1 A METHOD OF FABRI.CATING A WAFER W TH STRAI NED CHANNEL LAYERS FOR

| NCREASED ELECTRON AND HOLE MOBI LI TY FOR | MPROVI NG DEVI CE PERFORVANCE
BACKGROUND OF THE I NVENTI ON (1) FIELD OF THE | NVENTI ON The present
invention relates to a nethod for nmaking a sem conductor substrate having
a strained silicon layer for inproved sem conductor device perfornmance.
More par- ticularly the nmethod utilizes a porous silicon |ayer and a
rel axed silicon germanium (Si Ge) Iayér to achieve a strained Si |ayer for
~inproved device performance (nobility). One application of this strained
| ayer is to inprove the channel nmobility for FETs in CMOS applications on

DESCR PTI ON G TR (B RRP S SiRe 3R, v S ied, GRaMBFE dovi ces.
such as bi pol ALaYEraAs iNckeaSEPS etRESRORINGS hidill Hobizidy| FpROVE devi ce

performance. The devices were scale he ' ve ction and

“horizontal di reMBrOVING DEYTCEDPRREERMRIEEC! | t hographi ¢ and directional
pl asma etching techniques and self-aligning techniques. As the m ninum

feature sizes of the

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 layér for improved
device performance (mobility). Oneapplicationof 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 improw'red
photolithographic and directional plasma etching techniques and

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



2 devi ces decrease, the spacings between the netal lines used to wre up
the devices decrease and there is a corresponding increase in pitch. This
cl oser spacing results in increased RCtine constants. To achieve further

i mprovenents in performance, it is necessary to utilize |owdielectric

i nsul ators and hi gher conducting netal- lurgies, such as copper, to reduce
the RCtine constant of the circuit. Further increase in performance is
achieved by using a Silicon-On-lInsulat®r to mnimze the capacitive
coupling of the sem conductor devices to the substrate and also to inprove
the radi ati on hardening for the devices. As the m ninum feature sizes and

W ring pitg? rogch their limts, it is necessary to explore other
met hods to WE’?‘%& page: pehe sinanicags batvepnridwechetsl tlides needrn ned

silicon layers .0 sk{icpn rmani um sem conductors to nodify the silicon
vp kG £

e THE ThoRTotRse ahdhess ma cRsrespeniing jncseass al

band structtre
met hods of d I n fers using S Ge to increase current mobility have
been reportielgbéln tL’e ?P?%rgi'ﬁ?%? cing Lfiud tspdp; dpcreaped Reitdme 5 750,

098, Show asmidad ey BBOeR, SUERLES Sl L et U o Lhucen L aver T

cr |y;§< lel | néis RfcisharyTheNuR 1358 16W- &1l A1 AN%lsur S eH 2L "B O Sl
conducting metal- lurgies, such as copper, to reduce the RC time
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 andwiring 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 fabficating wafers using SiGe to increase
current mobility have been reported in the literature. For
example, Eket al., U.S. Patent 5,759 898, show amethod for making
a substrate in which a thin silicon layer is used as a buffer
layer for fqrming arelaxed SiGe layer having reduced crystalline
defects. Then a strained silicon layer is formed on the relaxed
SiGe layer. Devices having higher electron mobility are formed
in the strained silicon layer. U.S. Patent 6,107,653 to

