WO 02/ 080241 PCT/ US02/ 08795 -1 METHOD OF FORM NG STRAI NED SI LI CON ON

| NSULATOR (SSO) AND STRUCTURES FORMED THEREBY STATEMENT REGARDI NG
FEDERALLWERONSRED RESEARCH [0001] Not applicabl e. BACK@ROWND2/@79THE

| NVENTI ON [ 0002] The present invention generally relates to integrated
circuit (1C structures and processes that include a strained

sem conductor |layer. Mdire particularly, this invention relates to a
strained silicon layer that is directly on an insulator, yielding a
strained silicon-on-insulator (SSO) striucture that is useful for IC
device fabrication, such as conpl enentary netal - oxi de-sem conduct or (CMOS)
transi stors and ot her netal -oxi de-sem conductor field effect transistor
(MOSFET) applications. [0003] Strained silicon CMOS essentially refers to
CMOS devices fabricated on substrates having a thin strained silicon

(strai meeacd br ! rAindOBTRAINGD 336 o G kay@iaTor Elsok) afmagtkubadmsnbiiMebt y in
st r ai nedusieskayers has been shown to be significantly higher than in bulk

silicon Iayers and MOSFET's with strai ned-Si channel s have been
experi msna%lF i denonstrated to _have enhanced devi cemgerfor mance conpared to

devi ces f EMENT RECHRBING SERERARS Y SO DRARGEE r at es.

Potential performance i nprovenents include increased device drive current
and transconductance, as well as the added ability to scale the operation
vol t age wi[0Boljt sacNofdppilicablei rcuit speed in order to reduce the power
consunption. [0004] Strained-Si |ayers are the result of biaxial tensile
stress induced in silicon grown on a substrate fornmed of a material whose
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[0002] The present invention generally relates to integrated circuit (IC)
structures and processes that include a strained semiconductor layer. More
particularly, this invention relates to a strained silicon layer that is directly on an

_ insulator, yielding a strained silicon-on-insulator (SSOI) structure that is useful for IC
device fabrication, such as complementary metal-oxide-semiconductor (CMOS)
transistors and other metal-oxide-semiconductor field effect transistor (MOSFET)

applications.

[0003] Strained silicon: CMOS ess“entlally‘ i”éfg;‘s to CMOS devices fabricated
on substrates having a thin stramed s1hcon (stralned-Sl) layer on a relaxed SiGe layer.
Flectron and hole mobility in strained-Si layers has been shown to be significantly
higher than in bulk silicon layers, and MOSFET’s with strained-Si channels have
been experimentally demonstrated to have enhanced device performance compared to
devices fabricated in conventional (unstrained) silicon suBstrates. Potential
performance improvements include increased device drive current and
transconductance, as well as the added ability to scale the operation voltage without

sacrificing circuit speed in order to reduce the power consumption.

[0004] Strained-Si.layers are the result of biaxial tensile stress induced in

silicon grown on a substrate formed of a material whose lattice constant is greater



-2 than that of silicon. The lattice constant of germaniumis about 4.2
percent greater than that of silicon, and the lattice constant of a
silicon-gwpreansaam al loy is linear with respect to its gePERAISONIS79S
concentration. As a result, the lattice constant of a SiGe alloy
containing fifty atom c percent germaniumis about 1.02 times greater than
the lattice constant of silicon. Epitaxial growh of silicon on such a
SiGe substrate will yield a silicon layer under tensile strain, with the
underlying Si Ge substrate being essentially unstrained, or "relaxed." A
structure and process that realize the advantages of a strained-Si channel
st ruct ur e thar thyOsHE cap plliedaitico oenstane of gaumlanivimis abowrohpgrcag greumad U. S.

Pat ent No. 6, 05 95 t t..al., whj dj.scl t.echni. f.
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an i nsul atiefictidlfitdeth@nininQQB6dntAtigh f Ak atduy, th{é 15Hbd YorsBak bd 81 he

advant ages of strained-Si CMOS technology is the presence of the rel axed
Si Ge | ayeraligh@entairtieg §fty atameid psicentzgeemaniTings algiutd .(2ymes grasted thamthgct wit h

various pr i ng st such,. as .t hermal. oxidation, osalicide fagrmation
and annealllgﬁlg:ggc%rhs%ﬁﬁpﬁglﬁc?rf i%lta&‘faflfgfoéﬁgg’ff R PR PSR %@%eﬁuﬁg’fa?? WﬂLgri ty
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performance enhancenents and device yield that can be achi eved. Another
di sadvant atgeentially gagiraingd, oiralaxedhy ¢ stagriareead prrsessghatirealigedhhess of t he

body regi MR Lq-<] b it I i - i |y
undesi rablogg1V ot?é%;%lfi conggﬁ-sl-[gfsl%?jg?%ﬂkhg%&? %E?FEEE ﬁﬁ@%%lr%ggaregée%tgg it

f rust r at esconimeordipiakdi gyed 6.5t BatemtaNwv.6,95% 89i5rto &Bu et el wigich dyokees arerits as a
MOSFET structure for ver chanpel, | engths are wel | dogunented.

