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t hroug hperform better when formed in a bulk substrate.
In a SOI substrate, a buried oxide (BOX) film made of silicon oxide is formed on single crystal
silicon, and a single crystal silicon thin film is formed thereon. Various methods for fabricating such SOI
25 substrates are known. One such method is Separation-by-Implanted Oxygen (SIMOX), wherein oxygen is ion
implanted into a single crystal silicon substrate to form a buried oxide (BOX) film.

Another method of forming a SOI substrate is wafer bonding, wherein two semiconductor substrates

with silicon oxide surface layers are bonded together at the silicon oxide surfaces to form a BOX layer
between the two semiconductor substrates.

30 Another SOI technique is Smart Cut®, which also involves bonding semiconductor substrates through
oxide layers. In the Smart Cut® method, one of the semiconductor substrates is doped with hydrogen ions
prior to bonding. The hydrogen ion doping subsequently allows the hydrogen ion doped substrate to be split
from the bonded substrates leaving behind a thin layer of silicon on the surface.

Strained silicon technology also allows the formation of higher speed devices. One method of

35  forming strained-silicon transistors is by depositing a graded layer of silicon germanium (SiGe) on a bulk
silicon wafer. A thin layer of silicon is subsequently deposited on the SiGe. The distance between atoms in

the SiGe crystal lattice is greater than the distance between atoms in an ordinary silicon crystal lattice.
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25  accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1H illustrate the formation of a SOI semiconductor device with a layer of compressive
material in a buried oxide layer using a Smart Cut® process.

FIGS. 2A-2G illustrate the formation of a SOI semiconductor device with a layer of compressive

30  material in a buried oxide layer using a wafer bonding technique.

FIGS. 3A-3E illustrate the formation of a field effect transistor on a SOI semiconductor substrate
with a layer of compressive material in a buried oxide layer.

EIGS. 4A-4C illustrate the formation of a field effect transistor with a strained silicon channel and

higher levels of arsenic dopant in the source/drain regions.

35 DETAILED DESCRIPTION OF THE INVENTION
The present invention enables the production of improved high-speed semiconductor devices with the

benefits of both SOI and strained silicon technology. The present invention further provides the higher speed
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25  After implantation, the lower section 40 is annealed at a temperature in the range from about 1250 °C to about

1400 °C for about 4 to about 6 hours in an atmosphere comprising an inert gas and from about 0.2 % to about
2.0 % O, to form the BOX layer 26. The O, in the annealing atmosphere forms a thin oxide layer 28 on the
lower section 40. The oxide layer 28 improves subsequent adhesion to the hydrogen ion implanted upper
section 10.

30 As shown in FIG. 1G, the upper section 10 and the lower section 40 are bonded to each other at the
interface 41 of their respective oxide layers 14 and 28. In certain embodiments, the bonding surfaces 19, 29 of
the upper section 10 and the lower section 40 are polished to a low surface roughness, e.g., 2 A pm® RMS.
The lower section 10 and the upper section 40 are pressed together, as shown in FIG. 1G, and heated in an
inert atmosphere at a temperature in the range of from about 900 °C to about 1200 °C for about 5 minutes to

35  about 5 hours to fuse the lower section 10 and the upper section 40.

In certain embodiments, an oxidizer, such as a drop of an aqueous solution of H;O, or HNO; and
H20, is provided in the interface between the upper section 10 and the lower section 40. The oxidizer
improves the bonding process by allowing relatively lower temperature bonding, providing better stress

compensation by providing dopants in the bonding liquid which will produce a bonding layer which has
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about 1%11(@/5f Oé} hg%Lﬂopeg ?Pr gemmﬁ\ﬁﬁlgtor substrate is provide wnh a layer compressive

material 22 formed thereon, as shown in FIG. 2C. Oxygen ions 24 are implanted into semiconductor substrate
20 by a SIMOX process, as described in the previous embodiment. The semiconductor substrate 20 is
subsequently annealed to form BOX layer 26, as shown in FIG. 2D. The annealing is performed in an
30  atmosphere of inert gas and about 0.2 % to about 2% O,, such that oxide layer 28 is formed, as shown in FIG.