Fitzgeraldshows amethodof forming a Ge layerwithminimal defects



Si Ge | ayer. Devices having higher electron nobility are formed in the
. strained silicon layer. U S. Patent 6,107,653 to Fitzgerald shows anet hodof
formng aGe | ayer withm niml defects 3 on a <001> silicon substrate using
a series of graded GeSi layers having planarization steps in between. The
grading of the GeSi |ayers and the planarization control dislocation
densities. This allows a 100% Ge |ayer to be forned on a Si substrate
wi thout an increase in threading disl®cation densities. Sato, U S. Patent
6, 143, 629, teaches a process for nmaking a snooth single-crystal |ayer on
the surface of a porous silicon layer, which allows Sato to grow an
epitaxial Si_layer, which results in fewer stacking faults. Sato does not
addr ess f or?® AW IeFakigon subs trarer using asterdiesedf GradajaeSiShhperechi et
al . , US. Patent 6,294,478 Bl, teach a process for formng a
si |'i con- on-BHERGPHANELRRtioR Stepfoindietsean.i | The gradingces thenGedi ch a
first Si sphstrate hggﬁa gorous Si ,layer. A non-porous thin S filmis
formed t hr otgh Thé 8o r88s PSPIALT &R tighdeon trrl i sd@satisne deasibiesied t o
the first L Sw LI [ Si_is . repoved.to separate the two
substrates.” There | ssshlf?‘?gaen =] ﬁ°tl?1%2§§ﬂ?é8ﬁd%§ﬂo§“hmervlﬁ@q%prove
upon the prafeseredsemill RrSha#hged: §16LE000 WS 1902 Séal.tl_é:,o%.s.
Patent 6,143,629, 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 B1, 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.

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

manufacturing process.
SUMMARY OF THE INVENTION

Aprincipal obj ect of this invention is to provide a strained



germaniumfilmfor silicon-on-insulator substrates to increase electron
and hole nobility, and using a cost-effective manufacturing process.
SUMVARY OF THE | NVENTI ON A principal object of this invention is to provide
a strained 4 silicon | ayer having increased el ectron and hole nobility on a
silicon-on-insulator substrate for making sem conductor devices. A second
" object of the present invention is to use a sacrificial layer that is
mechani cal | y weak, such as a porous «licon layer, with an overlying

rel axed SiGe layer to formthe strained silicon |ayer 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 t he SdligPRelater haping increpmedyeldntron andthehdadbidity dhea
objects of t, resenf{ invention for making a strained silicon |ayer on a
SO wafer Gf r’r&BB °R/a?"éF‘)115E©¥ nEulpstrRts i fdith gakipgl sshidosdudemn waf er
(seed mafeﬁL haV|ng an atomcally snooth principal surface. A sacrificial

| ayer, suc 3°§"° porous silicon layer, is formed on and in the principal
surface of the seed wafer, for exanple, by |ocal

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 inventioh 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 formakingastrainedsilicon layeronaSOIwafer (handle
wafer) begins by providing a polished silicon wafer (seed wafer) |

"having an ;tomically 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



anodi zation. The sacrificial layer is processed. to forma snooth surface.
If the nmechanically weak |layer is porous silicon, the snpoth surface may
be formed by high tenperature (for exanple, 0 >1000 C) annealing in
hydrogen anmbient. A relaxed silicon germaniumlayer is formed on the
snmoot hed surface of the sacrificial |ayer, for exanple, by grow ng an
epitaxial layer. Next, an epitaxial silicon layer is growm on the Si Ge
| ayer to 5 provide a bonding surface fgor bonding the seed wafer to a-handle
waf er. Then, a handl e wafer having an insulator on a principal surface is
bonded to the epitaxial silicon |layer on the seed wafer. The sacrificial
| ayer is etched to separate the seed wafer from the handle wafer and to
expose por BXSYEdefa beadiagrsurfics foaykondingl thhesembetlied t hilcordlleayer on
the surface of the relaxed SiGe |ayer, which is now on the insulator of
the handl e ¥RdeEr. e dnBandheaafdshavingtan ansulatohemerpuindgpalayer on
the handl e wafer .and t (%or a snpoth strained Si |layer on the underlying
Ehepdadbo

SiGe |ayeP SFRCE IR RiGdrlont Hirom e eakbegeskraiat-ai ned
s s ar e PRSPHPILHE MReR il B neR B b bhe SaaihateR HBon
oxi de (Si 02hel R¥fd1e wafer and to expose portions of the sacrificial layer

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 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 $i0, 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




