Strained Channel Complementary Field-Effect Transistors and Methods of
Manufacture CROSS-REFERENCE TO RELATED APPLICATIONS
[00011 This application relates to co-pending and commonly assigned
patent applications Serial No. 10/423,513 (TSM03-0173), filed April 25,
2003, entitled " Strained Channel Transistor and Methods of
Striviaedf{chamsteh fitb Syplaniata oy B E {30000 i end-Methogds of
28, 2003, entitled "Strained-CNemmfalransistor With a Lattice-Mismatched |
Zone in the Source/Drain Regions." Both applications are hereby
incorporated herein by reference. TECHNICAL FIELD [0002] The present
CROSDBRREGRF ates gevdralEn sePhicontiiats devices, and more
particularly, the preferred embodiment relates to strained channel

[0001 Omplﬂm%aaryaﬁ&k%?ﬁa% UrApsisiors, AncoMahads QfMansastuslications

ACKGROUND [0003] Size reduction of metal-oxide-semiconductor
serafliQid-aifess vensisian MRS EEDA pRCcluding sedustian eiihe-gaiedesoth -

and gate oxide thickness, has enabled the continued improvement in
Tran$Sf6esh P efaipda e & Manstye Anddcostigeiounil/ATegtion TS inegeied filed

circuits over the past few decades. To enhance transistor performance
Febrifamt38y 2603 mntithod B8timtrabbeheh ThanstramSidtbradbainereMoriatghrodinge in the

carrier mobilities. Therefore, strain-induced mobility enhancement is
SouregfidrpiaReaipnd infotb veriiarisiscr phafehriBrR@ i ditish foy defvreace:

scaling.

TECHNICAL FIELD

[0002] The present invention relates generally to semiconductor devices, and more
~ particularly, the preferred embodiment relates to strained channel complementary field-effect

transistors and methods of manufacture.

BACKGROUND

[0003]  Size reduction of metal-oxide-semiconductor field-effect transistors (MOSFET),

. including reduction of the gate length and gate oxide thickness, has enabled the continued
improvement in speed performance, density, and cost pér unit function of integrated circuits over
the past few decades. To enhance transistor performance farther, strain may be introduced in the
transistor channel for improving carrier mobilities. Therefore, strain-induced mobility

-enhancement is another way to improve transistor performance in addition to device scaling.

There are several existing approaches of infroducing strain in the transistor channel region.
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There are several existing approaches of introducing strain in the
transistor channel region. -1 [0004] In one conventional approach, as
described in a paper by J. Welser et al., published at the December 1992
International Electron Devices Meeting held in San Francisco, CA, pp.

000-1002 and t d , I ilico .
toons ermgmsnc%”gvé%"” A s e %Ic?fﬁ@”ﬁae%ﬁ%%%ﬁ%%ﬁ%ﬁ Phgifished
at the lf)lglur I I%QWS %Qn%g P rgaﬁevﬁ: egn <'3:1<9 lllaye q’f%c%sco CA, pp.

semlconductor evice |nc es a straln IcCon rmed”’

1000- 2§ ARC QYA AL LRIAXE: SRR RV fk2a WRIGH 'ge‘;ﬁ{mﬁﬁ]f;gﬁﬁ%qffer
abutting a graded SiGe buffer layer '114. The graded SiGe butfer layer

layer i Mok dedrpad Ay ef-andmbutting.a siicrn sYhsHatachle: appRleh Theferring to

relaxed SiGe layer 112 has a larger lattice constant compared to relaxed

FigurSi apnebrif@dbintayirot e pitandaldsi 4 i0apratwiioonths selardorsi@evet 2nd
will have its lattice stretched in the lateral direction, i.e., it will be under -

abuttiboxralabedsHé s tegier. TR sviesult fornihestratednn #gtmesa Byaad $eGe buffer layer .
Therefore, a transistor 118 formed on the epitaxial strained silicon layer

114. Thoglehaecdeiarng rbdfisnianednicians devbsdatitepsivabstrain 1 -
this approach, the relaxed SiGe buffer layer 112 can be thought of as a

[000S$tresstietfeabied Sidie0esestr airmis iherehannet gmidtnpihe stressed 3 and -
this case, is placed below the transistor channel region 120. [0006]

the thBilpyificarpitabilifi éhaneene tidwabibeb?i Gepd2ed drabotts bidictromstched in
and holes in bulk transistors using a silicon channel under biaxial tensile

the lategiad idireptioie lhdBakh B tBHEdiaxP reagis, ek pithizisgslidoiinsateikin Figures

strained before the formation of the transistor. But there
iband ic. Therefore, a transistor 118 formed on the epitaxial strained silicon layer 110 will

have a channel region 120 that is under biaxial tensile strain. In this approach, the relaxed SiGe
buffer layer 112 can be thought of as a stressor that introduces strain in the channel region 120.

The stressor, in this case, is placed below the transistor channel region 120.

[6006] Significant mobility enhancement has been reported for both electrons and holes in
bulk transistors using a silicon channel under biaxial tensile strain. In the above-mentioned
approach, the epitaxial silicon layer is strained before the formation of the transistor. But there
are concems about the strain relaxation upon subsequent CMOS processing where high
temperatures are used. In addition, this approach is very expensive since a SiGe buffer layer
with thickness in the order of micrometers has to be grown. Numerous dislocations in the
relaxed SiGe buffer layer exist and some of these dislocations propagate to the strained silicon
layer, resulting in a substrate with high defect density. Thus, this approach has limitations that

are related to cost and fundamental material properties.
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_are concerns about the strain relaxation upon subsequent CMOS
processing where high temperatures are used. In addition, this approach
is very expensive since a SiGe buffer layer with thickness in the order of
micrometers has to be grown. Numerous dislocations in the relaxed SiGe

