1 Method of Formng Strained Silicon on Insulator Substrate TECHN CAL

FI ELD [ 0001] The present invention relates generally to integrated
circuits, and nore particularly to a nmethod of formng a strained
silicon-on-insulator substrate. BACKGROUND [ 0002] Conpl enentary
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currents of N-channel and P-channel MOSFETs, respectively. [0003] As shown
in Figure 1 a, many designs of strained silicon |layers for transistor.

fabrication utilize thick buffer layers or conplex multi-layer structures
on a bulk silicon substrate

BACKGROUND

[0002] Comi)lementary metal-oxide-semiconductor (CMOS) technology is the dominant
semiconductor technology used for the manufacture of ultra-iarge scale integréted (ULS])
circuits today. Size reduction of the metal-oxide-semiconductor field-effect transistor
(MOSFET) has provided significant improvement in the speed performance, cifcuit dénsity, and
cost per unit function of semiconductor chips over the past few decades. Significant challenges
are faced when CMOS devices are scaled into the sub-l()é nm regime. An attractive approach
for additional improvement of CMOS transistor performance exploits strain-induced band-
structure modification and mobility enhancement to increase the transistor driv;: current.
Enhanced electron and hole mobilities in silicoﬁ (S1) under biaxial tensile strain can be achieved.

Enhanced electron and hole mobilities improve the drive currents of N-channel and P-channel |

MOSFETs, respectively.

[0003) As shown in Figure 1a, many designs of strained silicon layers for transistor
fabrication utilize thick buffer layers or complex multi—layer structures on a bulk silicon substrate
114. The conventional strained Si substrate technology utilizes a thick silicon-germanium
(SiGe) graded buffer layer 110 with thickness in the order of micrometers. Formation of such a

thick graded buffer layer 110 typically requires several tens of minutes to several hours and is an



114. The conventional strained Si substrate technol ogy utilizes a thick

silicon-germanium (SiGe) graded buffer layer 110 with thickness in the

order of mcroneters. Formation of such a thick graded buffer |ayer 110
typically requires' several tens of mnutes to several hours and is an 2

expensive process. A relaxed SiGe |ayé 112 overlies the graded buffer

| ayer 110. The relaxed SiGe layer 112 has a larger natural lattice
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124. Transistors fabricated on the straine Icon layer have

enhanc | al f.or ...L 0004] . Ho ver such a subst rat e i ght not
be easgﬁ ;W% oo(r%qé%:rc?f%ﬁﬁl E’?ﬁ Iﬁyfiqﬁ??éi‘ﬂgi’gé}nﬁi%lb&? W? ayse Exel €s.
Firstl é)mt helér ow h of a thick graded Si Ge buffer IS an expensi ve and

time-c spicoe bifsis fgeediodilign to the latticeof the mitadd brystiline Si§elayémitioduces
a lattice msmatch with the underlying substrate, resulting in a disperse,

t hr ee- g $1@NRIi0 PRhred11Bfahd 1c.dASt@8bt P18 REbMRIdKn tlb%ts'ﬂﬁ:'oﬁga([;/r@} lgovdxfaq jgl i de of

threading dislocations is facilitated. D slocations In the graded
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layer 116 will have enhanced electrical performance.

[0004] However, such a substrate might not be easily or economically introduced into a
conventional CMOS process. Firstly, the growth of a thick graded SiGe buffer is an expeﬁsive
and time-consuming process. Secondly, the thick graded buffer layer introduées a lattice
mismatch with the underlying substrate, resulting in a disperse, three-dimensional misfit
dislocation network. Strain-relieving glide of threading dislocations is facilitated. Dislocations -
formed in the graded buffer can propagate to the wafer surface, resulting ina defect density in
the order of 10*10° defects per square centimeter.' Such a high defect density presents a

significant barrier for the production of integrated circuits using such substrates.

[0005] Thirdly, the underlying strain fields of the misfit arrays result in a characteristic
cross-hatch surface roughness. This surface roughness can be a signiﬁcant problem as it
potentially degrades channel mobility in active devices. In addition, conventional CMOS
processes utilize high processing temperatures, especially during the formation of isolation
structures. Isolation structures such as shallow trench isolation (STT), local oxidation of silicon

(LOCOS), and their variants are in widespread use on bulk substrates today. High temperatures



the order of 104-105 defects per square centinmeter. Such a high defect
density presents a significant barrier for the production of integrated
circuits using such substrates. [0005] Thirdly, the underlying strain
fields of the msfit arrays result in a characteristic cross-hatch surface
roughness. This surface roughness can3e a significant problemas it
potentially degrades channel nobility in active devices. In addition,
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substy at today. H gh tenperatures 3 favor the formation of dislocations
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with a SiGe layer is also challenging as oxides forned on" Si Ge typically
have a high interface state density. [0006] Recently, T. A Langdo et al.,

in a r enti ' Latd-o f. novel Si.Ge-free stralne i, Qn
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Conf erence, . Oct. %002 pp. ,211-212 reported a Si Ge-free
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incongr ated. In the work of T. A Langdo et al., a conpositionally graded
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rel axed Si Ge |ayer and a tensile- strained silicon layer to forma donor
vaf er silichs{sGaipitasd.| Fthe Wolof TLL. GO 2 Wth§Ssitlally graded SiGe layer
was grown on a silicon substrate followed by the growth of a relaxed SiGe layer and a tensile-
strained silicon layer to form a donor wafer. Hydrogen was implanted into the donor wafer to

induce a cleave plane, and the donor wafer was bonded to an oxidized silicon target wafer. A

first anneal effects a cleavage along the cleave plane and a second anneal increases the bond

strength so that a strained-silicon-on-insulator wafer is formed.

[0007] This process suffers from several disadvantages. Firstly, the surface roughness of
the strained silicon layer has a root-mean-square value of about five angstroms and may impact
device characteristics as well as the strength of bonding between the donor wafer and the target
wafer. The high surface roughness of the strained silicon layer is related to the cross-hatch
roughness resulting from the growth of the graded SiGe buffer or a lattice-mismatched substrate.
Secondly, the strained silicon layer still suffers from high defect density because it overlies a
graded SiGe buffer layer where there is an abundance of upward propagating threading

dislocations. Therefore, any defects in the strained silicon layer is also transferred to the final

strained-silicon-on-insulator wafer.



i nduce a cl eave plane, and the donor wafer was bonded to an oxidi zed
silicon target wafer. A first anneal effects a cleavage al ong the cl eave
pl ane and a second anneal increases the bond strength so that a
strained-silicon-on-insulator wafer is formed. [0007] This process suffers
from several disadvantages. Firstly, #he surface roughness of the strained
silicon | ayer has a root-nmean-square val ue of about five angstrons and nmay
i mpact®00gevi ch Bhstrarderiiconiasinadatoethfegshs Sigimdrsingh hyefis hodigicng bet ween

t he donor wafer and the target wafer. The high surface roughness of the
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Therefore, only 83.3% of the maxi mum possible strain is retained in the
strained silicon layer in the final strained-silicon-on-insulator wafer. 5
SUMVARY OF THE | NVENTI ON [ 0009] The present invention describes enbodi nents
of an inproved nethod of fabricating strained-silicon-on-insulator
substrates. 10010] The preferred enbo8i nent provides a nethod of formng a
strained-silicon-on- insulator substrate is disclosed. A target wafer

inclu j I I n a substrate. A donor wafer includes a bul k
sem cgﬁ%@tﬁ&w@g@m\éﬁﬁmﬁg a lattice constant different froma lattice
constant of silicon and a strained silicon |ayer fornmed on the bul k

sem c ctor : f r LS ed to
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separ at ed ({Jr.fmthe‘ dgonor wafer so that the strained silicon |ayer adheres
to t h&THEFYRcoRgsiosulaipesudbskdiehet ween the strained silicon layer and the

target wafer can then be strengthened. [0011]] Wth the preferred nethods,
hi ghl uf agt ur abl e st rai.ned-siligcon-on-insul ator SS .Substrates can
be foﬁre L Th %prg?egéde pdipgent B@V@%ﬁaﬂﬁ@dﬁg@m%ag&ﬁegéﬁlqo&@hness
-conparable to that of bul k substrates. The preferred nethods al so provide
SSO  sumdatorsubsiratgiis Hisclosedr éntarget mafer deflates ao énsslatoy layEhasesubdivatat Ages can be
obtained while retaining the strain in the SSO substrate.

donor wafer includes a bulk semiconductor substrate having a lattice constant different from a

lattice constant of silicon and a strained silicon layer formed on the bulk semiconductor

substrate. The top surface of the donor wafer is bonded to the top surface of the target wafer.

The strained silicon layer is then separated from the donor wafer so that the strained silicon layer

‘adheres to the target wafer. The bond between the strained silicon layer and the target wafer can

then be strengthened.

[0011] With the preferred methods, highly manufacturable strained-silicon-on-insulator
(SSOI) substrates can be formed. These SVSOI substrates can have superior surface roughness
comparable to that of bulk substrates. The preferred methods also provide SSOI substrates with

extremely low defect density. These advantages can be obtained while retaining the strain in the

SSOI substrate.