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

epi taxial layer as the bonding |ayer on the seed wafer. A third enbodi nent
of this invention is simlar to the first enbodinment. The difference is
that a SiO 2 layer is formed on the Si epitaxial |ayer 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 prefegred enbodi nents when read 6 in
conjunction with the follow ng drawi ngs. Figs. 1 through 7 show schenatic
cross-sectional views of a portion of a wafer and depict the sequence of
process steps for fabricating a strained silicon layer on a silicon-

on-i nsul at ot® (SRIUREIan Wity tha Shdhewingcliramings cr oss-sectional view of
a portion of a wafer depicting the process for fabricating a strained S

| ayer on a SO wafer by a first enbodinent. Fig. 4B shows a schematic

cross-sectional Yyiew qf ortion of a wafer depicting the process for
fabricating a stﬁr/laﬁ%‘eg %ﬁrgﬁl%gr SPAY S Gyl e cTRFSaseebiorrE Vi eHEnRht |

Fig. 4C sh Chenat Lc s-seciiqnal .yiew of a portion
g O SHSIHETR LCWSEQS S5 éep%.c the sequence of process steps
for fabricating 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
..o'f a wafer depicting the process for ,fabriéating 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,



of a wafer depicting the process for fabricating a strained Si |layer on a
SO wafer by a third enbodi ment. DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS A
"novel nmethod for making a strained Si |ayer, having increased el ectron and
hole nobility, on a SO wafer is now described in detail. Referring to
Fig. 1, by a first enbodinent, 7 the process begins by providing a silicon
wafer 10 that can be doped or undoped. The preferred wafer has a <100>
crystall ographic orientation. Alternatyvely, silicon wafers having <110>
or <111> orientation can also be used. At |east one surface of the wafer
10 is polished, for exanple by chenical-nmechanical polishing, to provide
an atom cally snoother. surface. A porous Si layer 12 is fornmed on and in
the princi pet® PEeFege P eging by prgvidiog. a Forl isoanphéert he thartoosn lbyer 12
can be for#m cPy anoal zation. The anodi zation can be forned in an

Ko

el ectroche o8 MngepRg aﬁ%&ﬁ%ﬁw%mﬁﬁﬁnhesnslswm of hydrogen
per oxi de, h’%"ﬂ;ﬁq{?]‘ L ﬁCI d {‘: HF 49% b% vol.une), and. net hanol (98% by
vol une). W glg ﬁ/g &F QELPRBRELO% he 2At6TBataNalY, pshtieamwaitessact i ng
as the cathpdgn Q?l@ odizi Lcurrent ensity is_between about 1 to 10
i Arrps Sy he ? poro%%l 5i orientation an also be used. At least
one surface of the wafer 10 is polished, for 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 é.nodizing 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.

Rgferring 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 Ge1 )
x -X

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



| ayer 12 is formed to a preferred depth of between about 100 and 10000

-~ Angstrons in the surface of the seed wafer 10. Referring to Fig. 2, the

seed wafer 10 is thermally annealed for a tine sufficient to forma S

| ayer 14 having a snooth 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 tenperature of betwsn about 900 and 1150' OC. Referring

to Fig. 3, a relaxed silicon germanium (Si XGel-X) layer 16 is forned on

t he snoot hed surface 14 of the porous Si 8 |layer 12. The Si Ge layer 16 can
chem cal - vapor deposition and using a reactant

be forned, Jfaor e>i§rrpl,§, by. ,

gas mi xt ur 6 85 “4as P?a’%’e‘;? ST IfeGhde Eormpd, ferl eftammleodyl ane

(SiCiz2H4) . e profile in layer 16 can be uniform or step-graded. The

Si xGel- x is°h§§3??§f g%ppg e-'-?"rﬁ’c%‘%’sgn fUfRA@TEARRt 999 Mr§urecoBh

- Angstrons. aEheilehaxesisi)l, | §ormnges NRIERIM | V&Gl ' havke a
concentration x of about* 0.%5 to 1.0. Hg}erriﬁgi$%sgggii§§? gﬁéﬂbéﬁd first

enbodi ment  ThRNGEBASG 1A inSi ! [ ited on . .the Si | ayer 16.
Layer 18 is_al so&b.de osi tllreld %%%3%%%6?? g%qa r?ys?%rﬁtfﬁ’éﬁrﬁggg’ e
cheni cal - vapgfe, Jdfsianasdted/tn arthithaelsayes bd Breanaboutieposinderh0000