Ther ef or e, ® qqentjelf osaiagla §S/ﬁé§ g aatanek S fheRnel osa IR ey
structure f1¢H arlfReSatifPbubisPgkude the strain-inducing layer, but instead has
a strained-Si layer that is directly on another |ayer, such as an

insulator layer to yield a strained SO structure. However, conventional

wi sdom hasohgan that \the B&8 AfY Sailis O S Baents Shidd si cMOs
technology is the presence of the relaxed SiGe layer under the strained-Si layer. The
SiGe layer can interact with various processing steps, such as thermal oxidation,
salicide formation and annealing, such that it is difficult to maintain material integrity
during the CMOS fabrication, and may ultimately limit the device performance
enhancements and device yield that can be achieved. Another disadvantage is that the
SiGe layer adds to the total thickness of the body region of the MOSFET. This
additional thickness is particularly undesirable for silicon-on-insulator (SOI) FET
structures, because it frustrates the ability to form a very thin SOI device, whose
merits as a MOSFET structure for very short channel lengths are well documented.
Therefore, distinct advantages could be realized with a strained-Si structure that does
not include the strain-inducing layer, but instead has a strained-Si layer that is directly
on another layer, such as an insulator layer to yield a strained SOI structure.
However, conventional wisdom has been that the SiGe layer must be present at all
times to maintain the strain in the silicon layer, in that exposure to elevated
temperatures during subsequent processing would have the effect of removing the

strain in an unsupported strained-Si layer.



times to maintain the strain in the silicon layer, in that exposure to

el evated tenperatures during subsequent processing would have the effect
of renoviwg oklgn24strain in an unsupported strained-Si | ay®cT/UAR2/@299080241
PCT/ US02/ 08795 -3 BRI EF SUMVARY OF THE | NVENTI ON [ 00061 The present
invention provides a SO structure and a nethod for its fabrication, in
which a strained silicon layer lies directly on an insulator |ayer. As
such, the invention overcones the di sadvantages of the prior art

requi renent for strained-Si structures on an insulating substrate to
include a strain-inducing (e.g., SiGe) |ayer between the strained-Si |ayer
and t he i NBRIEH SUMMARWEHHDHE GNVIEENKON nventi on generally entails formng
a silicon layer on a strain-inducing layer so as to forma nultilayer
structure, in which the strain-inducing |ayer has a different lattice

constant t[papejsi | i ComhSgretdiinvieRGorbprodidas h RO GirAGuledAl hAtHNCRT i@t rain in
the silicon layer as a result of the lattice msmatch. The nultilayer

st ruct ur e fiebri¢dtion, iporltiek asbaiaed silipen lagerdies dline¢idit oman ingelatoaddyey Aayer is
bet ween th tyained.silicon |ayern. and t he bst.r at and s hat the
ot o mod el BElRESGh ot oo HEH A nldEs o HRBHP A FrogBiER 3L (1D

pur pose, tdmirdedsSilsatiétngeslony@rindiatingsubstand Bedclade 4 BeniptilGiciat(e.cqr on the
surface of _the strained silicon_ | ayer opposite the strain-inducing |ayer.
The strai miGehlyer briweely/de sirainedréhlayeranddhe insulpios) d'he methog) ofdlais

silicon-on-i : : 0, I J i silicon
| ayer on p H{é&lﬁﬁé %teg%rﬁﬂg%gé‘%}%?%émﬁﬁ%ﬁ%& ﬂ?%]rsoﬁil a |a'r111%ﬁﬁig§121§1 g?%gigt ween t he
substr at e fand ashulaiayedstsichiredn wikgtethe sisinandesng Iayertiag a diffaranttlattige SSO
structure does ntﬁ cl ude_an_addi ti.onal sirai.n-induci.n | nst ead,

t . lLayer.
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| nduced i s refill /008 1D FARDLRUBALANE SdolusRiRlPbAlRda Ry @ substrate

that does not have a strain- inducing latfice msmatch with silicon. In the

SSA st r uctubsteate shthat arsinsnlating layer/isbetween the strained silicon layer and the
substrate, and so that the strained silicon layer directly contacts the insulating layer.
For this purpose, the insulating layer may be provided on the substrate or on the
surface of the strained silicon layer opposite the strain-inducing layer. The strain-
inducing layer is then removed to yield a strained silicon-on-insulator (SSOI)
structure that comprises the strained silicon layer on the insulating layer, with the
insulating layer being between the substrate and strained silicon layer. As a result, the
resulting SSOI structure does not include an additional strain-inducing layer. Instead,
the present invention is based on the determination that strain already induced in a
silicon layer can be substantially maintained by a substrate that does not have a strain-
inducing lattice mismatch with silicon. In the SSOI structure, the insulating layer
(alone or in combination with the substrate) is in some manner able to physically

inhibit relaxation of the strained silicon layer.

[0007] According to the invention, the resulting SSOI structure is particularly
well suited as a semiconductor substrate for IC devices. For this purpose, source and
drain regions are formed in the surface of the strained silicon layer, and the silicon
layer defines a channel between the source region and the drain region. As aresult of

the method by which the SSOI structure is fabricated, the strained-Si channel directly



(alone or in conbination with the substrate) is in sone manner able to
physically inhibit relaxation of the strained silicon |ayer. [00071

Accor di ngwoe2084i nvention, the resulting SSO structure PSTABNLOSTH arly
wel | suited as a sem conductor substrate for |1C devices. For this purpose,
source and drain regions are fornmed in the surface of .the strained silicon
| ayer, and the silicon |ayer defines a channel between the source region
and the drain region. As a result of Lgﬁ_nethod by which the SSO
structure is fabricated, the strained-Si channel directly WO 02/ 080241

PCT/ US02/ 08795 -4 contacts the insulating layer. By elimnating the

st r ai n- i ncepniacty thaymnlating dayet. By eBmimating theSitramhiadneahg ldyeeumpicethent i nventi on

enabl es the advant ages strained-Si t echnol o to be re full
real i zed. eggﬁr‘fﬁg@el’gf‘? PRt ?mvﬁn?%e%ggiﬂ?ﬁa Vﬁ%%?gs?:(g S&ﬁﬁ?@ﬁl'gﬁoe. g., Sine)
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W th various processing steps such that mater Integrity can be
mai nt ai nedndedinhlgyaMes. f3ibe) rdusasrihe fotrd t8kresheff the B@BFET deidcadudnt ages of

this inventj Wl ..be better appreciated fr he. fol |l Qw det ai |l ed
toser ! pt 1 onoRfetyiafs @ith oo ARBASEh SE0s R BA S AL s87hE, poon: <
al t er nat i viaihetdud digieg EMOS fabhdafigna st rai ned- silicon-on-insulator (SSA)

structure in accordance with the present invention. [0010] Figures 2 and 3
show two MOSFET applications that utilize the SSO structure of Figure 1.

