TSMC2001- 1530 1 3 1 MAY 2005 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 PERFORVMANCE BACKGROUND OF THE I NVENTION (1) FIELD OF THE | NVENTI ON
The present invention relates to a nethod for making a seﬂg&02gﬁctor
substrate haV|nﬁ a stralned silicon quer for inprove e ctor

devi ce per -1RBPe particularly' the method utilizes a porous silicon
| ayer and a rel axed silicon germanium (Si Ge) layer to achieve a strained
Si layer for inproved device performance (nDbiIity). One application of

thi s Strai ned » hition Srt SabFRERKENE P pbOF R, | YOS

appl i cations on Silicon-On- nsu at or also referred to

as wafers). (&)Aﬂili%C@bﬁTtﬁHRﬁEsﬁb*EEEEé%ﬁ% &:d@,a,;shomﬁy%kcon

sem conduct or devices such as bipolar transistors, FETs were reduced in

size to inproveMRkOwIse DRYLCE’ PBRPORMAMNEE devi ces were scaled in both the
vertical direction and horizontal direction using inproved

phot ol i t hographi ¢ and directional plasnma etching techni ques and
self-aligning techniques. As the mninmumfeature sizes of the TSMC2001- 1530
2 BACKGROUND OF THE INVENTION

(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 application of 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



31 MAY 2005 devices decrease, the spacings between the nmetal lines used to
wire 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 performance, it is necessary to utilize

| ow-di el ectric insulators and higher conducting netal - :gqukm?,zmgch as
copper, toTPMGEeRLtAB3RC time consta® of the circuit. rther Tncrease 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
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sizes and wring pitch approa I'S” NECESS >?p| ore
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strained silicon layers on silicon germani um sem con to nodify the

silicon badg psteHct U Qﬂtdéarn@ga@ihbgbeéustgqﬁ OTh Ui RoTRBhbi LY.
Several nethods of fabricating waters using SiGe to increase current

mobi | ity haeesbeshst efiy hetiewet herthdeiaptto@entnts eXpaPESImiHce} id) . , U
S. Patent 5, 759, 898, show a nethod for making a substrate in which a
thin silicas pegessazy utedubslizdfdverdidlaperitolinfol atows cand ey rSi Ge
| ayer having reduced crystalline defects. Then a strained silicon |layer is
formed on CREBApEEARGdetaglcelurgies, Baghces coppeng Y yhduce |tdet ROtimebi ity
are formed . .
constant 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 is necessary to explore other methods to improve device
performance. One approach is to form strained silicon layers ‘
on silicon germanium semiconducto:f:s to modify the silicon band

structure resulting in higher electron and hole mobility.

Several methods of fabi‘icating wafers 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 elect:_:'on mobility are formed
in the strained silicon layer. U.S. Patent 6,107,653 to

Fitzgerald shows amethodof formingaGe layerwithminimal defects



in the strained silicon layer. U S. Patent 6,107,653 to Fitzgerald shows
anet hodof formng a Ge |ayerwithm nimal defects TSMC2001- 1530 3 3 1 NMNAY
2005 on a <001> silicon substrate using a series of graded GeSi | ayers
havi ng pl anarization steps in between. The grading of the GeSi Iayers and
t he planarization control dislocation densities. This ai me% dPpP% Ge

| ayer to b&SMERAGA-dH3@ Si substrate without an increas hreadi ng

di sl ocation densities. Sato, U S. Patent 6,143,629, teaches a process for
maki ng a snoot h single crystal layer on the surface of a porous silicon

| whi_ch_ al| t t axi al b |t
Fover st acREnd PURr e L SuRR S e Blnec e oraemaneded Bea 1888 | ayer

t gl US Ratent .6.29 478 t h
o procece FaviPg el SN EReoklufberset. B Blpatd Rl i dips | °°
utilizes 3148¢8SankiNcHb! flldhdidticil Slfg#?ﬁﬁ.;%%%g.ggét%of%%éeé ayer. A

non-porous thin Si filmis fornmed t layer, and a
second subshiat£llicsvs Bandedes Qe £é bat rSthsd balLsi E%sm%%%&hdu%
removed to separate the two substrates. There is still a need in the