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 bondix;g 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 a principal surface of the seed

wafer 10. Thebondingbetween the S:'LO2 layer 102 and the epitaicial

Si layer 18 is carriedout 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 handle 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 crystall ographic
orientation of <100>. The handle wafer 100 has an insulator 102 on a
principal surface. The insulator 102 is preferably a thermally grown Si Q2.
The SiO 2 102 is grown in an oxidatid 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 layer 18 on a principal surface of the seed
wafer 10 . The honding between the SiQ2 |ayer 102 and the epitaxial Si

| ayer 18 i PEEHHCETE dTit thenwdnrdeptErndiGrynda: hechnéques tnotwde yanuddet i ced
in the ind%sotnr ... Com Q t echni ques, i ncl ude anodi ¢ bondi ng and

el ectrostatic &%"’icgg FRET RSt chprding, whepe the suadacesdaheiomded

toget her a o,at erature of about 100 Oto 300 C. A |larger
electric flr%é(;%%)gg%%l k2 egggﬁsasn‘fi]?éaﬁttﬁdntm 2 b RTRRF e efe byt skdhng
bond to forgy e ipn e rri to.Fig. 6, the porous Si |ayer 12
is etched to @Egpé;r aﬁe&tgﬁéggeee]d&v\é/a Jécr_éll%lf‘f&ﬁ _heéiud’l ARE ERe 1intor
exanpl e,  dunsiAbeRs 3kPrsRBRYALEFokT Mihd VPRl Gt BRL' thELSERISCCSS:

Referring to Fig. 6, the porous Si layer 12 is etched to
separate the seedwafer 10 from the handle wafer 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 jgt stream with directivity to apply stress and penetrate a

Plane of separation at the mechanically weak layer.

ReferringtoFig. 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



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

i ndustry. The water-jet splitting process uses a jet streamwth
directivity to apply stress and penetrate a plane of separation at the
mechani cal ly weak | ayer. Referring to Fig. 7, of ter the wafers 10 and 100
are separated, the renmaining portions of the porous Si |ayer 12 on the
handl e wafer 100 are annealed in hyddOGgen to forma strained Si |ayer 104
on the unstrained (relaxed) SiGe layer 16 to conplete the SO handle

waf er. The handl e wafer containing the porous Si layer 12 and the
underlying.snoothed Si | ayer 14 are anneal ed preferably in hydrogen at a
t enper at ur & 8FTaBBuf BEERELPAL seMxEdeR fon ifabrisatingi semicondwrtor he
strained She@%&%& ﬁ04.and.concurr ntly to forma snmooth surface on |ayer

104. The preéferrad thiegntRereyfed glsctmon jand,bodeemobbbity10 and 1000
Angstronms. This conpletes the silicon-on insulator having the strained
silicon 10 layer on a principal surface for fabricating sem conductor

devi ces having g r I bility. Referring tQ Fig. 4B,
a second enbodi rrgﬁ%g?gﬁgc?\%l %%b%?ﬁ%gegﬁlﬁs%%n’ts F‘gwsﬂ&?ﬁgcfrég’qdo t he
first enbodhienembedifedt Gs 1hi19%CEB! chd; 1A1e BBl NgLEPLL 3] 3 J aver 18

shown in Fig. 4A
4A, except that the bonding epitaxial layer 18 shown in Fig. 4aA

is replaced in the process steps by a bonding SJ'.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:i.o2 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 Sioz 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