buffer layer exist and some of these diglpcations p e to the str ed
[9007lgjicly fwa?r SR, AU SRS MR e LT SR (e
limitatjgns re re lated to cost m rlal
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film 132'is formed over a completed transistor structure 130 formed in a
exerts S{HEARAHBSRIR L SO 1RTRINMN 10, HiGUIRidg Thesedh SEBES B in the
stressor 132 exerts significant influence on the channel 134, modifying
channéh&@&k@&ﬁd&hﬁh@&n&@aﬁmlﬁrﬁleudhamhﬁimegmghoranm thissintrosiugingor 132 is
strain in the channel region. In this case, the stressor 132 is placed above
placedthencothpletagi¢rahsistoststrsiotemee. Thissschema isldesbrib audmadated papar by
paper by A. Shimizu et al., entitled "Local mechanical stress control
A. ShighiviGy: s..reatitescHrieal enfsh @O Sraseeratrrb debd el direelsrntque for CMOS
published in pp. 433-436 of the Digest of Technical Papers of the 2001
perforipifath sHAPERGHSHOBREE e St %ﬂf&ﬁﬁ?ﬁ%&&%?&?@ﬂl‘f?é fepePE the

2001 reference, [Q008 ﬁ? strai (%ontrl ut m the h!a I% ¥£§§J"m tlS believed
R L oRAkAPTH aRTaS ee dEwction paré)ﬁ%?’i

£50Urce-to-arairi
direction. However, unlaX|aI tensile strain degrades the hole mobility while

[0008LinjaxTAkcoriprossAtsd Bt Pides sl Tbrbiisbisilg tpirial in nature with

implantation
a direction parallel to the source-to-drain direction. However uniaxial tensile strain degrades the

hole mobility while uniaxial compressive strain degrades the electron mobility. lon implantation
of germanium can be used to selectively relax the strain so that the hole or electron mobility is
not degraded, but this is difficult to implement due {o the close proximity of the n and p-channet

transistors.



of germanium can be used to selectively relax the strain so that the hole
or electron mobility is not degraded, but this is difficult to implement due
to the close proximity of the n and p-channel transistors. -3 SUMMARY
OF T_HE INVENTION 100091 In prior art schemes of inducing strain in
transistors, the introduction of a strain by a stressor may benefit

SUMMARS SRR e fikeiepnduction type while degrading transistors of the

second conduction type. This and other problems are generally solved or

circumvented, and technical.advant ' .
oS 2 e SNSRI D

provide a metho

of manufacturing strained n- - ield: i
L e

second ggﬁ’%x@t‘?cﬁ t%,rf?gsﬁ@raﬁgﬂﬁll&r BridisecauRtingHng eifes of drslirea@idoimd

he c annel gion of the transistor. Such a structure is useful in the case
techniUNSACaRRIKIS - MRRlin MRy br-degradeshby shbsiianacr offthe inwentiprention,
also provides an integration scheme for the optimization of strain in the .
whichGhanBek iegigascofarmifanaeianchinachaninen tandiptorsnjeDidld efect
accordance with a preferred embodiment of the present invention, a
transiit@gsisiomﬁmde@érq?atﬂ geelemtrrcoverlying a channel region. A source
region and a drain region are located on opposing sides of the channel

roo10i€910n, herRaRRRIFSaIRAS tormet:bioshuatirstfor decoupling the effect of 2
stressor on the channel region of the transistor.. Such a structure is useful in the case where
carrier mobility may be degraded by the stressor. The invention also provides an integration
scheme for the optimization of strain in the charinel regions of n-channel and p-channel

transistors.

[0611} In accordance with a preferred embodiment of the present invention, & transistor
includes a gate dielectric overlying a channel region. A source region énd a drain region are
Iocated on opposing s'ides of the channel region. The channel region is formed from a first
semiconductor material and the source and drain regions are formed from a second
semiconductor material. A gate electrode overlies the gate dielectric. A pair of spacers is
formed on sidewalls of the gate electrode. Bach of the spacers includes a void adjacent the

channel ragion.- A high-stress film can overlie the gate electrode and spacers.

[0012] In accordance with another preferred embodiment of the present invention, a
transistor device is formed on a substrate of a first semiconductor material. A gate dielectric is

formed on the substrate and a gate electrode is formed on the gate dielectric. Spacers are formed
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semiconductor material and the source and drain regions are formed from
- a second semiconductor material. A gate electrode overlies the gate
dielectric. A pair of spacers is formed on sidewalls of the gate electrode.
Each of the spacers includes a void adjacent the channel region. A
on sftciehI Is %c%rﬁgs a‘f{'é“ &%oavg qlt?etsh eac%?stgaghigzyg%evgﬁq ps%%rechesi'e[% QI;L g\r:ildlndrain
ACCordance with anotrier preferred embo fment of the prese it Inven ion, a

region %’}%{?&%{ \gﬁl\ﬂg %ﬁj&qgﬁﬂl%&%pﬁﬂi@ﬁa? Iléﬁ Jush %ﬁﬂ&k@%’k@.ﬁ@é}%s ate

material. A gate ectric Is formed on the substraté’and a gate electrode

electrotit [OATHRH- QR0 G aALE R RGN SRAGR SRR IIEEE donRidevals.atdne
gate electrode. The spacers each have a void. A source region and a

region @hdithe/@@igegikshformed within the first semiconductor material adjacent
opposite ends of the gate electrode. A high-stress film can be formed
over the gate electrode, the spacers, the source region and the drain
region. -5 BRIEF DESCRIPTION OF TIE DRAWINGS [0013] For a more-
complete understanding of the present invention, and the advantages
thereof, reference is now made to the following descriptions taken in
conjunction with the accompanying drawing, in which: [0014] Figure | a
shows a conventional strained silicon transistor with a relaxed SiGe layer
as a stressor to induce strain in the top epitaxial strained silicon layer;



[0015] Figures Ib and Ic illustrate the origin of strain in the Si/SiGe

heterostructures; [0016] Figure 2 illustrates another way of introducing

strain in the channel is by using a high stress film as a stressor; [0017]