DETAI LED | PTI Fi ents processes
W thin thgggg@pe O%EﬁgEﬁE&ﬁ%&%@%&%@%15\5%{)1&&%%@%%@ ructure 16 can
be fornmed appresitahframshe fillbedng déthidaindegqiptvnned-Si) layer 12 lies directly
on an insulator layer 14, such that the structure 16 can be further

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Figure 1 represents alternative techniques for forming a strained-

silicon-on-insulator (SSOI) structure in accordance with the present invention.

[0010] Figures 2 and 3 show two MOSFET applications that utilize the SSOI
structure of Figure 1.

DETAILED DESCRIPTION OF THE INVENTION

[0011] Figure 1 represents processes within the scope of this invention by
which a multilayer structure 16 can be formed in which a strained silicon (strained-Si)
layer 12 lies directly on an insulator layer 14, such that the structure 16 can be further
processed to yield a strained silicon-on-insulator (SSOI) structure 10 suitable for
fabrication of MOSFET’s and other IC devices such as those represented in Figure 2.
Figure 1 illustrates four alternative techniques (“Alternatives” (A), (B), (C) and (D))
for the first step of the process represented in Figure 1. With each of the alternatives
shown in Figure 1, a multilayer structure is bonded to a substrate so that the insulator
14 is between the strained-Si layer 12 and the substrate, and such that the strained-Si

layer 12 directly contacts the insulator 14. While four techniques are shown and will



processed to yield a strained silicon-on-insulator (SSO) structure 10
suitable for fabrication of MOSFET's and other |C devices such as those
representwo oem8@ugure 2. Figure 1 illustrates four altermativse2os3ehni ques
("Alternatives" (A, (B), (C and (D)) for the first step of the process
represented in Figure 1. Wth each of the alternatives shown in Figure 1,
a nultilayer structure is bonded to a substrate so that the insulator 14
is between the strained-Si |ayer 12 and the substrate, and such that the
strained-Si layer 12 directly contacts the insulator 14. Wile four
techni ques are shown and will WO 02/080241 PCT/ US02/ 08795 -5 be discussed
bel ow, it besdifamseddehiw,at isHatesatblerthdt eden taghriguentdutt bedddsedsed and

enpl oyed to vield the.internedi.ate tilayer structure 16 of Figure 1, and
such npdiffnillﬁgl"? ﬁsVlfjf‘é‘iW{%?lﬁélﬁﬁén@gl%@ choss L6 phbgnts b_ﬁ.n_g F¥Paddi ti on,
whi | e Fi gukedifibat@id ardwihaWh&Wobb bades ﬁ%ﬁ%&n@flﬂd&«ﬁﬁoﬁ,%lé Bigh@s @ ahlfym t ed

nunber of |ayers, those skilled'in the art w appreci ate"that additional
| ayers of Zshovowyltdaresed sirusturendodnpyisingalénlitednumber of flayecy, thoss skilledout

substantively al.t.ering. i nvention. O .inportance.is t h .techni que
shown in Fi aé?é’v 1& agpg%teggataa%&%}ogﬁﬁ%@%f)f Ya(':\?Pé‘P Hﬁer{allrca‘foult@g%i’l‘%%art? & by a
layer (e. gstiuctdésdrithor Bestdnliaslytatefingibe GhvedtibAl Oflityortide etlatsdabii N 1 n the
silicon layer A 12. Therefore, additional |ayers can be included in the

struct ur e ‘egmigueshaynAR Figvee { prosiuces mutesinedtSillayes p3 ghat af suphertedivent i on i s
met. The fg r_(té‘.gg%fk?t? bﬁgfth%hﬁaﬁvh? hd\}@il&%&%ih@uceh Qﬁai%ﬁﬁ _ﬁ{elos_%licsonqg &9 bonded,

[
e.g., silicon insuf a ernati , insulator i nsul at or

(Al ternatile TH)fore, additiadad layers-af e Gauhsiedtin the( shub it 86 hy/Bnf @3 Jhe this

sem conducf or -t o-sem conductor (Alternative (D)). [,0012_1 Al ternative (A) of
Figure 1 riupfaeailaspect ohthednyepiian isspet, dhgleuradlepativesdiffer pamailydied by

bondi ng a i : ¥ } : onpri ses
Che st Pa nagnig ol atfboHds, o, Ahrel militol [ARmaleyah) iftubfbr 6OTD ! oF

the substinsitlatop@ltegnativei (B, csulahe-thisemicahductorgjAllermtive SPsort hat create a

ir | evel. of rain . .
desired ese?mco%dugttor-?o-semlconductor (Alternative (D)).

[0012] Alternative (A) of Figure 1 represents the multilayer structure 16 as
being fabricated by bonding a pair of structures 18 and 20. The first structure 18
comprises the strained-Si layer 12 on a relaxed SiGe substrate 22. The function of the
substrate 22 is to induce the biaxial tensile stresses that create a desired level of strain
in the silicon layer 12, and therefore could be formed of another material having a
lattice constant that differs from silicon. Because the relationship between the
germanium concentration and lattice constant is linear for SiGe alloys, the amount of
strain induced in the strained-Si layer 12 can be tailored by the amount of germanium
in the SiGe alloy. Germanium has a lattice constant of about 4 percent greater than
silicon, which is therefore the upper limit for the lattice mismatch between the
strained-Si layer 12 and the SiGe substrate 22. A preferred lattice mismatch is
believed to be about 0.2 to about 2 percent, achieved with a SiGe alloy containing
about 5 to about 50 atomic percent germanium, though it is foreseeable that lower and
higher mismatches could be used. Furthermore, lattice mismatches greater than 4

percent are possible of the substrate 22 is formed of a material other than a SiGe alloy.