6 BRI EF DESCRI PTI ON OF THE DRAW NGS [0012] For a nore conplete follow ng
descriptions taken in conjunction with the acconpanying draw ngs, in which
under st andi ng of the present invention, and the advantages thereof,
reference is now made to the: [0013] Figure 1 a is a cross-sectional

di agram show ng a conventional strainéd silicon technology inplenented

usi ng ﬁh‘%‘gh% substrate with a thick graded silicon germanium buffer |ayer;
[0014P eSRIPTIEMNHOFTHE DBLWENG@St he i ntroduction of biaxial strain in

the silicon layer of Figure | a; [0015] Figures 2a and 2b (collectively
r ef er@%g%]t o] % Firgure 2) shfoﬁ/ cross-sections of strained-silicon-on

i nsul At OF ( SSAT? TeisSerRleksiolloymeaiesqringanstakepinsondastioa withdhe har t of a
met hod of manufacturing a SSO wafer; [0017] Figures 4a-4g show

cr ossa&eEphuyied dwivengs, infwlacl urtdetstadQH MRS PreRAOROSSioh Cantl B @ta 2SO Waf er;
[0018] Figure 5a shows a target wafer and Fi gure5b shows a donor wafer that

can beherdo® #eRack ok AhMlh eSO substrate of Figure 2; and [0019] Figures
6a- 6e show cross-sectional viéews of a second enbodi nent process to form an
SSAO waf er.

[0013] Figure 1a is a cross-sectional diagram showing a conventional strained silicon

technology implemented using a bulk substrate with a thick graded silicon germanium buffer

layer;

[0014] Figures 1b and Ic illustrate the introduction of biaxial strain in the silicon layer of

Figure 1a;

[0015] Figures 2a and 2b (collectively referred to as Figure 2) show cross-sections of

strained-silicon-on insulator (SSOI) substrates;

[0016] Figure 3 provides a flowchart of a method of manufacturing a SSOI wafer;

[0017] Figures 4a-4g show cross-sectional views of a first embodiment process to form an
SSOI wafer;

[oo18] Figure Sa §hows a target wafer and Figure5b shows a donor wafer that can be

combined to form the SSOI substrate of Figure 2; and

[0019] Figures 6a-6e show cross-sectional views of a second embodiment process to form

an SSOI wafer.




7 DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS [ 0020] The naki ng and
using of the presently preferred enbodi nents are di scussed in detai

bel ow. It should be appreciated, however, that the present invention

provi des nmany applicable inventive concepts that can be enbodied in a w de
variety of specific contexts. The spe@ific enbodi nents discussed are
merely illustrative of specific ways to make and use the invention, and do
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strained silicon layer 210 overlying a buried insulator |ayer 212. The
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oxi de. The buried insulator may also be a stack conprising of a plurality
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oxide layer, or a silicon oxide on a silicon nitride on a silicon oxide
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[0022] In the preferred enbddi nent, tor Tayer i ncl udes
a hig tress. layer 21 such as a high stress silicon nitride |ayer. The
hi gh gpﬁgggoﬁgg}lé%?f%e@?ﬂ@ge’f“ﬁ@' function of retaining the strain in the
strained silicon layer in the strained-silicon-on-insulator wafer.
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strained silicon layer 210 overlying a buried insulator layer 212. The buried insulator layer 212
may be comprised of any insulating material. For example, thé buried insulator layer 212 may
be comprised of insulating materials such as silicon oxide, silicon nitride, and aluminum oxide.
In one embodiment, the buried insulator layer 212 is comprised of silicon oxide. The buried
insulator may also be a stack comprising of a plurality of insulating material layers such as a

silicon nitride layer on a silicon oxide layer, or a silicon oxide on a silicon nitride on a silicon

oxide stack, as examples. An'example of stacked insulators is shown in Figure 2b.

[0022] In the p_referred embodiment, the buried insulator layer 212 includes a high stress
layer 212b such as a high stress silicon nitride layer. The high stress layer 212b serves the
function of retaining the strain in the strained silicon layer in the strained-silicon-on-insulator
wafer. Therefore, the high stress layer 212b is also known as a strain retention layer 212b. By
using a high stress layer or strain retention layer 212b in the buried insulator layer 212, the strain

‘in the overlying silicon layer 210 can be better retained or strengthened.

[0023] The stress in the high stress layer 212b is preferably larger than 300 mega pascals
(MPa). The high stress layer or strain retention layer 212b is comprised of a high stress film

such as a high stress nitrogen-containing layer. " The high stress nitrogen-containing layer 212b



using a high stress layer or strain retention |ayer 212b in the buried

i nsul ator |ayer 212, the strain in the overlying silicon |ayer 210 can be
better retained or strengthened. [0023] The stress in the high stress |ayer
212b is preferably larger than 300 nmega pascals (MPa). The high stress

| ayer or strain retention |ayer 212b 8s conprised of a high stress film
such as a high stress nitrogen-containing |ayer. 'The high stress
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thereof. VWhen a high stress film such as film212b, is forned on a silicon
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|attice constant of the silicon lattice my be altered fromits natural
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fact can be utilized to retain or even enhance the strain In the strai ned
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beneath and jn _close proximty to the strained silicon layer 210. [0024]
I'n t hé¥rYa s 186t p gantlizds, to reteinior grensmhews theagtein 2 Rbstiamed silived
between two other insulating |ayers 212a and 212c. The three insulators
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mat er cou
210.
[0024] In the embodiment of Figure 2b, the high stress layer 212b is formed between two
other insulating layers 212a and 212c. The three insulators 212a,212b and 212¢ combine to
form the buried insulator 212. In the preferred embodiment, the insulating layers 212a and 212¢

are both formed form an oxide such as silicon dioxide. In other embodiments, other materials

could be used.

[0025] The buried insulator 212 is provided on a substrate 214. The substrate 214 is-
preferably comprised of silicon. This substrate can be lightly doped, although doping is not

necessary. Other materials such as germanium, quartz, sapphire, and glass could alternatively be

used as the substrate 214 material.

[0026] In the preferred embodiment, the strain in the strained silicon layer 210 is tensile in
nature. That is, the lattice constant of the strained silicon layer 210 in the in-plane direction is
larger than the lattice constant of silicon in the relaxed state. To better retain the in-plane tensile
strain in the strained silicon layer 210, the insulating layer 212 preferably comprises a high-
stress, compressively-stressed film. An example of a compressively stressed film is a silicon

nitride film with high silicon content deposited by plasma enhanced chemical‘vapor deposition



[ 0025] The buried insulator 212 is provided on a substrate 214. The
substrate 214 is. preferably conprised of silicon. This substrate can be
lightly doped, although doping is not necessary. O her materials such as
germani um quartz, sapphire, and glass could alternatively be used as the
substrate 214 material. [0026] In thegpreferred enbodi nent, the strain in
the strained silicon layer 210 is tensile in nature. That is, the lattice

const the,strained silicon.layer 210 in the in-plane direction is
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retain the in-plane tensile strain in the strained silicon |ayer 210, the
i nsul 883 HegVrdsser 212 preferably conprises a high- stress,
conpressively-stressed film An exanple of a conpressively stressed filmis
a silicon nitride filmwth high silicon content deposited by. plasma
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film with a high nitrogen content. The stress in the high stress film 212 can be as large as 2 giga

pascals (GPa).

[0028] A process flow 300 for the manufacture of a strained-silicon-on-insulator substrate
according to a first embodiment of the present invention is illustrated in Figure 3. In this
process, two wafers are initially provided. As shown by block 310, the donor wafer is formed
from a bulk.substrate (e.g., semiconductor substrate) with a lattice constant different from that of
silicon. Inblock 312, a thin strained silIcon layer is epiIa.xially grown on a bIlIk semiconductor

substrate. It is noted that no graded buffer layer is needed to form a donor wafer.

[0029] As shown by block 314, a target wafer is provided by forming an insulator layer on a
substrate. For example, in the case of a single layered insulator layer, the insulator can be
formed by thermally growing silicon oxide on a silicon substrate. In the case of a stacked
insulator layer with a high stress or strain retention layer, the target wafer can be formed I)y
thermally g;wing silicon oxide; on a silicon -substrate followed by depositing high stress silicon

nitride using a PECVD process. The silicon nitride layer may, in addition, be exposed to an

oxidizing ambient to form a thin layer of silicon oxynitride on the top portion of the silicon



pascals (GPa). [0028] A process flow 300 for the manufacture of a
strained-silicon-on-insulator substrate according to a first enbodi nent of
the present invention is illustrated in Figure 3. In this process, two
wafers are initially provided. As shown by block 310, the donor wafer is
formed froma bulk substrate (e.g., s&m conductor substrate) with a
|attice constant different fromthat of silicon. In block 312, a thin
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donor wafer. [0029] As shown by block 314, a target wafer is provided by
form nbilﬁmthaﬁé@pme@ﬂphwbrﬂ\/ﬁh)a substrate. For exanple, in the case of a
single | ayered insulator |ayer, the insulator can be forned by thernally
growi ng -silicon oxide on a silicon. substrate. In the case of a stacked
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oxi di zi ng_anbient to form a thin | ayer ,?f silicon oxynitri de on the top
por t i oRoBding prd separedompiOess e bé alSmbdgut . prbhesshorghNatackase [ gyaresnbotht r ai n
retention layer preferably conprises a stress of Iarger t han 300 nega
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transferred to the target wafér by a wafer bon ing a se arati1on process,

as dengt &addIn R 8 Phucdt Ros B0 B&IPS 574,584)8 $43'88h, 6355 541, 6,368,938, and

6,486,008, each of which is incorporated herein by reference. The separation process is shown

by block 318.