Figures 3a-3g show a first embodiment process flow; and [0018] Figures

4a-4d show a second embodiment process flow. -6 DETAILED

DESCRIPTION OF ILL%% #VE EMBODIMENTS 100191 The making
e

BRIE%R&%@NE%%QE%%@ gd embodiments are discussed in detalil
below. It should be appreciated, however, that the present invention

[0013)provillesamiarscapplitabidcinaadinge thnceprentiayadivbashivoieanipees
wide variety of specific contexts. The specific embodiments discussed are

thereofnpsigrgnaistratv Basie dp disrleliniretdepaRrboan (ke HROMNRHES VIR AR do

not limit the scope of the invention. 100201 The preferred embodiment of
accompanyiRs HRviRG R BBHCPelates to the field of semiconductor devices, and

more specifically, to the manufacture of strained n-channel and p- channel
[0014¥ield Eitprt trasioistor sanittnSend siteiyeo pisnndtipesior mish e eclfoed ] Gvityer
- the preferred embodiment it is possible to separately optimize the
as a stEEspRSfhEEee BTN Brhni en@petHEmne sHFRIMEIS by engineering the
nature and magnitude of the strain in the channel region of the
[0015]ransEignss Forexanmipleridaidesitibte tadhtinch eSieSisichsteaiptintines;
channel of the n-channel transistor in the source-to-drain direction. It is

[0016?'50 %ﬂ@glﬁlﬁwagy&%ther way of introducing strain in the channel is by using a

high stress film as a stressor;
{0017} Figures 3a-3g show a first embodiment process flow; and

[6018] Figures 4a-4d show a second embodiment process flow.



a compressive strain in the channel of the p-channel transistor in the
source-to-drain direction. [0022] In one embodiment, a high-stress film
with a tensile stress may be employed to induce tensile strain in the
channel region of transistors. Tensile strain in the source-to-drain
direction, however, degrades the mobility of p-channel transistors while

DETATRIOVRIRerPNbr afuehanrahiaRsiseisnaeeeiding to the preferred

embodiment of this invention, a stress- decoupling region, e.g. a void, can
be employed to decouple the effect of a high-stress film on the chanpel , .
10015} T TR SPAFEH LTI 5 ST RNETENS WGP g i et

carriers.in, the channel region. -7% 0231 F r.exam(ple igh-stress film
{
s R SRS AR, el AR B TRl

invenSIRAACINGhRle maRilityipR-shan et pRsistars pa ¥Rid mayLerforged;in

the spacer region of the p-channel transistor to reduce the effect of the

embodligBraligSS M o FIRe SYUITRCRSFRIIESRONR Siigindraslaundareandition,
and therefore represent regions with very low stress. A void region is

and délefinedibyoscsperauneradayinfree surface, and the stress in the vicinity
of the void is expected to be very low, By placing the void between the

poozefioh-sifeseHm.aaioe chasneLiseion o grehance iander, the

egative Impact of the tensile stress on the p-channel transistor can be

semickRdHGEHd et ipmemthe staasaf the dighastiast.fireamba Hasauplesd p-

from selected channel regions by placing voids in the vicinity of the
channsefetiedichannsk:segionsepuaieBsom: thieedpacknsnafigelected transistors.
A larger void would result in more

{0021} With the preferred embodiment it is possible to separately optimize the performance
of n- channel and p-channel transistors by engineering the nature and magnitude of the strain in

the channel region of the transistors. For example, it is desirable to induce a tensile strain in the
channel of the n-channel transistor in the source-to-drain direction. It is also desirable to induce

a compressive strain in the channel of the p-channel transistor in the source-to-drain direction.

[0022] In one embodiment, a high-stress film with a tensile stress may be employed to
induce tensile strain in the channe! region of transistors. Tensile strain in the source-to-drain
direction, however, degrades the mobility of p-channel transistors while improving the mobility
0; n-channel transistors. According to the preferred embodiment of this invention, a stress-
decoupling regioh, e.g. a void,.can be employed to decouple the effect of a high-stress film on

the channel region if the effect of the high-stress film is to degrade the mobility of carriers in the

channel region.



decoupling and therefore lower stress levels. For example, the void in the
spacers of the p- channel transistor can be larger than the void in the
spacers of the n-channel transistor. [00241 Figures 3a-3g illustrate a first
embodiment method for separately optimizing the strain in the channel
region for transistors in a seglicon uctor hi%. In therpreferr

: d . .
19023 i RP v LB B P AT ST B I e n the
sourcIOSESI0RE (1Al e AHPRURIES SRR ISING, LoMAUAR S RIGRNGHEIAY.
su sfrarfes, e.g.,’gﬁum Arseni e, onyaﬂgy semiconductor, e.g., silicon-

formedSHTRAMA: MBI LEREH DRSNS P A AN AN BIRARE e high-stress film.

semiconductor-on-insulator substrate, such as a silicon-on-insulator

Free sHRSLEHS:hR staringrRasnakaymiseinel deibre piaxiaty giitdiwith very

semiconductor layer and/or a doped region within a semiconductor layer,

low stgegk. Aavtiplepielisiiuftied ©y [QOARbRigudeBa fhowsitee, prdfteredess in the
embodiment where the starting material is a bulk silicon substrate 202. -

vicinitg oo voEgiong 20tz 204brahur2 (e ifecitartivelyid Odirare foerhiel-mrebefilm
substrate 202. The isolation regions 204 are preferably shallow trench

and thigehatiosl regjionel Krronrhesrahcrnsis@rihnecart Yeisnpasiearsiognria Biersron the
isolation structures, such as field oxide (e.g., formed by the |local

P-chagseliHABTSHE S BRsHtssbe hesiprodsat Bk D s it s bive
areas, i.e., a first between jsolation region.204a and 204b and a.secqn
oo e S A DA E O ek BISC QP <t SRR e S e o e
| regiertmg?gt%ﬁtgsrinww:bge E%m%%&@c? gﬂ?o%dk?a?é&%ﬂf@o@l@ﬁ%‘@ﬂzeJnorc
transistor wi ﬁormed In the other

decoupling and therefore lower stress levels. For example, the void in the spacers of the p-

channel transistor can be larger than the void in the spacers of the n-channel transistor.

