ |ayer on _a principal
ai

surface to £1 r J0e; AShPAti Af cladRridn Whareisesdifdarerd WBRER0DL- 1530
17 10 cutting Sgéﬁjapacl:re%“lsfrsolml 's539 hgxgiea‘ggfesxe Fi%; acgdtnt%.ng said porous

- silicon layer using a water-jet splitting process.

18. The method of claim 10, wherein said porous
15 silicon layer on said handle wafer is annealed in hydrogen at a temperature and for
a time sufficient to form said strained silicon layer having a thickness of between

about 2 and 1000 Angstroms.

20 19. A method for making a strained silicon layer on a
handle wafer comprising the steps of:
forming a porous silicon layer on a principal
surface of a seed wafer;
annealing said seed wafer to form a smooth surface 25
on said porous silicon layer;
forming a silicon germanium layer on said smooth
surface;
growing an epitaxial silicon layer on said silicon
germanium layer;
5 forming a first insulating layer on said epitaxial
silicon layer;
bonding said handle wafer having a second insulating
layer on a principal surface to said first insulating

layer on said seed wafer;



said handle wafer fromsaid seed wafer, while retaining portions of said
porous silicon layer on said handle wafer; annealing said handle wafer to
formsaid strained 15 silicon layer on said handl e wafer. 20. The nethod
of claim 19, wherein said seed wafer is a single-crystal silicon wafer
having a c-f-gﬁéfddp_-lgfphi c orientatiqgn of <100>. 20 21. The nethod of
claim19, wherein saild porous silicon layer is fornmed by anodi zation to a
depth of between about 100 and 10000 Angstrons. 25 22. The method of claim
19, wherein said seed wafer is annealed in hydrogen to forma snooth
surface hal®ng a ctuhtthgessidfpaboug £ilticch)A@yArgahtiosspapasing por ous
silicon |ayer. 23. The nethod of claim 19, wherein said silicon 5 gernmani um
| ayer is fornedcdf dmmdlenwatiers frpaceabd seddwateryvapjorleepssining, and
is formed to a thickness of between about 100 and 100000 Angstrons. 24.
The nethod of AYTMOPE Afh&adidnPeEPYsepilhsenml lavnro saiskdandle0 silicon

| ayer is for rreq”acpers;ai d silicon germanium | ayer

annealing said handle wafer to form said strained

15 silicon layer on said handle wafer.

20. The method of claim 19, wherein said seed wafer is
a single-crystal silicon wafer having a crystallo-
graphic orientation of <100>.

20
21. The method of claim 19, wherein said porous
silicon layer is formed by anodization to a depth of

between about 100 and 10000 Angstroms.

25 22. The method of claim 19, wherein said seed wafer is
annealed in hydrogen to form a smooth surface having a
thickness of about 2 to 1000 Angstroms on said

porous silicon layer.

23. The method of claim 19, wherein said silicon
5 germanium layer is formed on said smooth surface by
chemical-vapor deposition, and is formed to a thickness

of between about 100 and 100000 Angstroms.

24. The method of claim 19, wherein said epitaxial




by chem cal -vapor deposition, and is formed to a thickness of between
about 10 and 1000 Angstrons. 25. The nethod of claim 19, wherein said first
15 insulating layer is a silicon oxide |layer formed to a thickness of

bet ween about 10 and 1000 Angstroms on said epitaxi SI ;i I ijcgn Iaye_rd 26.
The net ho ' wherein said ed wafer is 2 onded to sai

handl e m%ﬁ%@égj’_pqr%%ess sel ected fr1§1 the group that includes anodic
bonding and el ectro static bonding. 27. The nethod of claim 19, wherein
said seed wafer is 25 separated fromsaid handle wafer by cutting said

porous  sil0consilkiyem Usiyey dswEbefmefiebnSphid tsiT gBDREMand®m 1ageret hod
of claim19, wherein said porous silicon |layer on said handle warer is

anneal ed i n hydeogdrenitcad -tvapesr depreithdnf oand is niomudd itei @ant to form

said strained silicon layer having a thickness of 5 between about 10 and
1000 Angstrons.thiCkness of between about 10 and 1000 Angstroms.

25. The method of claim 19, wherein said first
15 insulating layer is a silicon oxide layer formed to a
thickness of between about 10 and 1000 Angstroms on

said epitaxial silicon layer.

26. The method of claim 19, wherein said seed wafer is 20
bonded to said handle wafer by a process selected from
the group that includes anodic bonding and electro-

static bonding.

27. The method of claim 19, wherein said seed wafer is 25
separated from said handle wafer by cutting said porous

silicon layer using a water-jet splitting process.

28. The method of claim 19, wherein said porous silicon layer on said handle
wafer is annealed in hydrogen at a temperature and for a time sufficient to form

said strained silicon layer having a thickness of 5 between about 10 and 1000 Angstroms.