[0031] If the strained silicon layer is to be comprised of a tensile strain, the bulk substrate of
the donor wafer should have a lattice constant larger than that of silicon, e.g., a bulk silicon-
germanium (SiGe) wafer. If the strained silicon layer is to be comprised of a compressive strain,
the bulk substrate should have a lattice constant sméller than that of silicon, e.g., a bulk silicon-
germanium-carbon (SiGeC) wafer. In order for thé léttice constant of SiGeC to be smaller fhan

that of silicon, the composition of germanium x and the composition of carbon y in the bulk

Si1x5Ge,C, caﬁ be such that y > 0.1x .

[0032] One motivation of the presént invention is that there are relatively less problems with
the controllability of surface defect density and surface roughness when dealing with a relaxed
bulk semiconductor substrate. For example, it is easier to achieve low defect density and good
surface roughness on a bulk SiGe wafer than on:}a thick graded SiGe buffer layer grown on a Si
substrate. In the latter case, lattice mismatch between SiGe and the underlyihg silicon substrate

as well as the growth of the SiGe buffer layer beyond its critical thickness give rise to



bondi ng and separation process can be a Smartcut TM process, or a

Nanocl eaveTM process, both available from Silicon Genesis Corporation.
Detai |l s of bondi ng and separation processes are provided in U S. Patent
Nos. 5,013,681, 5,374,564, 5,863,830, 6,355,541, 6,368,938, and 6, 486, 008,
each of which is incorporated herein by reference. The separation process
is shown by block 318. [0031] If the strained silicon Iayer is to be
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silicon- germanjum (Si Ge) wafer. |f the strained silicon |layer is to be
conpr i eﬁﬁltYanémeéé@E\ﬁ@l@Qaﬂaﬂ&\m the pradediPiceduifer lagieraars hotdasilshave a
|attice constant snmaller than that of silicon, e.g., a bulk silicon-

ger mancamtmotigslon (Si GeC) wafer. In order for the |attice constant of SiCGeC
to be smaller than that of silicon, the conposition of germaniumx and the
conposition of carbon y in the bulk Sii _xyGc, Cy can be such thaty > 0. 1Ix
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density ag]%ql surface roughness when dealing with a relaxed bulk
seni colfgersss cuppisablaweh thag of Seatgie-ef-thetart silieomssibstrates. Thhieéore, ih thw ddedrect
density and good surface roughness on a bulk SiGe wafer than on a thick
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lattice msmatch between Si Ge and the underlying silicon substrate as well
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achieved. In addition, in the donor wafer, the strained silicon layer may be epitaxially grown

on any bulk substrates with a crystalline surface.

[0034] Following wafer separation, an anneal is performed to strengthen the bonding
between the strained silicon layer and the target wafer to form the strained-silicon-on-insulator
wafer. This final bonding is shown in block 320. The stfained silicon layer in the strained-
silicon—on—insulgtor wafer of the preferred embodiment of the present invention is expected to
- have defect densities of less than 1 defect per square centimeter and root-mean-square surface

roughness of less than 2 angstroms, comparable with the state-of-the-art bulk silicon substrates.

[0035] An example of how a substrate of Figure 2 may be formed is to be described next
with respect to Figures 4a-4g. Referring now to Figure 4a, a target wafer 200 includes a
substrate 214 (e.g., silicon) and a insulating layer 212 (e.g., oxide, nitride or combinations
thereof). In the preferred embodiment, the buried insulator layer 212 includes a high stress layer
or strain retention layer (such as was discussed with respect to Figure 2b). The strai;1 retention
layer is preferably a high stress film with a stress of more than 300 MPa, and more preferably a

high stress silicon nitride layer with a stress of more than 300 MPa. The target wafer of Figure



unavoi dable m sfit segnments, threading dislocations, and high surface
roughness. The location and density of the threading dislocations in the
graded Si Ge buffer |layer are not easily controllable. [0033] In contrast,
bul k sem conduct or substrates have | ow defect density and surface
roughness conparable with that of theldtate-of-the-art silicon substrates.
Therefore, in the donor wafer, strained silicon |ayers are epitaxially

gr own ' . 1. [ e af or.enent i oned

pr obl e%s%&?% it%ﬁllhgd ﬁg%ﬁﬁ%@&éﬁ{é‘&? F%gﬁnléﬁ @5%%6 g"\ég’kﬁg S&fﬁéec‘gepf’ %ﬁ%ﬂféass can be
achieved. In ?di tion, . in the donor wafer, the strained silicon |ayer may
be epit§ Fféﬁsﬁﬁ T SSANAS s ormyiride khesinpwetontaser may kavs adhigkness In therasge phce.

[ 0034] Fol | owi ng wafer separation, an anneal is performed to strengthen the
bondi naboubEi0eebotti®08 tngstroad. sil i con |ayer and the target wafer to form
the strained-silicon-on-insulator wafer. This final bonding is shown in

bl ock 320. The strained silicon layer in, the strained-

silico -ins r ' fit r,esent

i nventpgﬁd}i S e]ii ectg gt&%ﬁ)% %@&e&gg?&aﬁgggﬁggtdﬁg%q’%&e@s%h‘gﬁ%f&ﬁ}%tfeect per
square centi er ang oot - nean- square surface _roughness of |ess than 2
angst r Jirstratg g&é)b?ﬁ&%‘fl edyvpgreribe tomplate srbstraie materiahin ik its relaxedrstatetrst haages.

[ 0035] An exanple of how a substrate .of Figure 2 may be forned is to be

descr i bétbervendtant i ffdrentefsme tat dsildopu AasephaxidbstraRRtiallicon thyBo (1 i@ ghovelise 4a,
a target wafer 200 includes a substrate 214 (e.g., silicon) and a

i nsul afeRgnhanes . X1 A o ' ' thgreof). < n
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SLTeSS 25 to about 1000 angstroms. The thickness of the strained silicon layer 210 is preferably

kept below its critical thickness, above which it becomes unstable and potentially relax.

[0037] The magnitude of the strain € in the strained silicon layer 210 in the donor wafer 400
may be less than about 4%, 'and is preferably less than about 2%. The nature of the strain may be
compressive or tensile, depending on the template substrate used. If the template substrate 430 is
comprised of a material with a lattice constant larger than that of silicon, e.g., SiggGego, the
-strain in the strained silicon layer will be tensile in nature. If the template substrate is comprised
of a material with a lattice constant smaller than that of silicon, e.g., Sig.9gCo.02, the strain in the

strained silicon layer will be compressive in nature. - -

[0038] Referring next to Figure 4c, ions 432 (e.g., of hydrogen or an inert gas selected from
a group comprising of helium, argon, neon, krypton, and xenon) are implanted into the donor
wafer 400. The peak of the implanted ions is at a depth x4 below the substrate surface 434. The
implanted ions result in an i;nplanted léyer 436, as shown in Figure 4b. In the preferred
embodiment, the implanted ions are hydrogen ions. The dose of the implanted ions may be

approximately 10"° cm™. The implantation energy depends on the desired implant depth, and



or strain retention layer (such as was discussed with respect to Figure
2b). The strain retention layer is preferably a high stress filmwth a
stress of nore than 300 MPa, and nore preferably a high stress silicon
nitride layer with a stress of nore than 300 MPa. The target wafer of
Figure 12 4a may be formed by thermal3 oxi dation of a silicon substrate
foll owed by the deposition of a high stress filmsuch as silicon nitride.
The insul at or

| ayer .may .hayv hi.ckn i e. range,.of abo 100 to
mbout PR SBL PR R e 1y ST ST HET ohSRAT A8 uRRa PR of | he
donor wafer 400. A bulk tenplate substrate 430 is provided wherein the
t enpl FeEcy b schaigeesyichding beam ling ipn snplehtatiedy phsat émeedsidreisn amplaatatior e
constant different fromthat of silicon. An epitaxial strained silicon

| ayer (BMID) dr&o@ﬂl@%r.oﬂydrb% ibﬁmeai%ﬁra%@&fcm%%éﬁ%sﬂgﬁé‘veit}h ggs of the

strained silicon |ayer 2 may be in the range of out 20 to about 1000

angstr, The t.hi.cknes f. the strained siljcon |layer 210 is preferably
kept g@ﬁ%rva\}tc} ngtetplitp eaﬁe?efﬁflgﬁﬂtgs@?ho%ﬁﬁ’ét%?l'wagﬁéégﬁg’@te&ﬁ tabl e and
potentially relax. [0037] The magnitude of the strain in the strained
silicon layer 210 in the donor wafer 400 may be | ess than about 4% and is
pref erd@®% | eskhetgairpratrsuste? ¥ thd hending offthe tfp suhfeces(ti.eaitre swaficdef the onpr essi ve
or tensile, depending on the tenplate substrate used. If the tenplate

subst regfathed 3fichs laySOTM) 0B @€ defiordwiret £10 Bl & t | ar ger
t han that of s?i I iaggn, e.g., Si %. 8Geog;20, tlﬁéé!ogtg}lg?dr?qiiél’?ﬁgﬁg%r%ﬁ%%d silicon

| ayer W { ile.in nature.,lf . the t | ate substrate,is conprised of
a mat elﬁllé]'g%m%v)ﬁy ?“feiaE} 3&.}? éaégega‘ﬁ&r%qp : ;ﬁﬂ:‘ﬁlfg élﬁggﬁtﬁﬁ&u 14 i g&?ﬁl fl‘?:oﬁl?e e.g.,
Si 0.98Co. 02, the strain_in the

bonding process may be a beta bonding process, such as one known and used in the art. Beta

bonding is a bonding process that joins the donor wafer 400 and the target wafer 200 together. It

is believed that beta bonding arises from electrostatic or van der Waals forces.