senm conduchar inndeakeyihothigdiey dipQbdataopr deassties. Myaiteg ot.kai ned
silicon layers on a silicon germaniumfilmfor silicon-on-insulator
substr at esPaenficfeh4?; 629, teaches a process for making a smooth
single-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 aneed in 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



el ectron and hole nmobility, and using a cost-effective manufacturing

process. SUVWMARY OF THE | NVENTI ON A principal object of this invention is

to provide a strai ned TSMC2001-1530 4 31 MAY 2005 silicon | ayer having

" increased el ectron and hole nobility on a silicon-on-insulator substrate

- for meking sem conductor devices. A second object of the griﬂmég Zg ention
is to use FSMEaopLfLs3@al | ayer that i mechanically weak, m%orous

silicon layer, with an overlying relaxed SiGe layer to formthe strained

silicon | ayer on a seed wafer. A further object of this inventionis to

bond a handl,e.waf to.the seed waf er nd to etc arate the wafers
at the  SafMiEFeRaraYes MAVIYIPEEea Rl e?’ﬁ%rﬁ@daea SRR S A

1o cooofhanalo bhes S PR, LS e BT RDLRRABIL N S

pol i shed sigbi;saaswafer (seed wafer) having an atomically snooth principal
surface. A sacrificial |ayer, such as a porous silicon layer, is formed on
and in the principal surface of the seed wafer, for exanple, by | ocal

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

A second object of the present invention is to use a
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



surface. If the nechanically weak | ayer is porous silicon, the snooth
surface may be fornmed by high tenperature (for exanple, 0 >1000 C

anneal ing in hydrogen anbient. A relaxed silicon germaniumlayer is fornmed
on the snoothed surface of the sacrificial |ayer, for exanple, by grow ng
an epitaxial layer. Next, an epitaxial silicon |layer is grown on the Si Ge
layer to T3PMEBO91183905 31 MAY 2005 Provide a bonding suy faAYf @05bondi ng
the seed wafer to a handle wafer. Then, a handl e wafer having an insul ator
on a principal surface is bonded to t he epitaxial silicon layer on the

d waf d d f |
from e proyilerabobldi il VKL £o2 1504 He SR Bafet i ATRAILTT L1
t he snoot h%‘if%&" | Cfflarh a)ée aﬂﬂlé Qfa f'xg'g ngf r;\gﬁs{lfggéf%nsh rlxl.ca!%?ear’ whi ch

is now on the insul ator e han Secon anne ed to

anneal the spg¥ads i béz@dfeﬁi t8 @hte%llmcq.laq é’?ﬂf:ﬁfon f%zt antﬂ@rge%diggt%a

strained Si layer on the underlying SiGe |ayer. s conpl ete

si | i con- on Thesshet fidial Ngyekeis Ytchiedeto ddpaxite BNEMscHH RaPbt NFridad!
surface. A second enbodinent of this invention is simlar to the first

enbodi nent theheani¥d wrérrand tohatpasespbrebongxifdehé Sadr)i fliayal lisydror ned
on the relaxed Si Ge surface and is used instead of a
and the smoothed silicon layer on the surface of the relaxed SiGe
layer, which is nowon the insulator of the handle wafer. 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 inventionis 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




Si epitaxial layer as the bonding |ayer on the seed wafer. Athird

enbodi ment of this inventionis simlar to the first enbodinent. The
difference is that a SiO 2 layer is formed on the Si epitaxial |ayer on
the rel axed 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
i nvention & BOL-1530er stood with ré erence to the preferred enbodi nents
when read TSMC2001-1530 6 31 MAY 2005 in conjunction w gh{tKAY {05 owi ng
drawi ngs. Figs. 1 through 7 show schematic cross-sectional views of a

porti on of 4 Wak-aadcdepieh Lhe FSAHSNGE Of process steps for
Sl

fabricating a stralne icon Tayer on asi i COng%n- i nsul at or (Sol)
wafer. Fig. 4A shows a schematic cross-sectional view of a portion of a
waf er depicting the process for fabricating a strained Si | ayer on a SO