2E. In certain embodiments, oxide layer 28 is deposited, such as by CVD. In certain embodiments, bonding

surfaces 84 and 86 are polished prior to bonding the upper section 80 and lower section 82. The upper and

lower sections 80, 82 are squeezed together so that the bonding surfaces 84, 86 of the respective oxide layers

34, 28 are brought into contact and the combined structure 88, as shown in FIG. 2F, is annealed at about 900

35  °C to about 1200 °C for 5 minutes to about 5 hours, to effect bonding. In certain embodiments, a drop of an

oxidizing solution such as an aqueous hydrogen peroxide or niiric acid and hydrogen peroxide solution is
deposited on one of the bonding surfaces 84, 86 prior to bonding the upper and lower sections 80, 82.

After the oxide layers 28, 34 are fused, the heavily doped substrate 30 is removed, such as by

preferentially etching the heavily doped substrate 30 to provide a SOI semiconductor device 90 with a strained
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the sili con hod of pr.od UCISQ% gm conductgr devi ce :
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| ayer ahchcanpr easial exiduriteof slicof Gayae R loe CWBDe NGB OXondeiey Hyeai 31 is fermedk fiomi ned.
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on t heresitdnt Sfibtuleahet I’uncﬁ&oes|1iﬁp1€1ﬁﬂﬁ’oﬂlofldc@§ﬂﬁﬁdﬂoﬂiﬁ§bh®¢/drmn iegtensioay/ &4 'J':qul@mfeor med
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oxi de | 'S depos ower section 82.is
provi dédm‘taém’o@f mlmwstt 1gask quer LI‘EPp@PH@E‘B‘P%?PVBE 94 ylathe dpplsntalign oY ¢ventonply
formed dopst.f ol l ows: A |ightl y doped silicon sem conductor substrate 20 is
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are nto sem conductor substrate 20
by a Sl av@@qpm@be@@ed tesfode sidevial eslaceny Sohes fypwen nodS: i ode ﬁ@ﬁfond"FF?é structure

sem co nﬁ%&l@ﬁﬂy&h’lﬁ%&ﬁfeﬁuﬁ Qopln to foHR &ﬁﬂ:bll&@ixﬂré@oﬂ@ﬁ&@doﬁﬁhgtt@cén@é’nﬂhm%ﬂ{oay &’ 26,
as shown i nH'uI‘ng %‘% The, anneal i [}g %ged ; q an 3 30 atns §p&(§@

inert ¢Re&"} bont Lty SulAn grughys, 15 gun 2 AENat ﬁoé’fceom ayer

f or med, M@§Fl§11‘mmmondnctﬁld@we fetmed g SE8 subsirate vatira otHinee siticon cm@e I ayer 28 i s

gg%i tedl Stﬁ%e%péeﬁ strhdd shﬂonqgfeﬁsaaké"foﬁﬁm@g&@ﬁ &ts. \bﬁéﬁdﬂrd@ﬂc (!&)Ji’sfdaifée&tc84 and
are po is ri Or

t 0. bondi n; er.secgtio 0, an section 82.
The upp&Feg °‘°‘l § cQmprsing r?sS‘félgedt siivon Jagerg f&ﬁ*&ﬁ f&&rh(‘(gg?ﬁ% e‘rhe 5 GRS oS
bondi ngslewly frabeSiG8than 8 6trabfed sili@nr EXp dat4QiBustwatssdMOSITEE rsgnn0®4uct02 Gevigedored ught
into c Okt %oﬂﬂgor%mﬁu£%1@%@1@tl£ﬁp tAJ£h§|10%ﬁIen&$iso§19&W@glbr{B6F40ﬁtes 2 FOSFBT 98

anneal ed at about t o about

}%{“g tes‘sto%&oh Elhours
to ef f ¢™ BYHEPTG Mﬁ’ﬁ@@%rst‘g? ke ﬁBb‘tﬁ‘f‘% e S'I&“‘d’? 6 ‘ES’P A 62 HRYEST ut i on
Suc30 asstains pben e Lo spgeofplersicd ldyer 60. Lightly dapedxoinde/draid exigndiomfd prepameki de

sol uti Of} thetrained silicon layer 62.
As shown in FIG. 4B, As 68 is implanted at an increased dose to compensate for the slow diffusion of

As in the SiGe layer 60. The semiconductor device 98 is subsequently annealed to activate source/drain

regions 70.