[0040] Beta bonding produces a joint 438 between the donor wafer 400 and the target wafer
200. The target wafer 200 will act as a mechanical support for the transferred thin ﬁhﬁ that
includes the strained silicon layer 210 when it is separAated from the donor wafer 400. A portion
.440 of the template substrate 430 may be transferred with the strained silicon layer 210 to —the
target wafer 200. This transferred template substrate material 440 may be selectively removed.
Prior to beta bonding, the surfaces of the wafers 200 and 400 to be bonded are preferably cleaned

to remove any residual liquids or particles from the wafer surfaces.

[0041] The bonding process forms a wafer assembly, as shown in Figure 4e. Accc.>rdi.ng toa
preferred embodiment of this invention, the strained silicon layer 210 in the wafer assembly is
sandwiched between two stressors, or stress-inducing agents. Oﬁe stressor is the template
substrate 430 which induces strain in the strained silicon layer due to the lattice mismatch

between the strained silicon layer 210 and the template substrate 430. The second stressor is the



strained silicon layer will be conpressive in nature. [0038] Referring next
to Figure 4c, ions 432 (e.g., of hydrogen or an inert gas selected from a
group conprising of helium argon, neon, krypton, and xenon) are inplanted
into the donor wafer 400. The peak of the inplanted ions is at a depth Xd
bel ow t he substrate surface 434. The 14 npl anted ions result in an inplanted
| ayer 436, as shown in Figure 4b. In the preferred enbodinent, the

i mpl ant; i r i ... Fhe dose of .t impl.ant ed i ons may be
appr o>r2}|El ! ﬂts ﬂéﬁgﬁfg{l& S(@%g’zr.%%ﬁ%ﬂﬁ élrI lﬁlkfegtm? nésfliliqi‘b‘&ﬁ&é%mcgﬁe PIREIHEY ?lor ed
i npl an deglt h ﬂﬁnd 13 may gener ally range from about 1 keV to about 500
keV. stroned sHHgedayer i ahheratons; the strpi incthy steinadesdlinon dayes2 10 mey belbettgr beam
line ion inplantation, plasnma inmersion ion inplantation (PI1Il) or ion

shower retdtydrargeengtionsd as eomieséd RWer ketalses SR Hd SO saN&latd hr ough the
substrate material to the selected depth w thout substantially damaging the

material. [0039] The next process step is the bonding of the top surface

(i.e., sur ine ili.con |ayver 210) of the donor wafer
300"t o PR T op ek s oty T B aRT RO orhtmelieesd g o nany of
the tar e% wafer, 200. This is illustrated in Figures 4d and 4e. The

bondi n@%ﬁ B erasativpprossst s exampladhe yafar senssationquodssasndrénikatedhy amdatus ed
inthe art. Beta bonding is a bonding process that joins the donor wafer
400 anttedthent aWbet theafneier@Q@ Jf G@ekTef asséhblyirkePMdve Y eehdil BlvePeka sBgRdi Ng

arises fromelectrostatic or van der Wal s forces. [0040] Befa Bondi ng

Pr oduceg Bedrs el A8 nBGbYRB s HiG AR e ifpldtte g}ger%ggarfd%%d %)?ersggé buiids up.
When the pressure in the microbubbles exceeds a certain value, the donor wafer will split off
along a cleavage plane. One method of performing this controlled cleaving process is known as
a SmartCut™ process, from Silicon Genesis Corporation. It is believed that crystalline

rearrangement and coalescence of microbubbles occurs to form macrobubbles with sufficient

kinetics to separate the thin film from the donor wafer.

[0043] One of the separated wafers is a reusable template substrate 400. The other . = . .
separated wafer is a strained silicon-on-insulator (SSOI) substrate 200 with a portion 440 of the
template substrate overlying the strained silicon layer 210, as shown in Figure 4f. The portion

440 of the template substrate on the strained silicon layer 210 can be etched away.

[0044] Subsequently, final bonding between the thin film 210 and the target wafer 200 is
performed to yield the desired strained-silicon-on-insulator (SSOI) substrate. This finally
bonding step is usually performed with a high temperature anneal, where the annealing
temperafure 1s typically above 700 degrees Celsius. The final bonding step creates a strong bond
between the thin film of strained silicon 210 and the target wafer 200. It is believed that covalent

bonds are form at the joint when the wafer is anneal at a sufficiently high temperature for a




200. The target wafer .200 will act as a nmechani cal support for the
transferred thin filmthat includes the strained silicon |ayer 210 when it
is separated. fromthe donor wafer 400. A portion 440 of the tenplate
substrate 430 may be transferred with the strained silicon layer 210 to the
target wafer 200. This transferred terfpl ate substrate nmaterial 440 may be
selectively renoved. Prior to beta bonding, the surfaces of the wafers 200

and 40 ded ar referably. cleaned . to renmpye_any residual |iquids
or par%ﬂé@%@%@ ggdggftﬁge'mﬁf@?g &\.?raflﬁ%% % ¢ gy Of thereahsn ?’@ BRHReEeWAGENE a
waf er assenbly, as shown in Figure 4e. According to a preferred enbodi nent
of thiféleisﬁ%lé?i{ jibpn surfaces af siavadndiigiredp. Thy therrgd @xide layee 20Bfray bassenbl y is
sandwi ched between two stressors, or stress-inducing agents. One stressor

sand ) o st I ng > e SLress
i s t herehmvpd, atee, bysibsidtet 8 HRe M&ﬁoh@qw?ﬁxhgk??éfgﬁd;%&gﬁﬁ%@f ed silicon.

| ayer due to the lattice msmtch between i'coh Tayer 210

and thg._t : bsi{ate 430. The second stressor _js the 14 _ high stress
| ayer %Fﬁﬁﬁﬁg?chﬁ}%{égﬁ 161ntﬁ? 5%?e¢%ﬁ?%orb@rs?lé@r i Ing 8% show ip Figurg &g i n
close proximty to the strained silicon |ayer 210. Therefore, the strain
in t hehasta Wiakddatds ph leash 90 dyaditheostorimiyth strdiedd sélicondsgea D@ th the dsiorevagérhened
as conpared to other techniques of ‘formng the SSO substrate. [0042] The
waf er 4@®effikyeids. t hen separated at the position of the inplanted | ayer 436
using a wafer separation process. For exanple, the wafer separation
process can be initiated by a heat treatnent. \Wen the tenperature of the

waf er gsgaenmbl yol above a certain level, e.g.., about 500 degrees
Cel si ugﬁ,ﬁﬁﬁi cr o%%"g aﬁgtshef SYRRGAHpst SOFC?F&PgFﬁI%% V%é?é?“ Mﬂ%ﬁﬁgngﬁ sure
bui I ds up. ) . .

Wa?er separation technique as described previously may result in the formation of substrates
similar to those of Figure 2. One example is shown in Figures 5a and 5b. In this example, the

| target wafer 200 is the same as that shown in Figure 4a, i.e., comprising of an insulator layer 212

on a substrate 214. Once again, the insulator 212 may be silicon oxide and the substrate 214 may

be a silicon substrate.

[0046] The donor wafer 500 may comprise a strain retention layer 540 formed on a strained
silicon layer 210 that is epitaxially grown on a template substrate 430. The strain retention layer-
540 on the strained silicon layer 212 may be deposited by a chemical vapor deposition process.
Bonding the top surfaces of the target and donor wafers 200 and 400 of Figure 5 involves the

bonding of the strain retention layer 540 on the donor wafer 400 to the insulator layer 212 on the

target wafer 200.