wafer by a firstrigahodi tlug79shdid stihawh t3 cSEPEEBL EcE ST Seahi el View

of a portion of a wafer depicting the process for fabricating a strained

Si layer enparSdbnwafea wyfer serpAdpeabothabfdqudiide ACpeBeuss aseghematic
cross-sectional view of a portion of a wafer depicting the process for
fabricati nfox febxige#i8g a 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,



| ayer on a SO wafer by a third enbodi nent. DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS A novel nethod for making a strained Si |ayer, having

i ncreased el ectron and hole nmobility, on a SO wafer is now described in
detail. Referring to Fig. 1, by a first enbodi nent, TSMC2001-1530 7 31 NAY
2005 the process begins by providing a silicon wafer 10 that{ dwiy 12805 doped
or undoped.TSMr208ate3Ped waf er has a’<100> crystall ographi c orientation.
Alternatively, silicon wafers having <110> or <111> orientation can al so
be used. At |east one surface of the wafer 10 is polished, for exanple by

cheni cal - TREIABEGaLs P Hd By bAPLAYAYS F113LAN GRELY JTRRLACL,, 3 f ace,

A porous Si layer 12 is n an he " princl pa sur “he seed

vafer. For qpadpbe uhliSpdal Othd Peekelzeddffaslf AOL MR fYoan0di at i on. The
ce

anodi zation can be fornmed in an “el ectrochem cal usi ng an anodi zi ng

sol ution cenyistallggphphiy dsepsitperdiki da) chyds el apy] csaGibn( WE£42% by
volune), and nethanol (98% by volune) . Wth the Si” wafer acting as the

anode andhavphgt khud> vor eIy Ry ianthleonatindel sé e aned.zi xg Idagwent 2
density is between about 1 to 10 mlliAnps/cm . The porous Si layer 12 is
fornmed to &Ngr énefped ofpthe ofafmt ki salpoltished, afidr example by

chemical-mechanical polishing, toprovide anatomically smoother
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 (Si Ge, )
X -~X

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



10000 Angstrons in the surface of the seed wafer 10. Referring to Fig. 2,
the seed wafer 10 is thermally annealed for a tinme sufficient to forma S
| ayer 14 having a snooth surface and having a thickness of between about 2

and 1000 Angstrons on the porous Si layer 12. The annealiigkh@gczwﬁied out
preferably -7 in a furnace using hydrogen gas at a pressur b 10 to
800 Torr aféMgRO0Q1tdhPerature of betwden about 900 and 11500C. Referring to
Fig. 3, a relaxed silicon germanium (Si XGel-X) l|ayer 16 is formed on the
snmoot hed surface 14 of the porous Si 31 MAY 2005 TSMC2001- 1530 8 | ayer 12.

and usi ng A8EctAnt DA SHSA G 38éﬁeé35pbﬁ tbmedy g x Vap"Led?pGS%',"”
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100 and 100808ilamst (SHH;) , Tgxermaalaméﬂsn|a1m1dgehtmabsﬂ1éxaye(rsllca ®onosited
to have a concentration x of about 0.05 to 1.0. Referring to Fi §.* 4A, and

by a first mlébedlp’ﬁa”ﬂ:.,le’slﬁlnem @X 13| ca®ibd WRECLR, | r dRPshLedeqn R Si Ce
| ayer 16. Layer 18 is al so eposited using an epltaX|a System such as a
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sequentially
Angstroms. The relaxed silicon germanium layer 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-siiicon 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 S:i.O2 layer 102 and the epitaﬁcial

Si layer 18 is carried out by wafer-bonding techniques as commonly



in the sane system after depositing the SiGe |layer 16. Layer 18 provides a
bondi ng surface for bonding the seed wafer 10 to a handl e wafer 100, as
shown in Fig. S. Continuing nowwth Fig. 5 the handle wafer 100 is al so

a single-crystal-silicon substrate with a preferred crystaléoggﬁghygﬁ
orientation of <100>. The handle wafer 100 has an insulatorv1 n

princi pal staMceo®1-IB80i nsul ator 102 i% preferably a thermally grown Si Q2.
The SiO 2 102 is grown in an oxidation furnace to a thickness of between
about 0 and 1000 Angstrons. As shown in Fig. 5, the handle wafer 100 is
bonded to the epitaxial_Si 18 on a principal surface of the seed