35 As shown in FIG. 4C, conductive silicide layers 72 can be formed on the gate structure 96 and
source/drain regions 70. The conductive silicide layers are formed by depositing a metal, such as cobalt or
nickel over the semiconductor structure 98 and subsequently annealing the semiconductor structure 98 to react
the metal with silicon in the source/drain region 70 and the gate conductor 52 to form metal silicide 72. The

unreacted metal is subsequently removed from semiconductor device 98, as shown in FIG. 4C.
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deposited on one of the bonding surfaces 84, 86 prior to bonding the upper
and | ower sections 80, 82. After the oxide |ayers 28, 34 are ;Fg %gﬂ@
|ng

heavi ly depgdosuisdisate 30 is removed, such as by prefepgpif
t he heavily doped substrate 30 to prOV|de a SO sem conduct or eV|ce

with a strai 'ﬂedmcre 3do€\PRf %golgns e 20914/% (;e]égstalll:c):glgf Q%ZQO%JeB?%?%ngSI !deOI’l
| ayer 32, wher el T He’sSt rairi T8 *hdticed I’4 0 ressive mate

22 int épweeé@@in lpxtengioesrto redece tRQrabitiy equs"—e/mm r@»@tanc?h é‘h¢ ayfé?se%ﬁosem @B%qlsve

mat er i abduded sHREHAILCRIE Sonfat CediRtaB OBRRIGIGSH e 1032 Her hoightfi e SI0k 125br3h¥her redid®
thlckne of. ng Ia er of conpressive material 22 is fromabout 500 Ato
about B“/%PC’ ﬁ%“t"tc PYA®ss of 5 the |ower BOX | ayer 26 and the upper BOX
| ay@r 92 ar eTteasthodsobiie plownitinveBdn Arobvide abioyitoved 8Gficoaductondeyiee tith the Wiglbspeidnent s
Of Lhe dp¥Rft & Bicdh Bk NG indUraiSQIRICAP BN SodHR Ale!iflr o ContgBesiThARE dulel Y

centered In the vertica I rection tween | ower | ayer 26 and t he
upper B@%"P%@?f sybpteaterpllows e dgrmffon of sifpined sificpa l%f%ff Fithoyy Ie?’fmgl tPFdfGE‘é‘Emh" l2attice
nlsnatchGeﬁmﬁmawm about 0.2 %to about 1.5 %in the strained silicon |ayer

32. A met hodof ondu el ) devi a
sem conduct or fle‘%mmggm%?%%mb P%%%Fg mmwﬁﬁﬁ%ﬂﬁ%éakfﬁb sgﬂgﬁhgﬁ'A SO
sentOcorgtibe ennsteied toclamintye ofiply. s 4t pledr e ehesif [ordinaty skifhyie fhe 3o, fém éstgat disglpwre of
Cormr € Sehbohad¥ed BilieNarictror bAJREENER Qb0BRFicANANBRSd hayer S 26, 92 is provided
with a gate oxide layer 50 and a gate conductive layer 51 formed thereon.
Gate oxide layer 50 is formed in a conventional manner, such as by thernal
oxi dation of silicon layer 32 or CVD. Gate conductive Iayer 51 is forned
from conventional materials, such as polysilicon or a netal. The structure
94 is patterned, such as by 15 photolithographic patterning to formgate
structure 96 with a gate conductor 52, as shown in FIG 3B. The resultant
structure then undergoes inplantation of dopant to form source/drain
extensions 54. The selective inplantation of dopant is performed by
conventional nethods including, in certain enbodinents, the formation of a
phot or esi st mask over the sem conductor device 94 and the inplantation of
conventional dopant. 20 A silicon nitride layer is subsequently deposited
over the sem conductor structure 94 and anisotropically etched to form
si dewal | spacers 56, as shown in FIG 3D. The sem conductor structure
subsequent |y under goes heavi er doping to form source/drain regions 58
according to conventional nethods, as shown in FIG 3E. The resultant
structure 94 is annealed to activate source/drain regions 58, providing a
MOSFET sem conductor device fornmed on a SO substrate with a strained
silicon channel. 25 In other aspects, strained silicon |layers are forned on
Si Ge layers. Wen arsenic (As) is doped into sem conductor devices
conprising a strained silicon layer formed on a SiGe |ayer, the As diffuses
nor e