[0024] Figurss 3a-3g illustrate a first embodiment method for separately optimizing the
strain in the channsl region for transistors iﬁ a semiconductor chip. In thé preferred embodiment,
the starting material is a silicon substrate, but it is understood that other substrates comprising
compound semiconductor substrates, e.g., gallium arsenide, or alloy semiconductor, e.g., silicon-
ggrmanium, may be used. The starting material may also be a semiconductor-on-insulator
substrate, such as a silicon-on-insulator substrate. The starting material may also include an
epitaxially grown semiconductor layer and/or a doped region within a semiconductor layer, e.g.,

a triple well structure.

f0625] Figure 3a shows the preferred embodiment where the starting material is a bulk
silicon substrate 202. Isolation regions 204a, 204b and 204c (collectively 204) are formed in the

substrate 202. The isolation regions 204 are prefe:ré,bly shallow trench isolation regions known
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active area. As is known in the art, the portion of substrate 202 that
includes the n-channel transistor will be doped with p-type dopants and
the portion of the substrate 202 that includes the p-channel transistor will
be doped with n-type dopants. These doped portions can be

e R B AR S T 5

fomedf}% |cécicr11dahjg§{%arﬁe iop 2 2. .The %gtgséjielectrlc 206 may comprise silicon

e, silicon oxynltrlde,“éor{a siftcon nitride, or any combination of these

materials. Alternatively, the gate dielectric 206 can be formed from a
[0026) matdvigiih dgibig s sismtve BB Grdtst Bsincabbalagoregapjidapnd
ch materials include aluminum oxide, Ianthﬁpum oxide, h%flnium oxide,

204b ai’#a&ﬁ?am S A AR S it G BP B AT SHE I &R ST depokistor

wit be QB2 octiods materil 2085 then depasited The aais.electiots metera
prereraply comprises a conductive material, sucn as a metal (€.4., -

active &%tam H@&W{H thmyt%Q%EHmn %Qﬁ&ﬁ@m%ﬁ' %’E‘ln@ll}éf&i E}{é%c%iﬂ&' m,

ruthenium), a metal silicide {e.qg., titanium silicide, cobalt silicide, nickel

transist%@@ﬂﬁ»é@ﬂﬁ@&%tﬁiﬂctﬁﬁ)d@péﬂﬁ;t%@{%q%&?oﬁ-@ﬂmm&{yiﬁ@ HANRINES the
nitride); doped poly-crystalline silicon or poly-crystalline silicon
p-chanB€INMaasIHien IRy dofbekaondyet e praterialsseGopabipationscah trese
materials can be used. Any of these conductors can be used along with
accompippial b gatesdideotrioaiisteddbovdnirrongieyample, amorphous
silicon is deposited and recrystallized to create poly-crystalline silicon. -9

{0027] A gate dielectric layer 206 is formed on a top surface of semiconductor region 202.
The gate dielectric 206 may comprise silicon oxide, silicon oxynitride, and silicon nitride, or any
- combination of these materials. Altemnatively, the gate dielectric 206 can be foﬁned from a
material having a relative permittivity greater than about 5. Examples of such materials include
aluminum oxide, lanthanum oxide, hafnium oxide, zirconium oxide, hafnium oxynitride, or

combinations thereof.

[0028] A gate electrode material 208 is then deposited. The gate electrode material
preferably comprises a conductive material, such as a metal (e.g., tantalum, titanium,
molybdenum, tungsten, platinum, aluminum, bafnium, ruthenivm), a metal silicide (e.g., titanium
silicide, cobalt silicide, nickel silicide, tantalum silicide), a metal nitride (e.g., titanium nitride,
tantalum nitride), doped poly-crystalline silicon or poly-crystalline silicon:germanium,-or:any

" other conductive materials. Combinations of these materials can be used. Any of these
conductors can be used along with any of the gate dielectrics listed above. In one example,
amorphous silicon is deposited and recrystallized to create poly-crystalline silicon.

9.



[00291 A lithography step is then performed followed by an etching step to
form a gate stack as shown in Figure 3a. The gate stack includes gate
electrode 208 and underlying gate dielectric 206. In the preferred
embodiment, the gate electrode material 208 is poly-crystalline silicon
(poly-Si) and the gate dielectric material 206 is silicon oxynitride. The

10029] thckh i gPRtaBlscheRIB TR R iowaPY g B EH SR BeRicAtck
d t.200Q A, preferably | th bout OA. T ivalent .
s o EHNAGS PR BRSO oA BRSO o BRI EAGE Butaisrie
; t 3 A and about 5 f | t A :
206. Inanglf) e%erre%%m 0! 1Lr{1cng.ée§%?i%{§%§%%§’at£}%; M&é&-cg%ﬁgésﬁ%%hce

rain extension region are formed (0] antation.

(poly-Sh atRGRIEIR S embadiment e JRsisiarsieRR ansk 20t shanne!

regions of different conductivity types are formed. For example, the

electrof: QORRNIBLAHANS IRRJEBIoNS2 A0(R1584 2) Sanateafor0uek] By isriaNiRgean

dopant such as boron while the n-channel devices are masked. Likewise,
about 1500 A-clTanagliexiensitiboiegtiRaiddih{ar ) «cdinl berfobttedibyippibntinge
a dopant such as arsenic and/or phosphorus while the p-channel devices
betweeardonad Keahd0b3L T REferefupbiovicte thiguteob&hacers 214/216 are
formed on the sides of the gate electrode 208. In one example, the

[0030] SPAGRs P YRR iaRed s, chantcal iy ahon tepesition-oba i disleatigation. In
material, e.g., silicon oxide or silicon nitride, followed by an anisotropic

the pre@iebingnbbdhecd]electrmiaieiaiotanfopot sittdptdspatergon tfidifkample of
Figure 3b, the spacers are composite spacers. A composite spacer may

conduatyriptises ardiisimutdc finer2iplanticapspuoerivatysprgedines dikldet?d A

214 may be formed by the deposition of a dielectric liner material, e.qg.,
be formed by implanting a dopant such as boron while the n-channel devices are masked.