is replaced in the process steps by a bonding Si02 | ayer 18 forned on the
rel axed Si Ge surface 16. For this enbodinent |ayer 18 is forned
preferably by depositing a CV/D Si02 |ayer to a thickness of between about
10 and 1000 Angstrons. Alternatively, the bonding |layer 18 can be forned
by thermally oxidizing the SiGe layer 16 to formthe Si02 |ayer 18'.
Referring to Fig. 4C, a third enbodinent of this invention is now
described. This enbodinment is simlar{gyo the first ~enbodi nent up through
Fig. 4A, except that after formng the bonding epitaxial |layer 18, a
bonding SiO2 18 is also formed on the epitaxial layer 18. For this third
enbodi nent the epitaxial layer 18 is formed as in the first enbodi nent
(see Fig. SRpnggRdintfomm andefietrils ey breemadefwitimitt #epaptifgFrom
Angstrons. E@ﬁ bondi ng Si 02 layer 18" is fornmed by depositing a CVD Si O 2
layer to &EnFRRREES2BE BEPRREPE deritinenti®nt000” Angstroms. 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 11 changes in formand details nay be made w t hout
departing from the spirit and scope of the invention. 12




what is claimed is: 1. A nethod for nmaking a strained silicon |ayer on a
handl e wafer conprising the steps of: 5 formng a porous silicon |ayer on
a principal surface of a seed wafer; annealing said seed wafer to forma
snmoot h surface on said porous silicon Ia¥er; formng a silicon gernmani um

| ayer on said snooth surface; 10 form ng A first insul ating | ayer on said
silicon 20 germanium | ayer; bonding said handl e wafer having a second
insulating layer on a principal surface to said epitaxial silicon |ayer on
said seed waher;isl§leim¢d ng:said porous silicon |ayer and separating said
handl e wafer from said seed wafer, while retaining portions of said porous
silicon |l ayer on said handl e wafer; and annealing said handle wafer to form
said strained silicon |ayer on said handle wafer. 20 2. The net hod of
claim1, whetein 3areFhefedondtadingsa osEiaigre- sithiyeralaxsy io8oR WHEF havi ng
a crystall ographic orientation selected fromthe group that includes
<100>, <110>Wa£%ﬁjch@{5§1ng the steps of:

5 forming a porous silicon layer on a principal surface of a
seed wafer;
annealing said seed wafer to form a smooth surface on said
porous silicon layer;
forming a silicon germanium layer on said smooth surface;

10 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;

15 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; and

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 <100>, <110>, and <111>.

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




25 3. The nethod of claim 1, wherein said porous silicon layer is 13 forned
by anodi zation to a depth of between about 100 and 10000 Angstrons. 4. The
met hod of claim 1, wherein said seed wafer is annealed 5 in hydrogen to
forma snooth surface having a thickness of about 2 to 1000 Angstrons on
said porous silicon layer. 5. The nethod dF claim1l1, wherein said silicon
germanium |l ayer is forned on said snooth surface by chem cal - vapor
deposition, 10 and is forned to a thickness of between about 100 and 100000
Angstrons. 6.foFhed et rogddratiaal wrl1a darihePh kefingeni peut ASQI 2rd AGOLAyer

is a silicon oxide |layer forned to a thickness of between about 15 10 and
1000 Angstrof®9syroMhe net hod of claim 1, wherein said seed wafer is bonded
to said handle wafer by a process selected fromthe group that includes
anodi ¢ bondi ng and electrostatic bondi ng. 20 8. The nethod of claim1,

wh d d f t dl b t
sai d porous 4l e BB EEh eIt vy ¥ %”%%agsﬁ?t 59 o ese ansgited e
met hod %f cl al n}lydrgg'eer{ %I n §ran|1 dcl @8&9&? s%frlf SgrhaxzaiL¥18r Otﬂnckness of about

2 to 1000 Angstroms on said porous silicon layer.

5. The method of claim 1, wherein said silicon germanium layer

is formed on said smooth surface by chemical-vapor deposition,

10 and is formed to a thickness of between about 100 and 100000
Angstroms.
6. The method of claim 1, wherein said first insulating layer

is a silicon oxide layer formed to a thickness of between about

15 10 and 1000 Angstroms.

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 electrostatic bonding.

20
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.