Si | ayer ] f .
waf er 10. ﬁfé"%ﬁ&"ngnb&%’ﬁeéﬁdﬁﬁ&r&o@%ﬂefwlgﬁasm%%\ﬁ% @aoglic g
| 18 | .ried bywaf. er - bondi.ng t echni |y 31. MAY 2005
TanER001. 1 st neand H et ati TRNa e, “hat IhS it actade e RPRIRA anodi o
bondi ' i f t 0 be bonded
b ought © oy BrlaRt ibbGebRAC! At HliSln LB SLLLREEN 4 B UBRAECLOE C,
| arger el eadd iseofd el A hargopl bLed.EF{OSE e ijsoéﬁ%fg#'éal&%s%“ R¥! %@ﬂﬁly

strong bond to format the interface. Referring , the porous S

|F ayer 12 :ScaeisemgdahOex&eaﬁ\éayestbengas@mf@; £dind m@Mihie jRragdeguat er 100.
or exanpl e,

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 applyb stress and penetrate a

plane of separation at the mechanically weak layer.

Referring toFig. 7, after thewafers10and 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. The handlewafer 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



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 knowmn and used in the industry. The
water-jet splitting process uses a jet streamwth di reCtiViltMAYOZUES’ply
stress andeenetrate a plane of separation at the nechanigally weak” | ayer.
Ref erri ng TSMERH0171538 ter the wafer$010 and 10 0 are separated, the
remai ni ng 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

| axed) $iLCa,! .10.conplete the SQ handle wafer, The handl e waf
Cont al i hg PRE™par ohc S APLEETS Eace] Sor. RaRiGrRyIRE. SRBUIMRSOR ayer 14
are anneal gdvREel RLAPLY iﬂcf@%@?%ﬁrﬁ%ﬁﬁ %%ehgggrsﬁoﬁhaé’om 900 to

11500C for a tinme sufficient to e strail aylery‘104 and
concurrently to forma snooth surface on |layer 104. The preferred
t hi ckness of |ayer 104 is between about 10 and 1000 Angstrons. This

conpl et es the sReéfepning toBiyau®, Haecbadddbadinrinteds Sioki d¥b3ibddAY 2005
TSMC2001- 1530 10 | ayer on a principal surface for fabricating sem conductor
devi ces ha¥hig embodiment clectimidlaantohthe finksd idnpodRabacripod Filg.g. 4B,
a second enbodi nent is now described. This enbodinent is simlar to the
first embolfmettceRt that ghe bonding epitaxial layer 18 shown in Fig. 4A

is replaced in the process steps by a bonding S:i.O2 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 S:'LO2 18’ is also formed
ontheepitaxial layer18. Forthisthirdembodiment the epitaxial
layer 18 is formed as in the first embodiment (see Fig. 4A), and
to 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



4A, except that the bonding epitaxial |ayer 18 shown in Fig. 4A is
replaced in the process steps by a bonding Si02 |ayer 18 forned on the
rel axed Si Ge surface 16. For this enbodi nent |ayer 18 is forned
preferably by depositing a CVvD Si02 |ayer to a thickness 03 PfAYe@f(sabout
10 and 1000 Angstronms. Alternatively, the bonding |layer 18" can be forned
by thernalﬂ§Mggpﬁlzl%§Pthe SiGe layetl16 to formthe SiO 2 layer 18'.
Referring to Fig. 4C, a third enbodiment of this invention is now
described. This enbodinent is simlar to the first enbodi ment up through

Fig. 4A e flter fornm ng.the_ bondi epi.taxial layer 18, a
bondi ng Si églg%g;if%; z§|%so Bfin%gkag%sﬁ?é’ Si?%§$ éﬁlqﬁhzﬂ}’é‘r g?‘f@?’f I TR t hi r d
enbodi nent e ' ' r i.s .f s in the first enbodi ment
(sce Fig hp oERLIEN stdy8lof e saleltoR? LDout 10 fo 10000
Angstrons. The bonding Si02 |layer 18 is forned by depositing a C/D Si O 2
| ayer to a thickness of between about 10 and 1000 Angstrons. Wiile the

i nvention has been particularly shown and- described with reference to the
preferred enbodi nents thereof, it will be understood by those skilled in
the art that various 31 MAY 2005 TSMC2001-1530 11 changes in form and
details may be made wi thout departing from the spirit and scopé of the

i nvention. : '