Likewise, the n~ch:annel extension regioné 212 {or 210) can be formed by implanting a dopant

such as arsenic and/or phosphorus while the p-channel devices are masked.

{6031] Referring now to Figure 3b, spacers 214/216 are formed on the sides of the gate
electrede 205'3. In one example, the spacers may be formed by chemical vapor deposition of a
dielectric material, e.g., silicon oxide or silicon nitride, followed by an anisotropic etching of the
dielectric material to form simple spacers. In the example of Figure 3b, the spacers are
composite spacers. A composite spacer may comprise a dielectric liner 214 and a spacer body
216. The dielectric liner 214 may be formed by the deposition of a dielectric liner material, e.g.,
silicon oxide, and the spacer body material 216, e.g. silicon nitride, followed by an anisotropic
etch using reactive ion etching. In another embodiment, the liner 214 may be an oxide and the

spacer body 216 may be a nitride.



silicon oxide, and the spacerbody material 216, e.g. silicon nitride,
followed by an anisotropic etch using reactive ion etching. In another
embodiment, the liner 214 may be an oxide and the spacer body 216 may
be a nitride. -10 [00321, According to the preferred embodiment, a
transistor 200 of a first conductivity type in a first active region (the portion

0032kt seAREAISCRT FyFrEg S BRIRELA I SOTARSI PR GO 26 CaHtr 204B) e

ina i PR f01med With 2 atlce-mismaltched zonc, ANE sourCe AN A1aI . 04,
regions. Reie r|n8 0 Figure oC, tnis Can be periormed py Torming

and 2046/ SCHIERARI £ LRRY SLHE. SEGORCLACHYR IRAQISINE RAr t(ilpﬁnqr%ions.

semiconductor region 202 between isolation regions 204b and 204c),

ReferiR It ARGIABSHIE 0NO ke §r RSIRIO L 200k 18 JUSh PPBALGEY Weond

type is exposed. [0033] As shown in Figure 3c, a recess 220 is etched
activeifi@l dh@IROMeRABOsea I Hegionsealiheo 1rensisint pidhenficgiaordustivity
type. The etching of the recess 220 may be performed by a dry plasma
204c) ettiihdnphees ssinkistie2ple fEhrathersho divh efithe fete shéustibistrote 202®sed. |
a silicon substrate, the plasma etching process may employ fluorine

[oo33£hemisttyoisharild hespofed thadip i dhe eiehing Rt EE&&@%@&%&%@%&S of the
(0]

dielectric liner 214 of the composite spacer might be slightly etche
transid@EroraiR: WA ereidudddn[0aR4TReterhing SNt e FIGUIE) 36hySaleetiventRitaxy dry

is performed to form source and drain regions 224 for the transistor of the
plasmiirgtisopductistyltyfhe pfferegitadiadingrowrhenateriali@@ 4t (rafesibiyna

semiconductor material having a different lattice constant from that of the
substrgigpdg aasma etching process may employ fluorine chemistry. It should be noted that in
the etching of the recess 220, the dielectric liner 214 of the composite spacer might be slightly

etched to form an undercut 222.

[0034] Referring now to Figure 3d, selective epitaxy is performed to form source and drain
regions 224 for the transistor of the first conductivity type. The epitaxially grown material 224 is
preferably a semiconductor material having a different lattice constant from that of the substrate
202 material. In the case where the first conductivity type is p-type, the lattice-mismatched
material 224 is preferably silicon germanium. In the case where the first conductivity type 1s n-
type, the lattice-mismatched material 224 is preferably silicon carbon or silicon-germanium-
carban '(Sim-yGeny) where the mole fraction of carbon y is greater than a tenth of the mole
fraction of germanium x. The height of the source and drain region 224 in the transistor of the

first conductivity type may be higher than that in the transistor of the second conductivity type.
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202 material. In the case where the first conductivity type is p-type, the
lattice-mismatched material 224 is preferably silicon germanium. In the
case where the first conductivity type is 11- type, the lattice-mismatched
material 224 is preferably silicon carbon or silicon-germanium- carbon

Sii, . yGe, th joN - '
5L g ST s oongl ey sy hancia

eight of the source and drain

itaxibPHIOMi A LN RARSIRIPRalNE 2BiSt Y PROMBYHREIHEAR of
epltwl%hg}ng?ﬁ%in the trlagnsistor of tf?e secon(%%vit?/ tgge. -11 100351 II':?S

spacerd D104 thah the puecest Spscokiai@aingsthe mask 218, etching recess 220,
and epitaxial growing lattice-mismatched material 224 can be performed

[6036] prior&g attbo%%r{??g%% %;%%%‘%&@%14 %’t&?@ @%xﬁ@%ﬁc’{t{[% g téawhet% the

electrode own In Figure 3e, the dielectric mask 218 i

dielectiRTRQVES dNsthRCASEWDERE 1he, dlelegthicvRsii s insilisanexiderdhiforic

may be accomplished by an etch in dilute hydrofluoric acid. The removal

acid. PidheRaskiBmay resuibinamuUndead-2at Mahe dickaticilinpe2dk of
the transistor 201. The undercut 222 may be larger than the undercut 226

the tralR@Qar3E jt Tirdeyent 2Ronsiyche ¢iafepieadbsesdpal 2P fve s itendamvent
drain regions for the NMOS transistor 201 are now formed by using ion

two suzhplalntatizsseshile covering the PMOS transistors 202. In the preferred
embodiment, the dopant is arsenic or phosphorus or a combination of

[0037[0oth: 7RO 6, 8RYGR: ARG reBiPms RRTCA erankietwn o] Riguies3ormed by using
ion implantation while covering the PMOS transistors 202. In the preferred embodiment, the
dopant is arsenic or phosphorus or a combination of both. The source and drain regions 225 are

shown in Figure 3f.