25 9. The method of claim 1, wherein said porous silicon layer on




14 said handle wafer is annealed in hydrogen at a tenperature and for a
time sufficient to formsaid strained silicon |ayer having a thickness of
bet ween about 2 and 1000 Angstronms. 5 10. A nmethod for meking a strained
silicon layer on a handle wafer conprisiqg the steps of: form ng a porous
silicon layer on a principal surface of a“'seed wafer; annealing said seed
wafer to forma snooth surface on said 10 porous silicon layer; formng a
silicon germani um | ayer on said snmooth surface; growi ng an epitaxial
silicon | ayesadd middesivhfenrns geramkiduinl aydrogdnophi agteanderpsere wdd ati ng
| ayer on said epitaxial silicon 15 | ayer; bonding said handl e wafer having
a second i nsPat & rigimeayBEfigieng pri Fipapidradact o iskdicgns 17T PA¥HIAL i ng
| ayer on said seed wafer; cutting said porous silicon | ayer and separating
sai d 20 handPPe thafEteser 8 Refipe8eddoWare AP v 1% APEE HiHiSng porti ons of
said porous silicon layer on said handl e wafer; and annealing said handle
wafer to formsaid strained silicon

5 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;
annealing said seed wafer to form a smooth surface on said
10 porous silicon laver;
forming a silicon germanium layer on said smooth surface;
growing an epitaxial silicon layer on said silicon
germanium layer;
forming a first insulating layer on said epitaxial silicon
15 layer;
bonding said handle wafer having a second insulating layer
on a principal surface to said first insulating layer on said
seed wafer;
cutting said porous silicon layer and separating said
20 handle wafer from said seed wafer, while retaining portions of
said porous silicon layer on said handle wafer; and
annealing said handle wafer to form said strained silicon

layer on said handle wafer.

25 11. The method of claim 10, wherein said seed wafer is a single-




| ayer on said handle wafer. 25 11. The nethod of claim 10, wherein said
seed wafer is a single 15 crystal silicon wafer having a crystall ographic
orientation of <100>. 12. The nethod of claim 10, wherein said porous
silicon layer is 5 forned by anodi zation to a depth of between about 100
and 10000 Angstrons. 13. The net hod of cﬂ§|n110 wherein said seed wafer
is annealed in hydrogen to forma snooth surface having a thickness of
about 10 2 to 1000 Angstrons on said porous silicon |ayer. 14. The _nethod
of claim 10, OWMQFQArﬁ¥§3F6nsW4ﬁQ§oha§Eﬁ9n§nFEM?F%%AQgraP%lq(ﬂrﬁéat%ﬁF9§aP§ snoot h
surface by chem cal -vapor deposition, and is fornmed to a thickness of

bet ween about1289- and 100000 15 Angstrons. 15. The method of claim 10,
wherein said epitaxial silicon layer is forned on said silicon gernmanium
| ayer by chenical vapor deposition, and is formed to a thickness of

bet ween abou 00 rans.. 16.. The. met h 0 !
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Angstroms.

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

10 2 to 1000 Angstroms on said porous silicon layer.

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

15 Angstroms.

15. The method of claim 10, 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

20 1000 Angstroms.

16. The method of claim 10, wherein said first insulating layer
is a sgilicon oxide layer formed to a thickness of between about

10 and 1000 Angstroms on said epitaxial silicon layer.

25



25 16 17. The nethod of claim 10, wherein said seed wafer is bonded to
said handl e wafer by a process selected fromthe group that includes
anodi ¢ bonding and el ectrostatic bonding. S 18. The nethod of claim 10,
wherein said seed wafer is separated fromsaid handl e wafer by cutting
said porous silicon |ayer using a mater-ﬂ@t splitting process. 19. The

nmet hod of claim 10, wherein said porous silicon |ayer 10 on said handle
wafer is annealed in hydrogen at a tenperature and for a ting sufficient to

form said stitaine@eingdsd PhyERifal ng'hexetni Bdie §8°daferwed a5t 10

and 1000 Angstrons.
gto sald handle wafer by a process selected from the group that

includes anodic bonding and electrostatic bonding.

5 18. 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.

19. The method of claim 10, wherein said porous silicon layer
10 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 10 and 1000 Angstroms.