slowy in the SiGe than in strained silicon. FIG 4A-4Cillustrates a
MOSFET sem conduct or device forned on sem conductor substrate 20 with a

Si Ge |ayer. A shallow trench isolation region 66 isolates a MOSFET 98 from
nei ghbori ng MOSFETs. Si Ge | ayer 60 induces lattice strain in &3¢k 2t8dn

| ayer 62, as the silicon lattice 30 strains to match the lattice spacing of
the Si Ge ICGhyAIMBD. Lightly doped source/drain extensions 64 are fornmed in
the strained silicon |ayer 62. As shown in FIG 4B, As 68 is inplanted at
an increased dose to conpensate for the slow diffusion of As in the Si Ge

| ayer 60. 1The gesantiesstitetoRdedioy c6Bpdsing:s subsequently annealed to activate
source/drain regions 70. 35 As shown in FIG 4C, conductive silicide

| ayers 72 can Bscmigopductohsubiiatgat e structure 96 and source/drain regions
70. The conducti il ] Cl | . are. forned depositing.a netal, such
as cobglt or %HXG%I%Séékgﬁﬂggééﬁi%gﬁﬁ3598W“§P5%%?5$lgﬁ@“éﬁg subsequent |y
anneal i ng the sdayeofigtigihed sititdier the @ay?8 of Comprssive mbRrina@l W th silicon
in the source/drain region 70 and the gate conductqr 52 to form netal
silicide 72. TRAIsUnsdadnglaysrdntgrposed %@%ﬁ)@d@ﬁy of epraRiEePiYe maerial

sem condu ' q:shown in FIG 4C. 5 13 APR 2007 WD 2004/ 040619
PCTIUSZOO%%@%? ‘h$ﬁ38?%%€§g§§g dose of As ions reduces the sheet

resi stance of the source/drain regions and source/drain extensions to
reduce the parasitic.soyrce/drain resistance. The .increased . dose of As ions
also Peddcos dieise BeieR SRvicefclim T QBeE SARIBISING 2 SerAE WA | ow
barrier hengRindipoddathethéem thayer &M&gﬁéssf&%ﬁgﬁal anl'shiss@ateS! | 1 ci de contact
resi stance.” 5 The nethods of the present 1 nvention provide an inproved

sem conductor device with the high-speed capabilities of silicon on

i nsul at or ,and rained silicon.te ol ggi es. .The .l ayer. of conpressive
it oral G ha e SemosRbobS GV RS ke e R L cBPRSRTOr ot 1 8 ned
silicon | ayfésal\ éd@srbd P ivEHRE] diRR1ibD bEMeb® theXtirsinsubhtia) lHpGanl aer . The

enbodi nents illustrated in the instant disclosure are for illustrative

pur posés oetopd imswdgtingHaydrd 10 not be construed to linit the claims. As is
clear to one of ordinary skill in the art, the instant disclosure
enconpasses a wide variety of enmbodi nents not specifically illustrated

herein. 6413 APRNAHA of Gorilpa sémiodnd@bICARGECHEH a S@MhePsiieIay&i ng:  a
sem conduct or substrate,
comprising:
providing a semiconductor substrate,
20 forming a layer of compressive material on the semiconductor substrate,
forming a strained silicon layer over the layer of compressive material, and

forming a first insulating layer between the layer of compressive material and

the strained silicon layer.

25 5. The method according to claim 4, wherein the layer of compressive material is
formed from plasma enhanced chemical vapor deposition of phosphorus, deposition

of boron/phosphorus doped silica glass, SiOxNy, or Si3N4.