[6038] As also shown in Figure 3£, a high-stress film 228 is formed over the transistors 200
and 201. The high-stress film 228 may be silicon nitride or aﬁy other high-stress material. The
stress may be compressive or tensile in nature and may have a magnitude in the range of 0.1 to 4
giga-pascals (GPa). The high-stress film 228 is preferably formed by a chemical vapor
deposition (CVD) process. The CVD process can be a low-pressure CVD (LPCVD) process or a

plasma-enhanced CVD (PECVD) process, as commonly known and used in the art.

[0639] As a result of the undercuts 222 and 226 in the spacers of the transistors, voids 230
and 232 may be formed in the spacers. This is intentional and may bring additional benefits to
be described. It is noted that during the formation of the high stress film 228, it is possible to
completely fill the undercuts so that no voids will be formed in the final structure. One éspect of

this invention teaches the intentional creation of voids in a strained channel transistor to
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[0038] As also shown in Figure 3f, a high-stress film 228 is formed over
the transistors 200 and 201. The high-stress film 228 may be silicon
nitride or any other high-stress material. The stress may be compressive
or tensile in nature and may have a magnitude in the range of 0.1 to 4
giga-pascals (GPa). The high-stress film 228 is preferably formed by a -
speci SR e PR IIEAR SRRSO CEVDN BRASESS P eTE BB S eRERPpE vity
low-pressure CVD (LPCVD) process or a plasma-enhanced CVD
WPe. (PECVD) process, as commonly known and used in the art. [00391 As a
result of the undercuts 222 and 226 in the spacers of the transistors, voids
[0040R30 EntiBefenay tebishiment.,ifheHa s partnai iy isteriviorraidahel serapd
bring additional benefits to be described. It is noted that during the
conduggiritafion stnrerpidirdtreaid Ak 29837 hepbkEns agcedhnh reehy fipaidied as

undercuts so that no voids will be formed in the final structure. One aspect

the length R4 phIBREDH tdRERBP RS PRUAFSASPLrESHETE B 1 0L e XUt ARty the .
channel transistor to -1 ecifically decouple negative effects .qf.the high

spacei Qi ILe IO AT 2 B A R e UG o P e rRapT
embaodiment, the first conductivi IS -

the vof R R RO HEP A0 WSHUNGIIE sk UG BOEKNE SFE M th arcs of

the frsAbRAIdentfied asnhsilanath.234piihe YRid oFek BURRSES Ph the same

illustration, the length 234 of the void 232 in the spacer of the n-channel
cross-HanSisiDRA01 Asvisidigateddn higereafihlhie Zgofiscvoitjsdbe @resof higher

the void in the cross-sectional view. A first void is larger-than a second
decoupdiid; vffacrtithecarahaohas a smaller length or 2 smaller size.

© [0041] In the preferred embodiment, the size of voids 230 and 232 can be measured relative
to the width of the spacer 214/216. For example, the void 232 may have a length 234 larger than
5% of the spacer width. In another embodiment, the void 232 has a length that is at least 10% of

the width of spacer 214/216.

[6042) If a single high tensile stress film 228 is used to cover both n-channel and p-channel
transistors 201 and 200, the channel regions 236 of the transistors will experience a tensile strain.
The n-channel transistor 201 will have benefits of mobility enhancement, while the g—channel
transistor 200 will have degraded mobility. According to the preferred embodiment, voids 230
may be introduced in the vicinity of the channel region 236 of the p-channel transistor 200 to
reduce the negative effects of the tensile stress film 228. According to-anotherembodimentsof
this invention, the channel region 236 of the p-channel transistor 200 may-have a larger void 230

than the void 232 adjacent the channel region 236 of the n-channel transistor 201.
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the first void in a cross-sectional view is larger than the area of the second
void in the same cross-sectional view. A void that has a larger length or a
larger size is expected to have a higher decoupling effect than one that
has a smaller length or a smaller size. [0041] In the preferred
embodiment, the size of voids 230 and 232 can be measured relative to
[0043he Witthahitherdpdoes2, ¢t chdmorldseangite, AHEmaidas2 Hel Hege Blm 238
length 234 larger than 5% of the spacer width. In another embodiment,
that isttranpotesive Intates kevighs theltaans! tessiseooP bmmpdaftighapsss film 228
2141216. 10042) If a single high tensile stress film 228 is used to cover
that ispiensilR BrmaRKR PAARPB R Al IBRIC BN SISTIPE ST 45D F%ﬁ%ﬁ@%%ﬁ‘n%ﬁmpfe““’ﬂ

. regions 236 of the transistors will experience .g.tensile str iQ_ T | directi
strain i ﬁléﬁ@%‘iélf%ﬁ i Tﬁ:\g%n éfgne |%§ %f%ﬁé)gﬁ?%? g:%ﬁ %ng)eﬁgegﬁltl? while "
1 o108 eShannel transister 200 will have degraded mphiliny, AceRdinghis ifon

_ will epr%’f%iﬁga%&ﬁ%‘ﬁ%@ht‘%ﬁé@%%%sﬁgy be introduced in the vicinity of the .

236 oFNAMNAlLEAN 238,00 H16 Pashanngl thansisier RR8-en (adusaile nRIMNRL
effects of the tensile stress film 228. According toranothenembodiment of

mobiltfyjs invention, the channel region 236 of the p-channel transistor 200
may-have a larger void 230 than the void 232 adjacent the channel region

36 aof the n-channel.transistor -13 100431, 1) anpther ?t?&@{&?é@?ﬁi’g 3
[0044@18 p-C %Fﬁrnuézf%%ﬂségoufez%%nﬁ%fy}g %g)ﬁé% a h%h-stress film 238 that is e
and £§f) gﬁ?ﬂiﬂgi%{@%Q@go%‘?ﬁﬂ%ﬁﬁf&%é@@ﬁ@%lﬁﬁ&ﬁ@éh@&%@hmﬂ

Igh-Stress film 228 that is tensile in nature, as shown in Figure 3g. A
transiCRPMY ESPMEiFesSIhalTEBH sV cRPRIASAMEransistor 200 can then be removed

in accordance with the mask. A compressive high-stress film 238 can then be formed over the p-
channel transistor 200. For example, the film can be formed over the entire device and then

etched to the desired pattern.