[0047] It is understood that the buried insulator layer 212 may be a stack comprising of a
plurality of dielectric layers. For example, it may be a high stress silicon nitride on silicon oxide
stack. Such a substrate may be formed by incorporating the stack in the target wafer 200, e.g.,

using a target wafer with an insulator layer comprising of a high stress silicon nitride layer on a



When the pressure in the m crobubbles exceeds a certain value, the donor
wafer wll split off along a cleavage plane. One nethod of performng this
controlled cl eaving process is known as a SmartCut TM process, from Silicon
Genesis Corporation. It is believed that crystalline rearrangenent and
coal escence of m crobubbl es occurs togorm macrobubbles with sufficient
kinetics to separate the thin filmfromthe donor wafer. [0043] One of the

separ adigehnw .S - 4 The er .separated
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porti on1.440. f |t]]épe E}ﬁrrpl atﬁ substrate overlying the strajned silicon | ayer
210, a¥ lg%%ﬁldne Yer guré siess lqiger nen 30LMPapyerlng o b sleesp pidicen ritridetleyere on

the strained silicon layer 210 can be etched away. [0044] Subsequently,
final Wohdishessiserllethan B MBan film 210 and the target wafer 200 is
performed to yield the desired strained-silicon-on-insulator (SSO)
substrate. This finally bonding step is usually performed with a high

t enper e a é@?}f‘g; - j ' [ |y above 700
degr eegmgell Si us. rﬁ% I %ISé oﬁg?ﬂg‘%éstOQget%’?mﬁ%%@d& ﬁhé%lﬁ%gﬁ]ﬁé’%'en t he
thin filmof strained silicon 210 and the target wafer 200. It is believed
t hat ngllaﬁﬁt%lfbs&gmags%g @angqrﬁp%gging prdl sepprationmsthod reherpanaimplantaiionewds at a

sufficiently high tenperature for a 15 sufficient period of time. During
t he ansmgployedio inducayereavt ptaher hethowxasts, RO SvafawefeatihuovihiOned bPh&d r ai ned
silicon surface, as shown in Figure 4g. The thernmal oxide |ayer 208 may be
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enbodi nent ,

depend on other mechanisms to initiate the cleavage process for wafer separation. For example,
the wafer separation process may be an atomic layer cleaving process or nanocleave process as
described by Michael I. Current et al., “Atofnic layer cleaving with SiGe strain layers for
fabrication of Si and Ge-rich SOI device layers,” Proceeding of 2001 IEEE International SOI
Conference, Oct. 2001, pp. 11-12, which paper is incorporated herein by reference. The

nanocleave transfer process results in a layer separation using a strain-layer cleave plane.

[0049] .= Referring now to Fi'gures 6a-6g, another ﬁethod of manufacturing -a strained-silicon-. .
. on-insulator (SSOT) substrate is described. In this embodiment, a target wafer 200 as-shown in._ -

Figure 62 is provided which comprises of an insulator layer 212 overlying a substrate 214. As

before, the insulator layer 212 preferably includes a high stress layer or strain retention layer.

The high stress layer or strain retention layer has a stress of more than 300 MPa.

[0050] A donor wafer 400, as shown in Figure 6b, is provided. The donor wafer 400
comprises of a strained-silicon layer 210 on a relaxed template substrate 430. The thickness of
the strained silicon layer 210 is preferably less than about 1000 angstroms and the strain may

vary from about 0.01% to about 4%. The template substrate 430 may be a bulk SiGe substrate or




strained silicon layer 210 in the strained-silicon-on-insulator wafer 200
as shown in Figure 4g has a strain that is at |east 90%of the strain in
the strained silicon layer 210 in the donor wafer 400 of Figure 4c. [0045]
Several other conbinations of donor and target wafers in the wafer bonding
and wafer separation technique as deb&ribed previously may result in the
formation of substrates simlar to those of Figure 2. One exanple is shown

0T OHSES, AR Bl f ok Mo RUATRLE. ThOS 4 AP YRUGELARR e Sare s

that shown’in Higure D Fi'si ng
substrgi.e 14. r?g)@ce @1 ain, the jnsulator 212 may be silicon oxide and the
subst r $HECHIRKT L) an, e gelaxqd tepplate pbstraie 430.[ Adurss straie Seidieot exigs aroB0Ds may

conprise a strain retention |layer 540 forned on a strained silicon |ayer

210 t hinterfase ePhe sneiretiisitiogn dayer may ba epiemIBt @owhl sihp 8h@n#B0apdhBpsdtici. N
retention layer 540 on the strained silicon |ayer 212 may Be deposi ted by
a chem cal vapor deposition process. Bonding the top surfaces of the

t ar get paggt do I QYA i nyol,ves the bonding,of
the ot FoH et Sert e iR 30s $00brlarly B0 Enonde 1O 430 biter REY ey

| ayer 21? 3@ tJfﬁ: target. wafer 200, [0047] It is understood that the buried
i nsul at@rer Pa%e (oW eﬁ%gpdgg Brogess evallugmied iaifigpre pe and fhe wesaltingywadér di el ectric
| ayers. For exanple, it may be a high stress silicon nitride on silicon

oxi de assembly is SthematicadlylshowateFigaye hik A ontnedldaye Eaosy madedtioPear iR stack in
the target wafer 200, e.g., wusing a target wafer with an insulator |ayer

compri stBdacebevebh 3 s&hin€d Silieht 15 1 érlﬁitgeemlxl%Ya?é subdtrile 430 using a process

similar to the nanocleave process. The cleave plane will be initiated near the interface between

. the strained silicon layer 210 and the template substrate 430.

[0052] If the cleave plane is in the template substrate material, some template substrate 430
material will overlie the strained silicon layer 210 in the silicon-on-insulator substrate 200. This
material can be removed by an etch process (not shown). If the cleave plane is in the strained
silicon layer 210, the reclaimed template substrate 430 will have a thin layer of strained silicon

on it (not shown). This silicon layer can be removed if the.substrate 430 is.to be re-used.

[0053] Following tﬁe Wafer sépaiétion pfocéss, final bonding between the stfained silicéﬁ |
Jayer 210 and the target wafer 200 is performed to yield the desired receés—resistant SOI
suBstrate. This usually require a high temperature anneal, where the annealing temperature is
typically above about 700 degrees Celsius. This results in the formation of a strained-Si layer on

insulator structure as illustrated in Figure 6e. The wafer 400 is the template substrate and can be -

reclaimed and reused.

[0054] It will be appreciated that the strained-silicon-on-insulator substrate may be

manufactured by the above wafer bonding and wafer separation method using other



16 silicon oxide layer. In another exanple, the buried insulator |ayer may
al so be a high stress silicon nitride layer with a stress |larger than 300
MPa overlying a low stress silicon nitride layer wth a stress smaller
than 300 MPa. [0048] The precedi ng description relates to nethods of

manuf acturing strained-silicon-on- inBil ator substrates using a wafer
bondi ng and separati on nethod where an inplantation was enployed to induce

acle ; t S tion is jnitiated by .a heat
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donor wafer y . depend on other nechanisns to_initiate the cleavage

proc es%veFléﬂngﬁ@f gransdisHican ot orasilisenaiiide on ¢ pilicopdade seqkaavatlyios the ocess
may be an atomic | ayer cleaving process or nanocl eave process as described
by M céimededisiliconiayent et al., "Atomi c |ayer-cleaving with SiGe strain

| ayers for fabrication of Si and Ge-rich SO device |ayers," Proceedi ng of
2001 I EEE International SO Conference, Oct. 2001, pp. 11-12, which paper
i s i ncl9PPr at eld whkkplsp he bypreciated drat the sThimed pamiochdatoe ldyencesihera patodas s
results in a layer separation using a strain-layer cleave plane. [0049]

Ref er r bihen@uy $iflodt. R 8RaBfle Sthe pred@R §iRRhH SRL R OfiseHRY Hfr%gsgﬂéﬁeg gaa@rsl of

strained-silicon-... on-insulator (SSO) substrate Is n this
enbodi pent .. a target wafer 200 as sho in.. Figure 6a is. provided which
conpr i SBEARRI, §2 1&%@?‘6 © QIEE&&F S"’zf&lf%%mi Ingng hlf')fg‘tartlﬁ"t‘éhgﬁ%orﬁél Thef or e,
t he insul ator |ayer 212_§ref erably includes a high stress layer or strain
r et ent FOHA Femprise akefehivigh layersdonnddayethe surfacer Hpnexaptpde theodonboayefer badd a
stress of nore than 300 MPa. '

comprise a silicon substrate with a SiGeC or SiC layer formed on the surface.

[0056] Figure 7 shows an example of circuitry formed in a SSOI substrate of the present
invention. In this example, CMOS transistors 750 and 752 can be formed in strained silicon
layer 201. In the case of CMOS', the portion of layer 210 that includes NMOS transistor 750 will
be lightly doped with p-type dopants (e.g., boron) and the portion of layer 210 that includes
PMOS transistor 752 will be lightly doped with n-type dopants (e.g., arsenic and/or phosphorus).
Each transistor includes a gate 7>54 that insulati.\/ely ‘OV;:ﬂiGS aichannei.regllgon 75-6‘. Sourcé 75 8l
ana &ain 760 ‘reg.iio‘rvls.are separated by thé .chann'el regioﬁ 756. ‘Figure 7 is— inte;ncied Be én'
‘lustrative example of one of the many types of devices that can be formed in a strained silicon

layer. Many other devices can also be formed.