in the silicon layer 12, and therefore could be forned of another materi al
having a lattice constant that differs fromsilicon. Because the

rel at i onsWop2logieween t he germani um concentrati on and | at PCTaSoDoRTPRNt | S

| i near for SiGe alloys, the amount of strain induced in the strained-Si

| ayer 12 can be tailored by the anobunt of germanium in the SiGe alloy.
Germanium has a lattice constant of about 4 percent greater than silicon,
which is therefore the upper limt for the lattice msmatch between the
strained-Si layer 12 and the Si Ge substrate 22. A preferred lattice

m smatch is believed to be about 0.2 to about 2 percent, achieved with a
Si Ge al | oyl08b3it ai ni nghe atbstmateBZﬁmplafamhly 5@inglescriystajpaateial agbtheani um  t hough

it is foreS eea §1t haﬁnzl ovve%1 Q “é‘? matt():he oul d b used,

Fur t her mor 82 M°EEY 1 O nt ShET PRESY Gro4t ep b(e eﬁu aGr i‘)‘%sYlﬂte of the
substrat e RiwnsteéfigRd iR therfTBIRISiBE sAbdhaTe 1B 1R SRl B Y kn¥¥h 02/ 080241
PCT/ US02/ 08795 -6 [00131 The substrate 22 is preferably a single- crystal
materi al , A@pdodhes epitexial @@IWﬂSﬂnd @?1@01111@281(& grozyshitheugh othegnethadsome t he Si Ge

substrate echni n The

substrat e égesg%k?ebcﬁﬁcgﬁsﬁgtg gl Sd%’ ﬁtr?gwg as %%teﬁ*éaiaﬁé%e C@BF%%&% SIE?%% h and
Czhochr al stk sg#iavd-Bi lat&0100k uﬁﬂéﬁﬁa}ﬁﬁt’t&%ﬁ&l ahile thOERRAGRBIRGe Bastdfee t he

Si Ge substrate 22 has a Q%bleat er lattice const ant than silicon, the

st r ai ned- Sp2 1egipgs substanfially d@stranedsjon| relaxad | oﬁsuwﬂqlt thigkmess faeithel yi ng Si Ge
Substrate HedT]y I . Ui table

t hi ckness Sft%?ﬂet he @}%#ﬁ%ﬁ%ﬁb ?H %Sttnlgﬂs}é S’ﬁﬁ ‘G tabl@ t@gisrgeg?tgf;dgtﬂ?ons whi | e
a suit abl eSi(eisokstessisfaboutt 1060 t&alﬁ?mt§01®90hﬁg£ronﬁs. about 1000 to about 50, 000
angstroms. [00141 The second structure 20 of Alternative (A) of Figure 1
conprises the insulator 14 on a substrate 24 that at least initially
serves as poindl e Wekedoohl sthldfire b Rt (A St Pl IRGERRCSpeAr ent
fromthe fol Imgvm ng, it |e§ fosr eseeg A?ttgt a(;ne or re lay rsesg{? vari ous
mat er i al s wewltgr bé oh ashiostete %ﬂmdeashmlttaﬂsulea/teaas 4 haraidelwafer for the

insulator 14. As will become apparent from the following, it is foreseeable that one or

more layers of various materials could be included between the insulator 14 and
substrate 24 or on the backside of the substrate 24 (opposite the insulator 14).
Suitable materials for the insulator 14 include silicon oxide (silica, Si0,), silicon
nitride (SiN), and aluminum oxide (alumina; Al,O,), though other electrical insulating
(“high-k”) materials could foreseeably be used, including silicon oxynitride, hafnium
oxide (hafnia, HfO,), zirconium oxide (zirconia, ZrO,), and doped aluminum oxide.
Thicknesses of up to about one micrometer are believed suitable for the insulator 14.
Suitable materials for the substrate 24 are dependent on the role, if any, that the
substrate 24 serves in the final SSOI structure 10. As will be discussed in greater
detail below, the substrate 24 may subsequently serve as a gate electrode for a
MOSFET device, such that preferred materials for the substrate 24 include single-
crystal silicon, polysilicon, metals such as tungsten, etc. Other suitable materials for
the substrate 24 generally include SOI, SiGe, GaAs and other III-V semiconductors.
While the individual thicknesses of the insulator 14 and substrate 24 are not generally
critical to the invention, the total thickness of the structure that remains to support the
strained-Si layer 12 (which includes both the insulator 14 and substrate 24 in Figure

1) must be sufficient to maintain a desired level of strain in the strained-Si layer 12.



substrate 24 or on the backside of the substrate 24 (opposite the insulator
14). Suitable materials for the insulator 14 include silicon oxide (silica,
Si02), siwDmonsozmi tride (SiN), and al um num oxi de (al um n®CTAKBD®795 t hough
other electrical insulating ("high-k") materials could foreseeably be
used, including silicon oxynitride, hafnium oxide (hafnia, Hf02),
zirconiumoxide (zirconia, Zr02), and doped al um num oxi de. Thicknesses of
up to about one microneter are believed suitable for the insulator 14.
Suitable materials for the substrate 24 are dependent on the role, if any,
that the substrate 24 serves in the final SSO structure 10. As wll be

di scussed [0813r eat erIn Als¢rativel(dl) ofiFigubel shbstruciires P&amhy0 selboadgdent | y serve
as a gate electrode f.or .a MXSEETI. device, such that preferred terials for
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(such as asu%sr,rt?a{tcte %'.t 1hS SRz Cut process is used, a hydrogen implant step required by

this process can be performed at various points during the three process steps

represented in Figure 1. The result of removing the substrate 22 is the SSOI structure

10 shown in Figure 1, which is shown as including only the strained-Si layer 12, the

insulator 14 and the substrate 24 though, as noted above, one or more additional

layers could be present between the insulator 14 and substrate 24 or on the backside of

the substrate 24 (opposite the insulator 14).