12 What is clainmed is: 3 1 MAY 2005 1. A nethod for making a strained
silicon layer on a handle 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 snooth surface on said porous silicon |ayer; formng
a silicon germani umlayer on said smoth surface; growi nglah MY t2885 al
silicon | %%Mc%ﬁﬁ%niiﬂ%lllcon 10 gerl@ni um | ayer; bondi ng sai d handl e
waf er 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 handl e ; r fr n1sa| sSeed wafer, while retaining portions of
sai d porous S|I|con aye adgi dld handle wafer; | annealing said handle
wafer to formsaid strained silicon |ayer on said handle wafer. 20

1. 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;
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 <11l1l>.

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



2. The nethod of claim1, wherein said seed wafer is a single-crystal
silicon wafer having a crystallographic orientation selected fromthe
group that includes <100>, <110>, and <111>. 3. The nmethod of claiml1,
wherein said porous silicon TSMC2 001-153013 31 MAY 2005 layer is forned
by anodi zation to a depth of between about 100 and 100003Aqgﬁ%y0 5 5 4
The nmet hod THMCRI08LmL530wherei n said s&8d wafer is anneal ed in hydrogen to
forma snooth surface having a thickness of about 2 to 1000 Angstrons on
said porous silicon layer. 10 S. The method of claim11l, wherein said
silicon germani.um.!|ayer_is f@rned on, sai,d smot h Eyrf
f Bc

b
‘cheni cal -vapor d&pssi tFohTRRd F¥ I9HAR e ™S ﬁ8§gcggfgﬁgfﬁﬂbn about
100 and 100000_égg§Er95§.a&§ fooJ@ §J¥%$éﬁ claim1l, wherein said

epitaxial silicon layer s formed oirsaid silicon germanium|layer by
chem cal -vapor deposition, and is formed to a thickness of between about
10 and 1000 Angstrons. 20 7. The nethod of claim 1, wherein said seed wafer

is bonded "o sai.d tendher bt &Jf RN aAMPAOCAREr88hCEAEE S&iNwddes qLoup. that
i ncl udes anodi ¢ bondi ng and el ectro-

annealed in hydrogen to form a smooth surface 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.



‘static bonding. 8 The nethod of claim1, wherein said seed wafer is
separated from said handle wafer by cutting said porous silicon |ayer
using a water-jet splitting process. 31 MAY 2005 TSMC2001-1530 14 5 9. The
met hod of claim 1, wherein said porous silicon [ayer on saiﬁi EW? fer
is annealed in hydrogen at a tenperature and for a tinme sufdi €ilemt 9 form
sai d strai q%%;&biggs bayer havi ng avt1 i ckness of between about 10 and 1000 -
- Angstrons. Y2 % TSMC2001- 1530 15 11. The nethod of claim 10, wherein
said seed wafer is a single-crystal silicon wafer having a crystall o-
graphic orientation selected fromthe group that includes <100>, <110>,
and <111>. 10 12. The nmethod of claim 10, wherein said porous silicon

| ayer is formed by anodization to a depth of between about 100 and 10000
Angstroms. ®i s 13 Trhetird rhGtinh. ehepim 20t popdeerdicn Sai dapeed swafhewmd S
anneal ed in hydrogen to forma snooth surface having a thickness of about
2 to 1000 Ahfé Sf?’ Sﬁ%llﬁlninsbafrdgen at a  temperature and for a time sufficient to form said

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

Angstroms.