6. The method according to claim 4, further comprising forming a second

30  insulating layer between the semiconductor substrate and the layer of compressive



5 a layer of conpressive material on the sem conductor substrate, and a

| ayer of strained silicon on the |ayer of conpressive nmaterial, and a first
insulating |ayer interposed between the |ayer of conpressive nat ﬁéi al ~ and
the |l ayer of strained silicon. 10 2. The sem conductor device bt AdE &0 1,
further conpri sli ng a second insulating |ayer interposed between the |ayer
of conpre i alypterial and substrate. 3. The semiconductor device of claim
2, wherein the |layer of conpressive material is centered in the vertical
direction between the first insulating |layer and the 15 second insulating

| ayer. 4. 7A netThednethod acaoirding to daim 6,0miskreinahe fisyinselating hyer sidrthé ned
silicon |ayer ..conpprising: oviding a sem conductor substrate, 20 form ng
a |l ayer ofsg“co&qﬂP%@f@aﬁtaéﬁ;‘med&W @Y¥8ni conduct or substrate, formng a
strained silicon |ayer over the |ayer of conpressive material, and formng
a first insulating |ayer between the | ayer of conpressive material and the
strai ned i cchs¢migenducky devicFlhemprsingd according to claim4, wherein the

| ayer of conpressive terial is formed from plasma enhanced chemi cal

vapor depositi ¢ ore B%tﬁﬁ%‘fbﬁg?tedeposi tion of boron/phosphorus doped

silica glass, S 1e)WofcBmpRissidg material B tHERRRCAGGEF fibS@att.ong! @i m 4, further
conprising form ng a second 30 insulating |ayer between the sem conduct or

substrate and taysrafstaiped sibigen ew tieayer pf compressiponaterialat erial . 7. The
met hogoaccor ding to claim6, wherein the first insulating | ayer and the
second insulating | ayer are buried oxide |layers. 5 8. A sem conductor

devi ce corfpri siTig: semiconduitoOdelics crcl£us indlhed complising b fét ikMMERIESSi ve
mat eri al 3n t he sem conduct or substrate, and a [ayer of strained silicon

on the | ay®¥er dtepepssh ketwespethedaysr phgompressive material and substrate.

10.  The semiconductor device of claim 8, further comprising a second insulating
15 layer interposed between the layer of compressive material and the layer of strained

silicon.

11.  The semiconductor device of claim 10, further comprising an insulating layer
between the substrate and the layer of compressive material.

20
12.  The semiconductor device of claim 11, wherein the first insulating layer and

the second insulating layer are buried oxide layers.

13. The semiconductor device of claim 11, wherein the thickness of each of the

25  first insulating layer and the second insulating layer is from about S00A to about
40004,

14.  The semiconductor device of claim 11, wherein the layer of compressive
material is centered in the vertical direction between the first insulating layer and the

30  second insulating layer.



9. The sem conductor device of claim@8, further conprising a first
insulating |ayer interposed between the |ayer of conpressive material and
substrate. 10. The sem conductor device of claim@8, further conprising a
second insulating 15 layer interposed between the |ayer of conpressive
material and the |ayer of strained silicon. 11. The sem conHLgF?oM evi ce
of claim 10, further conprising an insulating |ayer between the substrate
and the | gyer QJﬁRr j i.ak : i | r device of
claim11, E}\}/g\)ner gjirhﬁ%t eoﬁ ?‘?d%%e(}eggcgﬁ)gf I?alhra %%&é&i%%g?ayﬁﬁg}éog@g%%}Vi%nsul ating

| ayer ar e niaeriad domprists Si@yNey; plasthd enfilieed ehermioalduapbodepdsitedghosihotisai m 11,
wherein the.thickness of each of the 25 first insulating |ayer and the
second ingﬁﬂ“[at?rﬁgom%(%?sph%m? BPRABbeA 218%0A t 0 about 4000A. 14. The

sen cogduct or device of claim1l, wherein the |ayer of conpressive
material is centered in the vertical direction between the first insulating
| ayer andlbhe T30 semxondudtorsigviiofgldimy8e whefin the ARBkiROOGT thd fayeil b

sem conduct or _device. of . claim rein the | ayer of conpressive nmateri al
conpri ses “SPRIERY VE PrRletial s ﬁg‘@ﬁ%ﬁé@@?“@f}@g deposi t ed phosphor us,