[0016] Alternatives (B), (C) and (D) of Figure 1 can make use of the same
materials as used in Alternative (A). Alternative (B) differs from (A) in that the
insulator 14 is formed by two individual layers 14a and 14b formed on the strained-Si
layer 12 as well as the substrate 24. The layer 14a formed on the strained-Si layer 12
can be thermally grown or deposited by known methods. In Alternative (B), the
bonding step is insulator-to-insulator (14a to 14b). Again, one or more additional
layers could be present between the insulator layer 14b and substrate 24, or on the

backside of the substrate 24 (opposite the insulator layer 14b).

[0017] Alternative (C) of Figure 1 differs in that the insulator 14 is entirely



avai lable from LETI), a chem cal etching process that is selective to
silicon, or a conbination of these techniques. The preferred nethod for
conpl et elworoemenzikng the SiGe substrate 22 is by a sel ect ipga/ushzod7esnl
etching process such as HHA (hydrogen peroxide, hydrofluoric acid, acetic
acid) etching, which preferentially etches the SiGe substrate 22. If the
Smart Cut process is used, a hydrogen inplant step required by this process
can be performed at various points during the three process steps
represented in Figure 1. The result of renoving the substrate 22 is the
SSA structure 10 shown in Figure 1, which is shown as including only the
st r ai ned- Sirowayedefdgijted dﬂectiynmxhaBM@Sialaylertﬂieimmb& bf AleauBstratddligh, as

not ed abov e.or r i.t.i.onal ers cou esent bet n the
Mosul ator Rasithotne Gt 2 G R combmismRGplates bf Fstod et

(opposi te hiebé ﬂ&t&b@t&mp%ﬂént ARG £6. ”Altbfﬁ@ﬁve%@) ,geﬁéhllﬁfk%rés@tsof FI gure
1 can nake use of the sane materials as used ternative .

Al t er nat i \ibe pBjtilaydrisenetute Bnas(bjng formediby @mmsuiamwb-acmmondluqtg (ﬂértcmad by two
i ndi vi dual 14 nd 14b formed on the strained-Si layer 12 as well
as the subzsit)f%éﬁ(ﬁ%&pgrfﬁ Iayer 14a forned on the strained-Si |ayer 12 can
be thermally grown or deposited by known methods. In Alternative (B), the

bondi ng steB is insulator-to-insulator &@r@a to 14b). Again, one or nore
addi ti onal [0018lyer s cXimitir feAlrasiivr (Dehlieaative(®)ipneides that th%\yléulaim&a and
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Alternative (C) generally represents e multilayer ucture 16 as being
formed by shawinras thesode camspaeni efdhel stulomre @0, such that after wafer bonding these

layers 24a and 24b form the substrate 24. The layers 24a and 24b may be formed of

the same material, e.g., one of those discussed above for the substrate 24, though
applications exist where the layers 24a and 24b are preferably formed of differént
materials, e.g., two or more of those discussed above for the substrate 24. If the layers
24a and 24b are formed of silicon, the structures 18 and 20 can be bonded together by
known silicon direct bonding methods. The layer 24a can be'deposited on the

insulator 14 by such known methods as chemical vapor deposition (CVD).

[0019] With each of the alternatives shown in Figure 1, the resulting
multilayer structure 16 is further processed to remove the SiGe substrate 22, leaving
the SSOI structure 10. Most notably, the invention eliminates the substrate 22 that
originally induced the desired tensile stress in the silicon layer 12. According to the
invention, the tensile stress in the strained-Si layer 12 is maintained by the SOI
structure 10, more particularly, the insulator 14 and possibly the substrate 24. The
extent to which the substrate 24 contributes to maintaining the strained-Si layer 12
will depend on the particulars of the insulator 14. For example, the substrate 24 is
more likely to have an affect if the insulator 13 is very thin. It is important to note

that the ability for strain already induced in a silicon layer to be substantially



24) bonding operation. [00181. Simlar to Alternative (C), Alternative (D)
provides that the insulator 14 is grown or deposited directly on the

st rai ned-w8D okagen1 12 i nstead of the substrate 24. Altern2CIrusoy/79% urt her
differs by the use of two individual |layers 24a and 24b to formthe
substrate 24, with the | ayer 24a being deposited on the insulator 14. The
waf er bondi ng operation involves mating the |ayers 24a and 24b (the latter
being shown as the sol e conponent of t_rbe_ structure 20), such that after
waf er bondi ng these |ayers 24a and 24b formthe substrate 24. The | ayers
24a and 24b may be fornmed of the sane material, e.g., one of those

di scussed mhbiotencddry 4 substsath dat does A4 havdwstotin-irajnpingdaticonssneatelstvithher e t he

| ayers 24a.and 24b are preferably forned of different materials, e.g., tw
or nore of S as&”%l?ﬁ@ﬁé‘&“ﬁ‘ﬁfé W?ﬁlntaﬂén%eﬁﬂgﬁtwgﬁéa ; up fo tg’r?én'l’%{’g‘}‘@?s 243
and 24b are fornmed of silicon, the structures 18 and 20 can be bonded

t oget her bfl known silicon direct bonding nmethods. The |ayer 24a can be
deposi t ed [8828lhe i nidighzes @rand 4 rresant twdk BBGHMEIFISH strnaurehenile possitdpor

deposi tion D.. 100191 Wt ach of 8 shown in Figure 1,
the resul t‘iVlﬁlg%e)rﬁS‘i’%ﬁP\p%%l?“"& Bﬁ?ﬁgﬁlf%g’l%é“?@ ﬁﬁﬁ?gﬁi%ng% to renove the
SiGe s }JbStafp?_Ir@J_rf&%ly Hesiug ag stﬁaﬁﬁdS‘iSQgeﬁm HEdefinR sdbrce MRS HraDfcgldiny 26t he
invention elinmnates the substrate 22 that originally induced the desired

tensil e st#EsS separpied byia ghapnel B ylefinabhy thetcrartemef the straiged-Shiazet 1n, t he
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structure 10, nore partic he 1'n y the
substr at e Pdnedbecomxhiioral dopind ntthdds€o Beibs bf pt dogetl. Cophteishutias fop