[0045] Another method embodiment of the present invention is illustfated in Figures 4a-4d.
Ttems previously discussed with respect to Figures 3a-3g will not be rgpeated here. Transistors
200 and 201 of two different conductivity types are formed in two different active regions, and
the source and drain regions of each of the transistors are recessed using an etch. The etch may
employ a dry plasma etch, for example. The resulting structure is shown in Figure 4a, which

shows recesses 220 and 240 in transistors 200 and 201, respectively.

[0046] Referring now to Figure 4b, datticesmismatched regions 242 and 244 are epitaxially

grown in the recesses 220 and 240 of the source and drain regions. Different lattice-mismatched
materials may be used for fhe p—channéi and the n-channel transistors 200 and 201. This may be
accomplished, for example, by forming a first mask (not shown) to cover the n-channe] transistor

-14-



strain in the channel region 236 of the p-channel transistor 200 in the
source-to-channel direction will enhance the hole mobility. A tensile
stress that result in tensile strain in the channel region 236 of the
n-channel transistor 201 in the source-to-channel direction will enhance
the electron mobility. 100441 The structure of Figure 3g may be formed
201 andogefirsnfomaificsthpienytusriee i elywre 8 h Hirst somamigustarasrpd Rty
to cover the tensile high-stress film 228 over the n-channel transistor 201.
source Fred pigHegirasel %@%@W&F@H@ﬁ@&%%nel transistor 200 can then be
removed in accordance with the mask. A compressive high-stress film
[0047] 238 A&t thefiloeriasineceonerdhe pectianad] (nansiston20rirod exernplenask
the film can be formed over the entire device and then etched to the
to covedtgiredhpatté tranfd0d5l08n dtsesanbthiseke i iotirprefirok e preseraly grow a
invention is illustrated in Figures 4a-4d. Items previously discussed with
second gegpende PigurEsidBhinileforise repasied fears of tahaisisrecHomssar .
201 of two different conductivity types are formed in two different active

201. ThegrSHYINgRH EHESH TROEVAMYTARHTR TRgions of each of the transistors are

recessed using an etch. The etch may employ a dry plasma etch, for
[0048] exarhple: fibfred wltihgdstrersiuhe fssshoweondFitprmaerialbfghmahbywilicon-

recesses 220 and 240 in transistors 200 and 201, respectively. [00461
germarRtethGTEAPRe FImisendpciattea i AtdieracbretficAs-2abonf PUsPire

epitaxially grown in the recesses 220 and 240 of the source and drain
germs AL e AR SIS AR HARB AL SRS B BERTOPR oot of

the mof ENAANCL ARG ING - ChagNel HANSISIoNR 209 And.A0% SIS BRYs Ron, the
presence of a first semiconductor matetial such as silicon-germanium with a larger lattice
constant will result in compressive strain in the channel region 236 of the p-channel transistor
200. Similarly, the presence of a second semiconductor material such as silicon-carbon with a
smaller lattice constant than the channel material will results in tensile strain in the channel

region 236 of the n-channel transistor 201.

[0049] The spacers 214/216 of the transistors 200 and 201 may be composite spacers, and
the dielectric liner 214 of the spacers may be intentionally undercut by exposing the dielectric
liner 214 to an efch process. If the dielectric liner 214 is silicon oxide, the etch can be a

hydrofluoric acid etch. The resulting structure is shown in Figure 4c.

[6050] A high-stress film 228 (or 238) is then formed over the transistors 200 and 201, as
shown in Figure 4d. Although not shown, different films can be formed over the n-channel and

the p-channel transistors as discussed previously with respect to Figure 3g. In another
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accomplished, for example, by forming a first mask (not shown) to cover
the n-channel transistor -14 201 and performing a first epitaxy to
selectively grow a first semiconductor material 242 in the source and
drain region of the p-channel transistor 200. [0047) After the first mask is

embodifeit /s g %—?1%%9 ’Eﬁnﬁ‘lé%&é{éﬁto%%oé!}{@)oﬁﬁ@ %ﬁﬂsﬁ)m\@ﬁ@%tf%ﬁ’w
the p-channel transistor 200. A second epitaxy is then performed to

other SRISSLYSY 95946@). Second semiconductor material 244 in the source and
drain region of the n-channel transistor 201. The fesulting structure is

showq.in Figute 4b, [0 4% In the preferred embodi e ?"?;E%Enb diments
m““%em%%dﬁ%l‘%eﬁé‘lﬁeg % e&%@é % i"(‘;@ﬁf germaniu }nhasn the second "
this de2Gn k?c?nngl“{lz% qgi%@l%%%gg Ib%%énggﬁ%m 3 '1&%@%&9@ qfa?{BQQHﬁ)diﬁcations_ and
ger&anlum-car on (Sii_x_yGe.C) where the mole fraction of carbon y is
combiBiBAIE LAN AR Ol nibsamelfsracianLlasieaniiinnSkcad it ention,
substrate 202 material is preferably silicon, the presence of a first :
will bSEFpicandb st MAiaNiad sugh as giiseergarmanitimndasthaitargeidattoore
constant will result in compressive strain in the channel region 236 of the
intendpdehanhehpirnsistoliR0 nGimilarynthadhresdifietaira seoobefliments.
semiconductor material such as silicon-carbon with a smaller lattice
constant than the channel material will results in tensile strain in the
channel region 236 of the n-channel transistor 201. [00491 The spacers
214/216 of the transistors 200 and. 201 may be composite spacers, and

the dielectric liner 214 of the spacers may be intentionally undercut by
exposing the dielectric
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liner 214 to an etch process. If the dielectric liner 214 is silicon oxide, the
etch can be a hydrofluoric acid etch. The resulting structure is shown in
Figure 4c. [00501 A high-stress film 228 (or 238) is then formed over the
transistors 200 and 201, as shown in Figure 4d. Although not shown,
different films can be formed over the n-channel and the p-channel