[0057] The scope of the present application is not intended to be limited to the particular
embodiments of the circuit, process, machine, manufacture, meané, methods and steps described
in the specification. Aé oné of ordinary ékill in the art will feadily appreciate from the disclosure
of the present invention, circuits, components, processes, machines, manufacture, means,
methods, or steps, presently existing or later to be developed, that perform substantially the same

function or achieve substantially the same result as the corresponding embodiments described



[ 0050] A donor wafer 400, as shown in Figure 6b, is provided. The donor
wafer 400 conprises of a strained-silicon |layer 210 on a rel axed tenpl ate
substrate 430. The thickness of the strained silicon layer 210 is
preferably | ess than about 1000 angstrons and the strain may vary from
about 0.01%to about 4% The tenplatel&ubstrate 430 maybe a bul k Si Ge
substrate or 17 a Sil_x yGexCy substrate as previously described. There is
an i ntrerdimoey bettikzd abtedsigraitegaeseat invenion) ayesrdably, Aidagpbgietd elaaxeste

tenpl ate substrate 430. A large strain gradient exists across this

i nterf; Tt i B J : I.t.axi y usi ng
chenié§%ﬁ®§3§?m§g%§??§?3%%%%3@2%%3§§§Fg?%ﬁ§§F§§£&ﬁﬁ?%%%’%g&ﬁﬁg’donor waf er
400 is bonded to the t surface of the target wafer 200. The wafer
bondi Ag? @E‘E@s‘n?@sbim?tgg‘i%ﬁi%tﬁ)ﬁ-n Figure 6¢c and the resulting wafer -
assenbly is schematically shown in Figure 6d. A cut or cleave can be nade
at or near the interface between the strained silicon |ayer 210 and the
tenpl ate substrate 430 using a process simlar to the nanocl eave process.
The cl eave plane will be initiated near the interface between the strained
silicon layer 210 and the tenpl ate substrate 430. [0052] If the cleave
plane is in the tenplate substrate material, sone tenplate substrate 430
material will overlie the strained silicon layer 210 in the
silicon-on-insulator substrate 200. This material can be renoved by an
etch process (not shown). If the cleave plane is in the strained silicon
| ayer 210, the reclained tenplate substrate 430 will. have a thin | ayer of
strained silicon on it (not shown). This silicon |layer can be renoved if
t he. substrate. 430 is.-to be re-used.



[ 0053] Fol l owi ng the wafer separation process, final bonding between the
strained silicon layer 210 and the target wafer 200 is perforned to yield
the desired recess-resistant SO substrate. This usually require a high
tenperature anneal, where the annealing tenperature is typically above
about 700 degrees Celsius. This resul2® in the formation of a strained-S

| ayer on i ture as illustrated in Figure 6e. The wafer 400 is
t he tenpl %@ghﬁ%\g\?ﬁéﬁﬁd can be reclained and reused. [0054] It will be
apprecjated that th rai ned-siljcon-on-insul ator substrate nay be

manuf alt uted H{eh'igﬁﬁgg)%mﬁéfsg?m '?ﬁ]éqoﬁdméﬂﬁi%}i%ﬁs bstiale SIPRESFSIFRS Ood usi ng
ot her 18 conbinations of donor and target wafers. For exanple, the donor
waf er fay havePraviding p bull semicerductoysbpiyata dhetthidk ssovicondustpr siisiretohatinger, or a
silicon nitride on a silicon oxide stack overlying the strained silicon

| ayer . 3[ OBEEE cotstant diffemhisfoonhbe lastirp comstzat efkilidoai t he strai ned sem conduct or

| ayer can be a material other than silicon. For exanple, the present

i nventigon coul frhRsusesnddsifeh Myst dhodi bayiesRiu@br sudSfBRIEHR 2 @b | UM
arseni de or other senmi conductorsS. |In another variation, the donor wafer

could go i i l.ayers.formed on the surface. For exanple, the
donor %?Q{@:@B Cép%gzglérfﬁ%aélglgﬁ%l ﬁlfc?%en substrate with a SiGeC or SiC | ayer

formed on the surface, [0056] Figure 7 shows an exanple of circuitry forned
ina S8 subs’c“?pé"f@néf‘m% H%O%Fé%@wva o HR/ AR RB LD IIHed IAYes; exanpl e, CMOS

transistors 750 and 752 can be fornmed in strained silicon
7 providing a target wafer comprising of an insulator layer overlying a substrate, the

8  insulator layer comprising a high stress layer, the target wafer having a top surface;
9 bonding the top surface of the donor wafer to the top surface of the target wafer;

10 separating the strained silicon layer from the donor wafer, the strained silicon layer

11 adhering to the target wafer; and

12 strengthening the bond between the strained silicon layer and the target wafer.
1 2. The method of claim 1 wherein the high stress layer has a stress of more than 300 MPa.
1 3. The method of claim 1 wherein the lattice constant of the bulk semiconductor substrate i8

2 larger than the lattice constant of silicon.

1 4, The method of claim 2 wherein the bulk semiconductor substrate is a bulk silicon-

2  germanium substrate.

1 5. The method of claim 1 wherein the high stress layer is a nitrogen-containing layer.

1 6. The method of claim 4 wherein the nitrogen-containing layer is selected from a group of

2 consisting of silicon nitride, silicon oxynitride, silicon oxime, or any combinations thereof.



| ayer 201. In the case of CMOS, the portion of |ayer 210 that includes NMOS
transistor 750 will be lightly doped with p-type dopants (e.g., boron) and
the portion of |ayer 210 that includes PMOS transistor 752 will be lightly
doped with n-type dopants (e.g., arsenic and/or phosphorus). Each

transi stor includes a gate 754 that iawsul atively overlies a channel region

756. Spurge 7 d dra are separated by the annel region
756. F?gu?e 75|]'8nse RS 0583”%% g‘ﬁrelﬁ?ﬁﬁgeé‘f‘foe}ép A GorgRTisshEs e t he many
types of deV|ces that can be fornmed in a strained silicon [|ayer. Mny

ot her ge ces aéso be. fornmed. [0057] The scope of the present
applicatidn is 6‘93 ook Glaa Lgepsan Pﬁtﬁl’é’ésﬂ’c‘ioﬁmﬂp&lﬁ@%@n@ﬁ strdbodi ment s of
the circuit, process, nmachi ne, manufacture, nmeans, nethods and steps
descrlbed in the specification. As one of ordlnary skill in the art wll
readi | ¥ aBpr ecT@tI@etﬁqdmﬁctane Sdihstdinthe teasileatrainies pmegmile bfheendehabqutci rcuits,
conponents, processes, machines, manufacture, neans, nethods, or steps,

pr esentl yOé)X‘Vosamﬁalg)uon%l ater to be devel oped, that perfor m subst ant | al | y the
same functiqn or achieve substantially the same result as the
correspondi ng enbodi ments described 19 herein nmay be utilized according to

the preasenp, | NYRIhERSY ofAGEANAIIRAY the SR8 1ARREBASH: 6F @ BBk Arficoddlisgnded “—"

include within their scope such circuits, conponents, processes, machin

manuf agt ur, Qnstrﬁg?s%ﬁlallgﬁﬁﬁﬁgg lattfe cgns?a?fof sﬁloco:\QHA T 1S CLAMD IS

1 1L The method of claim 7 wherein the bulk semiconductor substrate is a bulk silicon-

2 germanium-carbon substrate.

1 12. Themethod of claim 1 wherein the strained silicon layer is under compressive strain.

113, The method of claim 9 wherein the compressive strain has a magnitude of between about

2 0.01% and about 4%.

-1 14 The method of claim 1 wherein the implanted ion species is selected from a group

2 consisting of hydrogen, helium, neon, argon, krypton, xenon, and combinations thereof.
115, The method of claim 1 wherein the insulator layer comprises silicon oxide.

1 16.  Themethod of claim 1 wherein the insulator layer has a thickness of between about 100

2 angstroms and about 5000 angstroms.

1 17.  The method of claim 1 wherein the target wafer substrate comprises a silicon substrate.

1 18 Themethod of claim 1 wherein the donor wafer further comprises a dielectric layer on.

2 the strained silicon layer.



11. A nethod of formng a strained-silicon-on-insulator substrate conprising
steps of, 2providing a bul k sem conductor substrate, the bul k sem conduct or
substrate having a 3lattice constant different froma lattice constant of
silicon; 4formng a strained silicon |ayer on the bul k sem conduct or
substrate to forma donor 5wafer, thezonor wafer having a top surface;

6i mpl anti i ons int e. donor wafer..to faorm an inplanted | ayer:

7provi di nggga t @ﬁ%%gﬁlﬂb%ﬁﬁlpﬂﬁ%ﬁﬂec I 1RYRE i corprsqdf armatiiat el a
substrate, the 8insulator |ayer conprising a high stress |ayer, the target
waf er haviiog agreupsoristing e bsilimponiderigicon aitmdspsibenfayritrisk, altreindowsidenad er t o
the top surface of the target wafer; 1lOseparating the strained silicon

| ayer $r ocontthmtidonthereofaf er, the strained silicon |ayer 1ladhering to the
target wafer; and 12strengthening the bond between the strained silicon

| ayer and the target wafer. 12. The nethod of claim1 wherein the high
stressil ayer Hg Metidd FehiRfls MBEBinttRade1398c MP&-is 4 Bigh BeestRL QA 1Of stiebsirm 1
wherein the lattice constant of the bul k sem conductor substrate is 2l arger
t han the hﬁﬁéﬁﬁfyﬁﬁﬂﬁ ant of silicon. 14. The nethod of claim2 wherein the
bul k sem conductor substrate is a bulk silicon- 2gernmani um substrate.