mai ntaining the sirajned-Si layer 12 wll depend on the particulars of the
i nsul at or t?ngpl? 1%&‘&%‘@@?@& deRositingor groWiag a,gatecoxiqdqd. o yvadipe an
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WO 02/ 080 2phdrdifgdsBami®ndiEctinggnaterial. Suitable processes for forming the gate oxide
32 and electrode 34 are well known in the art, and therefore will not be discussed in
any detail here. In the device of Figure 2, the substrate 24 serves primarily as a
handle wafer. In contrast, the device of Figure 3 is a double-gate MOSFET 50, in
which the substrate 24 is patterned to form a second gate electrode 36 that is insulated
from the channel 30 by the insulator 14. In this role, the substrate 24 must be formed
of a suitable conducting material such as tungsten or another metal, or a
semiconducting material such as silicon, polysilicon, etc. As with the MOSFET 40 of
Figure 2, the double-gate MOSFET 50 of Figure 3 can be fabricated using known
MOSFET processes. Because of the greater mobility of electrons and holes in the
channels 30 due to the strained-Si layers 12, each of the devices 40 and 50 of Figures
2 and 3 are capable of exhibiting enhanced performance as compared to conventional
MOSFET devices of similar construction. Anticipated performance improvements
include increased device drive current and transconductance, as well as the added
ability to scale the operation voltage without sacrificing circuit speed in order to

reduce power consumption.

[0021] While the invention has been described in terms of a preferred

embodiment, it is apparent that other forms could be adopted by one skilled in the art.



mai nt ai ned by a substrate that does not have a strain-inducing lattice

m smatch with silicon was unknown until determned in an investigation

| eadi ng wwotoe/o8d2es i nvention. [0020] Figures 2 and 3 repPeIArsn2/08ms SSO
MOSFET structures made possible wth the present invention. In Figure 2, a
SSO MOSFET 40 is fornmed by appropriately doping the strained-Si |ayer 12
to define source and drain regions 26 and 28 separated by a channel 30
defined by that portion of the strained§ |ayer 12 between the regions 26
and 28. The source and drain regions 26 and 28 can be formed by
conventional doping nethods to be n+ or p+ doped. A gate structure for the
channel 3Fdrsxampls, didferant ptogestepasd proogss paragretans epldibeased, tringdtiBger

foll d b te elect whi ch b t al | | | i
or anot nerHiih iR A ARF bt SRt g e iide, o o oo™
processes ihQflatir@ 18y 66 it ARG © thddedBown ZanAnPpRipeiatcRsleriadd cangbyel | known in

the art, and therefore will not be discussed in any detail here. In the
devi ce of ﬂﬂbﬁfﬂlﬂ@d dor thage naiers 1 Aeoadinalys e veepenfithrminveatioads to bolimieé waf er .

In contras 0 gure 3 is a double-gate MOSFET 50, in which
t he substra ngmﬂﬁﬁb&> é?%g{ to forma second gate electrode 36 that is
insulated fromthe channel 30 by the insulator 14. In this role, the
substrate 24 nust be fornmed of a suitable conducting material such as
tungsten or another netal, or a sem conducting material such as silicon,
polysilicon, etc. As with the MOSFET 40 of Figure 2, the double-gate
MOSFET 50 of Figure 3 can be fabricated using known MOSFET processes.
Because of the greater nobility of electrons and holes in the channels 30
due to the strained-Si |ayers 12, each of the devices 40 and 50 of Figures
2 and 3 are capable of exhibiting enhanced perfornmance as conpared to
conventional MOSFET devices of simlar construction. Anticipated
performance i nprovenents include increased device drive current and
transconductance, as well as the added ability to scale the operation
voltage without sacrificing circuit speed in order to reduce power
consunpti on.



[0021] Wile the invention has been described in ternms of a preferred
enbodi nent, it is apparent that other forns could be adopted by one skilled
in the arwo opBs@2r 080241 PCT/ US02/ 08795 -10 For exanpl e, PdirfuiSez/estys
processes and process paraneters could be used, the nmultilayer initial,
internediate and final structures could contain sem conducting and/or
insulating layers in addition to those shown, and appropriate materials
could be substituted for those noted. _A&cordi ngly, the scope of the
invention is to be linmted only by thefollow ng clains. WO 02/080241
PCT/ US02/ 08795 -11- CLAIMS: 1. A silicon-on-insulator structure (10)
conpri si ngChA$MSai ned silicon layer (12) directly on an insulating |ayer
(14). 2. A silicon-on-insulator structure (10) according to claiml1,
wherein the strained silicon layer (12) is under tensile strain. 3. A

Si | con-on- i nsul at or | S GRoHLGhfrbhioR SE A HEN 90 B Rirf lsrIAAIAn T he
ho ro

i nsul ating Iayer(§14) is formed of a materi al e group

consi st i nglapér (123) direstli odiansinaidgtingileyer 6ni tri de, silicon oxynitride,

haf ni um oxi de, zirconi um oxide, alum num oxi de and doped al um num oxi de.

4. A silicon-on-insulator structure (10) according to claim1, wherein the

insulating |ayer (142, A%ﬂacolawﬂ-ﬁﬁu1maeudt®ée{10)%&mmg th REMLI, inggsh si | i con
| ayer (12) and a third layer (24). 5. A silicon-on-insul ator structure

(10) accor‘&?ﬁ‘éalﬂ%d Ella?IFHaIer(fla}tsh‘@defté@ﬂﬁrstfsmng source and drain regions
(26,28) in the strained silicon layer (12), the strained silicon |ayer
(12) defining a channel (30) between the source region (26, 28)

3. A silicon-on-insulator structure (10) according to claim 1, wherein
the insulating layer (14) is formed of a material chosen from the group consisting of
silicon dioxide, silicon nitride, silicon oxynitride, hafnium oxide, zirconium oxide,

aluminum oxide and doped aluminum oxide.