Si 3N4, or boron/ phosphorus doped silica glass. 5 16. The sem conduct or
device of claim@8, wherein the thickness of the |ayer of conpressive

mat eri al ild. f r dhespwisondeng deyicatedglaim@) ovbetein thghayes efiitraimedistlicon hdevi ce of
claim.§, ein.the layer of strajned siligon has 10 a lattice m smatch
of frc%?n a%gﬁlg%%$%h 3%%?&1 a%f’%togj%’gf) a2 ¥ conduct or device of claim 8,
wherein the sem conductor device is a MOSFET. 15 19. A nethod of formng a
sem conductor device with a strained silicon layer conprising: providing a
seni condudfor dissemigoadugterrdavicg of claime’; whiereinthesemisopduatertdsvicalis an t he
sem condugygkpgipbstrate, and

15 19. A method of forming a semiconductor device with a strained silicon layer
comprising:
providing a semiconductor substrate,
forming a layer of compressive material on the semiconductor substrate, and
forming a strained silicon layer over the layer of compressive material.
20
20.  The method according to claim 19, wherein the layer of compressive material
is formed by depositing a layer of phosphorus, boron/phosphorus doped silica glass,
SiOxNy, or SizNj.

25 21.  The method according to claim 19, further comprising forming a first
insulating layer between the semiconductor substrate and the layer of compressive

material.

22.  The method according to claim 21, further comprising forming a second

30  insulating layer between the layer of compressive material and the strained silicon



formng a strained silicon |layer over the |layer of conpressive material. 20
20. The nethod according to claim 19, wherein the |ayer of conpressive
material is formed by depositing a |ayer of phosphorus, boron/phosphorus
doped silica glass, SiOXNy, or Si3N4. 25 21. The nethod acggrgRngito claim
19, furthg conmprising formng a first insulating | ayer between the

seni conduc®SF substrate and the |ayer of conpressive material. 22. The

met hod according to claim?2l1, further conprising formng a second 30

insul ating | ayer between the |ayer of conpressive material and the strained
silicon @313 ABRn28Hdd adcanding to23aimi2k whetdin thedasidnsilatingtlayet laad the22,
wherein the firrst insylating |layer and the second insulating |ayer are
buri ed oxiStRenfdgswating a@ﬁ?‘re%\’élegr@ﬂfgga%%ordi ng to claim23, wherein the
first gnsulating layer is formed by a SIMOX process. 25. The net hod
according to claim 22, wherein the buried oxide |layers are formed 10 by a
waf er bonddng prheaestbodaccardimgtotclaiot 23 vdwess thedBst ifidvdatingtlaget isformedi ng t o
claim 22, bm%%gj[@}ét he | ayer of conpressive material is substantially
centered iM% PES " direction between the buried oxide layers. 15 27.
The nethod according to claim?22, further conprising formng a field effect
transi stor including the steps of: depositing a gate oxide | ayer over the

strai ned Pl i cdeimgibed accpusting tegrlaimcSh atherdin Ehel tayied owide daytehrearg Sorenedxi de

| ayer ,,,patt erni X] | ayer and the conductive layer to forma
gate 1%0 tg&?du‘g%%gg(?@nr‘%ﬁég??ﬁggglgﬁgﬁp{?rﬁf??st he strained silicon |ayer to
formsource and drain regions, and activating the source and drain

regions. 10 . . .
26.  The method according to claim 22, wherein the layer of compressive material

is substantially centered in the vertical direction between the buried oxide layers.

15 27.  The method according to claim 22, further comprising forming a field effect
transistor including the steps of:
depositing a gate oxide layer over the strained silicon layer,
forming a conductive layer over the gate oxide layer,
patterning the gate oxide layer and the conductive layer to form a gate
20 structure,
implanting dopant into the strained silicon layer to form source and drain
regions, and

activating the source and drain regions.

10