porous silicon layer. 20 14. The nethod of claim 10, wherein said silicon
germanium |l ayer is formed on said snooth surface by chem cal-vapor
deposition, and is fornmed to a thickness of between about 100 and 100000
Angstrons. 15. The nethod of claim 10, wherein said first iTSMW$“ZUQ | ayer
Is a silicon oxide |layer formed to a thickness of between“about 10 and
1000 Angst riS¥ME2008-15R8 et hod of cl aif 10, wherein said seed wafer is
bonded to said handle wafer by a process selected from the group that

i ncl udes anodi ¢ bondi ng and el ectro TSMC2001-1530 16 static bonding. 31

MAY 2005 10 17. .The jpet hod,of. clai m 10, erein said seed wafer is,
separated from él}i:i'd ﬁ%d’f‘%ﬂ% é’rfaﬁiraé'ﬂ't tlwgwgﬁral’bo’f%’cfg se§gq WaSRT| AFer
using a water-jet Lt CESE) kb t hod of ¢l aj 0, wherein
sai d porous 15 gif?@ %glg ?Q%ﬁ saldx%%ﬁﬁﬁgﬁha 3ansaaﬁﬁ%%#%iﬁhﬁ1 hydr ogen

at a tenperat ur grapfibObridntd fFors Wdidd &l &R %%g‘oééiggznﬁﬂa?ﬂ ned silicon

| ayer having a thickness of between about 2 and roms. 20 19. A
nmet hod for neki dgcBudésaknesh sidinmy) laye<1@i-a handle wafer conprising

t he steps of:
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-



formng a porous silicon layer on a principal surface of a seed wafer;
anneal ing said seed wafer to forma snooth surface 25 on said porous
silicon layer; formng a silicon germanium | ayer on said snooth surface;
growing an epitaxial silicon layer on said silicon germaniumlayer: 5
forming a first insulating layer on said epitaxial silico} 14@H¥ZUMbnding
sai d handl &@SHERBP1hES3Ng a second inslfating |ayer on a principal surface
to said first insulating |ayer on said seed wafer; 31 MAY 2005

TSMC2001- 1530 17 10 cutting said porous silicon |layer and separating said
handl e wafer fr | d wafer, while retaining portions of said porous
silicon | ayer o%gégﬁéqﬁ%ﬁ%FEL waf er; annealing said handle wafer to form
said strained 15 silicon layer on said handle wafer. 20. The nethod of
claim 19, wherein said seed wafer is a single-crystal silicon wafer having

a crystallao 17. The method of claim 10, wherein said seed wafer is
separated from said handle wafer by cutting 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;



graphic orientation of <100>. 20 21. The nethod of claim 19, wherein said
porous silicon layer is forned by anodization to a depth of between about
100 and 10000 Angstronms. 25 22. The nmethod of claim 19, wherein said seed
wafer is annealed in hydrogen to forma snmooth surface havihg #MAYt Bikness
of about 2 to 1000 Angstrons on said porous silicon |ayer. 23. The nethod
of claim 1FSMxRAP&rA538id silicon 5 g§7naniun1layer is formed on said
snoot h surface by chem cal-vapor deposition, and is forned to a thickness
of between about 100 and 100000 Angstrons. 24. The nethod of claim19,

sherein saig el {eilaly a1 MY 2005, TUERO0L: 1530, 30, 0 s lconLaver [

formed on said silicon gernani ayer Cal ™~

s formed 1o a shhickpRase Ofahel vesth A ARAYI 1000, AL, 2Y The

net hod of claim 19, wherein said first insulating’ |layer is a SITIcon
oxi de layer forpedtions ot heLkngssraifs Rahween ahgul 4R itk 1P ANgst roms
on said epitaxial silicon |ayer.
wafer;
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'Angstrams 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



26. The method of claim19, wherein said seed wafer is 20 bonded to said
handl e wafer by a process selected from the group that includes anodic
bondi ng and el ectro static bonding. 27. The nethod of claim19, mgeégln
said seed wafer is 25 separated fromsaid handl e wafer by dutlt MA bd
porous silicon layer using a water-jet splitting process. 28. The nethod
of clai m 1FSMERBPAFH538i d porous silit®n |ayer on said handle wafer is
anneal ed in hydrogen at a tenperature and for a tinme sufficient to form
said strained silicon layer having a thickness of 5 between about 10 and

1000 AngStﬁgnE'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.

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 gilicon 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.