4. A silicon-on-insulator structure (10) according to claim 1, wherein
the insulating layer (14) is a buried oxide layer between the strained silicon layer (12)
and a third layer (24).

5. A silicon-on-insulator structure (10) according to claim 1, further
comprising source and drain regions (26,28) in the strained silicon layer (12), the
strained silicon layer (12) defining a channel (30) between the source region (26,28)
and the drain region (26,28) so as to define a field effect transistor device (40,50), the
channel (30) being in direct contact with the insulating layer (14).

6. A silicon-on-insulator structure (10) according to claim 5, further
comprising a gate (36) separated from the channel (30) by the insulating layer (14).

7. A silicon-on-insulator structure (10) according to claim 5, further
comprising a pair of gates (34,36) separated by the channel (30).

8. A silicon-on-insulator structure (10) according to claim 7, wherein a



and the drain region (26,28) so as to define a field effect transistor
device (40,50), the channel (30) being in direct contact with the

i nsul ati ngoloaysr4(14). 6. A silicon-on-insulator structur@CifAGp2/essedr di ng
to claimb5b, further conprising a gate (36) separated fromthe channel (30)
by the insulating layer (14). 7. A silicon-on-insulator structure (10)
according to claim5, further conprising a pair of gates (34, 36) separated
by the channel (30). 8. A silicon-on-i ns_uil ator structure (10) according to
claim7, wherein a WD 02/080241 PCT/US02/08795 -12 first of the gates (36)
is separated fromthe channel (30) by the insulating |ayer (14). 9. A

si | i con- on- firs of the@atest(3¢)ds separgtadhiffomdbociinng (80) by the insdjatingdayer (14. second
of the gates (34) is separated fromthe channel (30) by a second insul ating
| ayer (32). 10. A silicon-on-insulator structure (10) according to claim1,
further conprising agseriifesdoeiRilatad%etctiRA)0raRbREd PEILRER, Wikwidki ng

| ayer (14) and _separated fromthe strained silicon |ayer (ng) by the

i nsul ating Pepad Oft%&)gateﬂ%)As sqparaseshirom theaehanaeld?0)sur agecoreingulglingiccor di ng
to claiml, la‘ﬁ‘/&e@?;” the strained silicon |ayer (12) does not contact a
strain-inducrng fayer (22) having a lattice constant different from
silicon. WO 02/080241 PCT/US02/ 08795 -13 12. A nethod of formng a
strained silicon-on-insulator structure (10), the nethod conprising the
steps of: forming a silPi Coligomparineylaior shuciine (1 Q) accordmgdp slpimaly &yrthep o) 5o
as to for 1 d t 3 s Al 1= i er (22)
havi ng a d%@gﬁgﬁlgh?grﬁc?%%&%%r}ﬁeggégﬁgﬁgm @%glﬁéusﬁghgﬂ%t% ?ﬁ%';@lyl i con |ayer
(12) is straépasdedfom thestdinedofili@n layer (12) by the insulating layer (14).

11. A silicon-on-insulator structure (10) according to claim 1, wherein
the strained silicon layer (12) does not contact a strain-inducing layer (22) having a

lattice constant different from silicon.



lattice msmatch with the strain-inducing |ayer (22); bonding the

mul tilayer structure (18) to a substrate (24) so that an insulating | ayer
(14) is bwowessn2the strained silicon layer (12) and the swro3tusar/es7924),
the strained silicon layer (12) directly contacting the insulating |ayer
(14); and then renoving the strain-inducing |ayer (22) to expose a surface
of the strained silicon layer (12) and to yield a strained
silicon-on-insulator structure (10) conprising the substrate (24), the
insulating |ayer (14) on the substrate (24), and the strained silicon

| ayer (12) on the insulating |layer (14). 13. A nethod according to claim
12, wherein the subst ﬂ%—tél{lgdwdpéformmgmﬂrmedasﬂwm%m@eto@ﬁtm%u@ﬂ%. 14.

A net hod ac irr%;etﬂg(]‘ %@nﬂgﬁﬁ%ﬁtwg\@ﬁrei n the strain-inducing layer (22) is

formed of a e strained silicon layer (12) is under
tensile strain. 15. fomindhodiliaceyei (19) dwa slrainrmdiingdagegRp) dohs t&i Ge al | oy
has a latti.ce con 1Llant of abod%) 0.2 to ahout perC()agt Jlarger. than the

2 &

lattice _congoftﬁlrﬁ’fn%}t aygr sirpgnee t}ﬁ statrigdueing Y_GT%_ 1pg adHferent wher ei n
the strai negyfiel dof@nd B PEilicdnl® thhthé ﬁﬂiig&{ila Yr g@%k%ﬁ'eg ag Q‘Pésgu%gﬁt he
strain-inducing layer (22). 17. A nethod accCording to claim 12, erein the
i nsul ati ng lagjesrmigmajch wish the strhia-isdisng ayer 22%), and t he bonding step

i bondi ng t he i nsul ating . 02/.080241 PCT/ US02/ 08795 - 14
(14) of ‘the substr at 6°pRHy s THEl-GHs SmGEe (10 o b AT prsy Biat e

nul tilayer ﬁisﬁldﬁhglla?er §1h§5)s-beia8een&hé@thﬁ@éh ﬁﬁ@cﬁfﬁgé}qm)%naltﬁé HblRate\ P €i n the

i nsul ating | ayer é 4b) i1s on the substrate (24 the nmultilayer structure
(16) conpri destraimed silican fayer (12) directly contacting the insulating layer (14); and then

removing the strain-inducing layer (22) to expose a surface of the
strained silicon layer (12) and to yield a strained silicon-on-insulator structure (10)
comprising the substrate (24), the insulating layer (14) on the substrate (24), and the
strained silicon layer (12) on the insulating layer (14).

13. A method according to claim 12, wherein the substrate (24) is

formed of a semiconductor material.