15. The nmethod of claim 1l wherein the high stress layer is a

ni t rogen- ¢ont ai.ni ng, | . 16..The hod of claim4 wherein the
i 1 ogan- ot alAgedEimd bR BE boins oy st » ele-sonding pocess
1 22, The method of claim 1 wherein the separating process comprises a controlled cleaving

2 process.

1 23.  The method of claim 1 wherein strengthening the bond comprises annealing the strained

2 silicon layer and the target substrate.




2consisting of silicon nitride, silicon oxynitride, silicon oxime, or any
conbi nations thereof. 21 1. 7. The nmethod of claim4 wherein the
nitrogen-containing |ayer conprises Si3N4. 1 8. The nmethod of claiml
wherein the strained silicon layer is under tensile strain. 1 9. The nethod
of claimb5 wherein the tensile strai ®as a nmagni tude of between about 2

0. 01% and_,about 49 The, net of claim1l erein the said_lattice
const ant 8? th‘é Eﬁoﬂ OEéHi“B‘éﬁcFHE’E‘ &Slgc‘g’u%’sw‘&?@ ?L@h JARSIPRERPS e | attice
constant of silicon. 1 11. The nethod of claim7 wherein the bulk

seni coAduct or BAH4NE apelkissmigopdicior sybisirbringbudle parpipindusteniubiitedansg rat e. 1
12. The nmethod of claim 1l wherein the strained silicon |layer is under

conpr e8si Vettistcpmstant differBt frdthe lavetehodstaft ofdikdam 9 wherei n t he conpressive
strain has a magnitude of between about 2 0.0 1% and about 4% 1 14. The

met hod4of cl ai prodidivB@rkehied Qﬁcdn’m}leﬁ&{ 86 blIRReBREFA RSB bihsBaL BGLSEHa fsRM @
group 2 consisting of hydrogen, "helium neon ar gon, krypton xenon, and

Icg)r/ﬂe)lr n ?E) 'np%}?esr etfsi'@(goeﬁﬁ{ Vg%f%r %%(51111 TJE%R gﬁg&g %hcf)an inte 0?&?\7%@11 g 9@1%23&‘}0@3 aly?r':,l g r

e ne

i nsul at or e as at ckn ss of between about 100 2 angstrons and about
5000 arqgstaf“g%é%“l%sil?moﬁeﬂ‘@mﬁé B#%of claim | wherein the target wafer

substrate conprises a silicon substrate.
7 providing a target wafer comprising an insulator layer overlying a substrate, the insulator

8  layer comprising a high stress layer and said target wafer having a top surface;
9 bonding the top surface of the donor wafer to the top surface of the target wafer;
10 separating the strained silicon layer from the donor wafer, the strained silicon layer

11 adhering to the target wafer; and

12 strengthening the bond between the strained silicon layer and the target wafer.
1 25.  The method of claim 20 wherein the high stress layer has a stress of more than 300 MPa.

1 26. The method of claim 20 wherein the said lattice constant of the bulk semiconductor

2 substrate is larger than the lattice constant of silicon.

1 27.  Themethod of claim 21 wherein the bulk semiconductor substrate comprises a bulk

2 silicon-germanium substrate.

1 28.  The method of claim 20 wherein the high stress layer comprises a nitrogen-containing

2 layer.

1 29.  The method of claim 23 wherein the nitrogen-containing layer is selected from a group

2 consisting of silicon nitride, silicon oxynitride, silicon oxime, or any combinations thereof.



1 18. The nmethod of claim 1l wherein the donor wafer further conprises a
dielectric layer on 2 the strained silicon layer. 22 1 19. The nethod of
claim15 wherein the dielectric layer is conprised of a material selected 2
froma group consisting of silicon oxide, silicon nitride, silicon

oxyni tride, alum num oxide and 3 conm@4sations thereof. 1 20. The nethod of
claim 15 erein the dielectric l.ayer is a high stfress |layer,.with a stress
of 2 nor e%pha ééﬁth%afﬁafmzzf. WhHeRRn ﬁ@%e‘ﬁo‘%"g’éﬁl AYCLAREPETR Sf;#é bondi ng
process conprises a beta-bonding process. 1 22. The nethod of claim1l
wherein the separating process conprises a controlled cleaving 2 process.
1 23. Thedlret HAg msthog Phelam 2Gaegrain thestrpiaprtileoniiey it wdejersde gempr i ses
annealing the strained 2 silicon layer and the target substrate. 231 24. A
met hod of forming a strained-silicon-on-insulator substrate conprising

st eps bf Z2.pr GRhcdictipdaf taink24ehereiotiditedsie stsaibbdsratagpitideef betivkensdbtconduct or
substrate having a 3 lattice constant different froma lattice constant of
silicon;, 40pyaudsioaenea strained silicon layer on the bul k sem conduct or

substrate to forma donor 5 wafer, the donor wafer having a top surface
and an interface between the strained silicon |ayer

1 33.  The method of claim 20 wherein the said lattice constant of the bulk semiconductor

2 substrate is smaller than the lattice constant of silicon.

1 34. The method of claim 26 wherein the bulk sem_icohductor substrate is ébulk silicon-

2 germanium-carbon substrate.

1 35, The method of claim 20 wherein the strained silicon film is under compressive strain.

1 36.  The method of claim 28 wherein the compressive strain has a magnitude of between

2 about 0.01% and about 4%.

1 37.  The method of claim 20 wherein the insulator layer comprises of silicon oxide.

1 38.  The method of claim 20 wherein the insulator layer has a thickness of between about 100

2 angstroms and about 5000 angstroms.

1 39.  The method of claim 20 wherein the target wafer substrate comprises a silicon substrate.

1 40.  Themethod of claim 20 wherein the donor wafer further comprises a dielectric layer on

2 the strained silicon layer.



6 and the bul k sem conductor substrate; 7 providing a target wafer
conprising an insulator |layer overlying a substrate, the insulator 8 |ayer
conprising a high stress |ayer and said target wafer having a top surface;
9 bonding the top surface of the donor wafer to the top surface of the
target wafer; 10 separating the straigged silicon |ayer fromthe donor

waf er,, t hg st | i Li,con er. .11.adhering.to the t et wafer: ,and 12
stren g1t h eﬁi' ng Tt%h éh %@8 § d % cl ot %/ée%%er%lﬂ éhesdtlei i, Celay%l ] 588 Hsida%%‘agﬁ?\é? eﬁéfeil ar get
wafer. 1 25. The nethod of ¢laim 20 wherein the high stress |layer has a
stress® of IHBASTAREPSHHDS Kialicop ozle, sitiren pisidsotilion eaitcodupapoKetan sai d
lattice constant of the bulk sem conductor 2 substrate is larger than the
lattice ceowdingtionsghersdfl i con. 1 27. The nethod of claim 21 wherein the bulk
sem conductor substrate conprises a bulk 2 silicon-gernmanium substrate. 1
28. The nmethod of claim 20 wherein the high stress |ayer conprises a

ni t r ogen- €bnt ditrinnghod df aldii 33 WhekBin tHdEelBREOReraS a Bighktse Bywhated shedshe
nitrogen-containing |layer is selected froma group 2 consisting of 'silicon
nitride, gbldik@moexysy tride, silicon oxine, or any conbinations thereof. 24
1 30. The nmethod of claim23 wherein the nitrogen-containing |ayer
conprises Si3N4. 1 31. The nmethod of claim 20 wherein the strained silicon

film I. ? qu_er "Ffﬁzr}ﬁéﬂl}o% otelafth B0 wherein said bonding process comprises a beta-bonding process.

1 44,  The method of claim 20 wherein said separating process comprises an atomic layer

N

cleaving process.

1 45, The method of claim 20 wherein said the bond between the semiconductor ﬁlm and the

N

target wafer is strengthened by annealing the hybrid wafer.