14. A method according to claim 12, wherein the strain-inducing layer
(22) 1s formed of a SiGe alloy, and the strained silicon layer (12) is under tensile

strain.

15. A method according to claim 12, wherein the SiGe alloy has a
lattice constant of about 0.2 to about 2 percent larger than the lattice constant of

silicon.

16. A method according to claim 12, wherein the strained silicon layer

(12) is formed by epitaxial growth on the strain-inducing layer (22).

17. A method according to claim 12, wherein the insulating layer (14)

is on the substrate (24), and the bonding step comprises bonding the insulating layer



i nducing | ayer (22), the strained silicon layer (12) on and contacting the
strain- inducing |layer (22), and a second insulating |ayer (14a) on the
strai ned wplozogn4l ayer (12), and the bondi ng step conpri ®ET/USONEK7AY t he
insulating |ayer (14b) of the substrate (24) to the second insulating

| ayer (1 4a) of the nultilayer structure (18). 19. A nethod according to
claim12, wherein the nultilayer structure (18) conprises the
strain-inducing |layer (22), the strained,silicon |layer (12) on and
contacting the strain-inducing |layer (22), and the insulating |ayer (14) on
the strained silicon layer (12), and the bonding step conprises bonding

t he i nsul afl#hgf thayebstiatesR4pto the bieained dilidcanlayer §t 2oditthe multilS)er stoudbive
substrate ). 20. A nmethod according to claim12, wherein the multilayer
structure %'8) conprises the strain-inducing |ayer (22), the strained
silicon layer (12) on and contacting the strain-inducing |ayer (22), the
i nsul ating | ayer (14£ on the strained silicon layer (12), and a

sem conductor | ayer (34Amahod ansordind folaimgl?, apereiy the)insudaiing layee bondi ng
i . i ] | 4 f th [ til
trictur e (15is B Abstile AL ERANNES LB clsF Eihaties i S o o1 ai 1m 20

wher ei n t hiadsdibhslayat @2),((Rested@adZdligoni 18y OT2YRA 206 cantaetiigbodyghor materi al .

22. A method according to claim12, wherein the renoving step conprises
one or nor8deERs kvELEL)-RE descaddnsulatmedays pl4ed A ithe strainedrsilicnn erl -

o con. AR SRS RIS pat Fen it ton diES ENARL IRLE CBIER DOt €IS
12, furt hesubstoatp(34 itorthetseeorstiamlating Ihyer il 4u) ofitheliiltiyecsnicale B®). i n t he

surface of the strained silicon |ayer (12). 24. A nethod according to claim
23, wherein the step of forming the 1C device (40,50) conprises the steps

of formng source anfh dihdihéEHcBREnd B1AR) 12, Wherein the multilayer structure
(18) comprises the strain;inducing layer (22), the strained silicon layer (12) on and
contacting the strain-inducing layer (22), and the insulating layer (14) on the strained
silicon layer (12), and the bonding step comprises bonding the insulating layer (14) of
the multilayer structure (18) to the substrate (24).

20. A method according to claim 12, wherein the multilayer structure
(18) comprises the strain-inducing layer (22), the strained silicon layer (12) on and
contacting the strain-inducing layer (22), the insulating layer (14) on the strained
silicon layer (12), and a semiconductor layer (242) on the insulating layer (14), and
the bonding step comprises bonding the semiconductor layer (24a) of the multilayer

structure (18) to the substrate (24b).

21. A method according to claim 20 wherein the substrate

(24,24a,24D) is formed of a semiconductor material.

22. A method according to claim 12, wherein the removing step
comprises one or more techniques chosen from the group consisting of chemical-

mechanical polishing, wafer cleaving, and chemical etching selective to silicon.



the surface of the strained silicon layer (12) so that the strained silicon
| ayer (12) defines a channel (30) between the source region (26, 28) and

t he drai rwoagiogm4( 26, 28), the channel (30) being in dire®CTAsNL/687H5 Wit h
the insulating layer (14). 25. A nethod according to claim 24, further
conprising the step of wusing the sem conductor layer (24) to forma gate
el ectrode (36) separated fromthe channel (30) by the insulating |ayer
(14). 26. A nethod according to claim?24, further conprising the steps of
formng a gate oxide (32) on the surfacésof the strained silicon |ayer

(12), and formng a gate electrode (34) on the gate oxide (32). 27. A

met hod accordl ng to 23 aAmméHod Acdotdivey toCldir 125 fithek b@mﬁlﬁﬁﬁgt}&fstepltﬁ] ng the
sem condu | ayer to forma first gate el ectrode ( separ at ed
fromthe aﬁw&an(l eVb?;? (#Ha0) indhe %trfaﬁ@Of &véhalpidtyﬂw%labf%@ h gate oxide
(32) on the surface of the strained silicon layer (12); and formng a
second gate electrode (34) on the gate oxide (32); wherein the nethod
yi el ds a doubl e~ gat eMOSEEFThddbkording to claim 23, wherein the step of forming the

IC device (40,50) comprises the steps of forming source and drain regions (26,28) in
the surface of the strained silicon layer (12) so that the strained silicon layer (12)
defines a channel (30) between the source region (26,28) and the drain region (26,28),
the channel (30) being in direct contact with the insulating layer (14).

25. A method according to claim 24, further comprising the step of
using the semiconductor layer (24) to form a gate electrode (36) separated from the

channel (30) by the insulating layer (14).

26. A method according to claim 24, further comprising the steps of
forming a gate oxide (32) on the surface of the strained silicon layer (12), and forming

a gate electrode (34) on the gate oxide (32).

27. A method according to claim 24, further comprising the steps of:

using the semiconductor layer (24) to form a first gate electrode (36)
separated from the channel (30) by the insulating layer (14);

forming a gate oxide (32) on the surface of the strained silicon layer
(12); and

forming a second gate electrode (34) on the gate oxide (32);

wherein the method yields a double-gate MOSFET (50).