1 32. The nmethod of claim24 wherein the tensile strain has a magnitude of
bet ween about 2 0.01 % and about 4% 1 33. The nethod of claim?20 wherein
the said |attice constant of the bul k sem conductor 2 substrate is smaller
than the lattice constant of silicon. 1 34. The nethod of claim 26 wherein

t he bul k sem conductor substrate is @éulk silicon 2 gernmani um carbon
substr

te. 3 thodo cl ai m.20 wherei.n the strai ed ilicon film
o b Hrmpr A pd OB R « S B TG R I IO GO he
conpressive strain has a nagnitude of between 2 about 0.0 1% and about 4%
1 37. FheWEIRGOMBISIE ai m 20 wherein the insul ator | ayer conprises of

silicon oxide. 1 38. The nethod of claim 20 wherein the insulator |ayer has
a thi cRness of pibetlingemgabafer; 100 2 angstrons and about 5000 angstrons. 1
39. The nethod of claim 20 wherein the target wafer substrate conprises a

silicon substr adi@ring aldhB: waibetonBLiRd o@the%@étma?e@ Whes et Qakhﬁclqgﬂﬁﬁbl\ﬁﬁf er
further conprises a dielectric |ayer on the strained silicon layer

e Bne iR el t%n%h@%n%@oﬁ’éﬁ@troﬂg dtgpos%d%m%equﬁ( N of a

roma group ¢ SIS rn icon OXI silicon

nitride, silicon oxynjtride, alun1 X|de n conblna ions thereof.
% separatn¥g tlhe strained semicon uctor ayer from { go nor wafer, the stra?ncd

7 semiconductor layer adhering to the target wafer.

1 47.  The method of claim 38 wherein the strained semiconductor layer comprises a strained

2 silicon layer.

1 48. The method of claim 39 wherein the bulk substrate has a lattice constant different from

2  the lattice constant of silicon.

1 49.  The method of claim 38 wherein providing a target wafer comprises proving a silicon

2 wafer with a insulating layer formed thereon.
1 50.  The method of claim 41 wherein the insulating layer comprises a high stress layer.

1 51.  The method of claim 42 wherein the insulating layer comprises a nitrogen-containing

2 layer.

1 52.  The method of claim 38 wherein the donor wafer comprises a doped region, wherein the

2 strained semiconductor layer is separated from the donor wafer at the doped region.

1 53.  The method of claim 44 wherein the doped region comprises a hydrogen doped region.



1 42. The method of claim 33 wherein the dielectric layer is a high stress
|ayer with a stress of 2 nore than 300 MPa. 1 43. The nethod of claim20
wherei n said bondi ng process conprises a beta-bonding process. 1 44. The
met hod of claim 20 wherein said separating process conprises an atomc

| ayer 2 cleaV|ng process. 1 45. The gt hod of claim20 wherein said the
bond b t ) duc filma he, 2 target wafer_is strengthened
by annbal T ftt% SR o Whorgn T Gged wEiod ¥ 2 fegiomidappdavith a

strai ned- senlconductor on-insul at or sem conduct or device, the 2 nethod
conprl%ln@a&Bdﬁﬂéﬁﬁhﬁﬂgﬂﬁéﬁ@emmWEﬁe@thdamheﬂwnggahﬁom@m-ma@emndo a surface
of the target wafer, the donor wafer including a bulk 5 substrate and a
strai ngd smmbmmmnhmwmmflayer di sposed over the bul k substrate; and 6
separating the strained sem conductor |ayer fromthe donor wafer, the
strained 7 sem conductor |ayer adhering to the target wafer. 1 47. The

met hod1 of 5g ai meaﬁeth;rfelaﬁnB@@nﬂuttﬁtrrbeﬂl ghd thé BYRIbeFRERHSES 2
strained 2 silicon layer. 1 48. The net od of claim 9 wherein the bul k

substr 91‘ €5t dRethRbidutHr £9RSHA e t&lljggtfxgafer%tﬂeﬂ( ardgenn% the \GralrBh §drGiSorGQ qgrtl%% of

silicon
3 to the target wafer.

1 56.  The method of claim 47 wherein strengthening the bond comprises heating the strained

2 semiconductor layer and the target wafer to a temperature greater than about 700°C.




1 49. The method of claim 38 wherein providing a target wafer conprises
proving a silicon 2 wafer with a insulating |ayer formed thereon. 1 50.
The net hod of claim4l wherein the insulating |ayer conprises a high stress
layer. 1 51. The nethod of claim42 wherein the insulating |ayer conprises
a nitrogen-containing 2 layer. 1 52 28The rret hod of claim 38 V\/nerei n the -

donor waf S doped r.egi wher ai n conduct or
layer 1s separ“gg\?%‘ gf’ 178 2 §i5HY EP”H{S‘lf“ﬁé Sgg)ﬁ)e(gfv}c&g} %We 53. The

nmet hod of cl ai m 44 wherei n the doped region conprises a hydrogen doped
‘regi or? 2@mpris®g: The met hod of claim44 wherein the doped regi on conprises

a region doped with a 2 material selected fromthe group consisting of

heliung neon, @ogding akirarpddailicox BRarbetvesaa a First idason ddyeoans ademdafressd 55. The
met hod of claim 38 and further conprising strengthening the bond between

the 2 gtr Pa'y&egle%@ﬁ]st?&&w%Epidjdcéﬁ%rﬁrﬁ@grﬁc@%f &@Eﬁﬁﬁed‘@ﬁfc%ﬁ lag'falte@ﬁ tRdghkng the
strai ned sem conductor | ayer to the target wafer. he net hod of

I 7 h d 2
o o1 Bl SR O LR W D
about 700C. 28 1 A nmethod of formng a strained silicon on insulator
(SSOl ) 6 de¢Prased Hoﬁ]ée shsHefepe; and

7 removing the first stressor layer.

1 58.  The method of claim 49 wherein the second stressor layer comprises a nitrogen-

2 containing layer.

1 59.  The method of claim 50 wherein the nitrogen-containing layer is formed over an oxide

2 layer, the oxide layer being formed over a substrate.

1 60.  The method of claim 49 wherein the first stressor layer comprises a silicon germanium

2 layer.

1 61.  The method of claim 52 wherein the first stressor layer comprises a SiGeC layer.
1 62.  The method of claim 52 wherein the first stressor is a crystalline material.

1 63.  The method of claim 49 wherein providing a strained silicon layer between a first stressor
2 layer and a second stressor layer comprises bonding a donor wafer to a target wafer, the donor

3 wafer including the first stressor layer and the target layer comprising the second stressor layer

4 and the strained silicon layer.



2 conprising: 3 providing a strained silicon |ayer between a first stressor
| ayer and a second stressor 4 |ayer, the first stressor |ayer adjacent a
first surface of the strained silicon |ayer and the second 5 stressor

| ayer adj acent a second surface of the strained silicon |ayer, the second
surface being 6 opposed to the firstogurface; and 7 renoving the first

stressor ¢y ay The t hod. | ai.m 49.wherej n the second stressor

| ayer $cor6r%'ri 22%6 %etﬁc? Orfocgdgnﬁqgwg gﬁﬂ%ﬁ%ﬁﬁg“ﬁéﬁp@}a.yerlabgé?he’rgﬁét SHIS"ECﬁBHOIOtP cl ai m 50
wherein the nitrogen-containing |layer is formed over an oxide 2 |ayer, the
oxi de?l af@°B ng forned over a substrate. 1 60. The nethod of claim 49
wherein the first stressor |ayer conprises a silicon germanium?2 |ayer. 1
61. The nmethod of claim52 wherein the first stressor |ayer conprises a
SiGeC layer. 1 62. The method of claimb52 wherein the first stressor is a
crystalline material. 1 63. The nethod of claim49 wherein providing a
strained silicon | ayer between a first stressor 2 l|layer and a second
stressor |ayer conprises bonding a donor wafer to a target wafer, the donor
3 wafer including the first stressor layer and the target |ayer conprising
t he second stressor layer 4 and the strained silicon |ayer. 29




1 64. The method of claim49 wherein the first stressor |layer abuts the
first surface prior to 2 renoving. 30 65. A sem conductor device,
conprising: 2 a substrate; 3 an insulating |ayer forned over the substrate,
the insulating layer including a nitrogen- 4 containing layer; 5 a strained
silicon |layer overlying and abutting dge nitrogen-containing |layer; and 6
at | east €e transi stor device di sgos_ed in the strained silicon layer. 1
66. The d®Vi ce* STUEIEPHPESEVitReCBPHPHe substrate conprises a silicon
substrate. 1 67. The device of claimb55 wherein the insulating |ayer
conprides an UB¥Rfeayer over and 2 abutting the substrate and the
nitrogen-contairling |ayer over and abutting the oxide |ayer. 168. The

devi ced3of cl aiamibdilahgiagemfotonel @tr the abbtrai)ehetinasing layer iacloging S gisrogenNMVOS
FET. 169. The device of claimb55 wherein the at | east one tiansistor

conpri $es céhtANSlak&ET -
5 a strained silicon layer overlying and abutting the nitrogen-containing layer; and

6 at least one transistor device disposed in the strained silicon layer.
1 66.  The device of claim 55 wherein the substrate comprises a silicon substrate.

1 67.  Thedevice of claim 55 wherein the insulating layer comprises an oxide layer over and

2 abutting the substrate and the nitrogen-containing layer over and abutting the oxide layer.
1 68.  The device of claim 35 wherein the at least one transistor comprises a NMOS FET.

1 69.  Thedevice of claim 55 wherein the at least one transistor comprises a PMOS FET.