WHATRNESIak@As giscussed previously with respect to Figure 3g. In another
-15 embodiment, a high-stress film is formed over one of the transistors

) 2&)(13 gor.s%orlgobutr{]s% the other transistor 201 (or 200). 100511 While this
’ invention has HEsh 5'escribed with reference to illustrative embodiments,

tr?‘;i 8Q|Fe§:%{g%ﬂ%noi Jﬁgéiri%wae Q&%Pe gonstrued in a limiting sense. Various

N !
ifications an binations of the illustrative embodiments, as well

as Biher embodimenisiptdhedaranionnydlibe.apRARRANO PENO B Skilled]
in the art upon reference to the description. It is therefore intended that
regiontBehAPRRRAICE ¢l diME QveRASE R Yuslit: soactifiandiansnae gionsodinpeisisg a
16 WHAT IS CLAIMED IS: 1. A transistor comprising: a gate dielectric
" secondyariyghecehannetsegion; a source region and a drain region on
opposing sides of the channel region, the channel region comprising a
fiegtase pitctndiucrorl virm itet dindighrstseu#eé and drain regions comprising

a
first and second spacers formed on sides of the gate electrode, each of the spacers

including a void adjacent the channel region.

2. The transistor of claim 1 and further comprising 2 high-stress film oycrlying the pate

electrode and spacers.

3. The transistor of claim | wherein the high-gtress film comprises a material selected from
the group consisting of silicon nitride, silicon oxynitride, and silicon oxide, and combinations

thereof.

4. The transistor of claim 1 wherein the void reduces the effect of the high-stress film on the

channel region.

5. The transistor of claim 1 wherein the high-stress film bas a stress with a magnitude in the

range of about 0.5 to about 4 GPa.

6. The transistor of claim 1 wherein each spacer includes a liner oxide and a spacer body.
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second semiconductor material; a gate electrode overlying the gate
dielectric; and first and second spacers formed on sides of the gate
electrode, each of the spacers including a void adjacent the channel
region. 2. The transistor of claim | and further comprising a high-stress film
7. ﬁ%ﬁ‘x@éﬂ%&@‘é&% BleflataR b RPR GREPostd RGN ARG SAEOb Difinpheer.
~wherein the high-stress film comprises a material selected from the group
consisting of silicon nitride, silicon oxynitride, and silicon oxide, and
5. TROARRNRNS ABICCh it I BRI SALOL RN LIMRIGILAR Yalthe spacer
reduces the effect of the high-stress film on the channel region. 5. The
rapsiston:of claigad wherein the high-stress film has a stress with a
body com%gnitudle in the range of about 0.5 to about 4 GPa. 6. The transistor of
claim | wherein each spacer includes a liner oxide and a spacer body. 17
o, TpdBEURNSIOLAL S e seinibe ekl S dispasemhinddic liner oxide
ofthe spacer. e transistor of claim | wherein the liner oxide
comprises silicon oxide and the spacer body comprises silicon nitride. 9.

0. e transistor.of claim 1 wherein the ransipiRriv.& PubhannehiPRsIie.

electrode and the spacers, wherein the high-stress film has a tensile stress.

1. The transistor of claim 1 wherein the transistor is an n-channel transistor.

12.  The transistor of claim 1! and further comprising high-stress film overlying the gate

electrode and the spacers, wherein the high-stress film has a compressive stress.
13.  The transistor of claim 1 wherein the first semiconductor material comprises silicon.

14, The transistor of claim 13 wherein the second semiconductor material comprises silicon

and germanium.

15.  The tansistor of claim ! wherein the second semiconductor material comprises silicon

‘ and carbon.

16.  The fransistor of claim 1 wherein the gate dielectric comprises a material selected from
the group consisting of silicon oxide, silicon oxynitride, silicon nitride, and combinations

thereof.
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10. The transistor of claim 9 and further comprising high-stress film
overlying the gate electrode and the spacers, wherein the high-stress film
has a tensile stress. 11. The transistor of claim 1 wherein the transistor is
an n-channel transistor. 12. The transistor of claim | 1 and further

17 TRORR rising 31 gn.st 5 f"m verhinaibe gats, e%&%&fﬁ%&:%@&%ﬁ@%%e |

herein s ress 3 fm acompressw fress. 13. The transistor

pmmmv% &Jm%g gtge first semlconductor material comprises silicon. 14.
transistor o claim 13 wherein the second semiconductor material

comprises silicon and germanium. 15. The transistor of claim 1 wherein

8. ?aeﬁ%%co”d semico ﬁ%?&ﬂl% il gamprises siligon a%%&%l%@%eﬂcﬁ e

claim whereln egate 6|6CU’IC omprises a material

' QNI H84de,
the groué?lcon 10 é I%rgl i SEOLR CODRISURSHPESIHE QA RIS o SIHC O and

combinations thereof. 17. The transistor of claim |

hafnium WRRIGHIANG dada Higlackiaeaimprises a dielectric with a relative
permittivity greater than about S. 18. The transistor of claim 17 wherein
the gate dielectric comprises a material selected from the group

19, TRISIRHY rAURINUR L8 PN AR R ER oD LB RIS e ZifaRANIM

oxide, and hafnium oxynitride, and comblnatlons thereof. 19. The

s&lwted%ﬂ?%@f&'ﬁm%ybﬁﬁﬁﬁ%tﬂﬂ%@ﬁi@l%iﬂetﬂeﬁﬁrﬁeﬂmwtsﬂs anconghisitivions
materia

thereof.

20.  The transistor of claim 1 wherein the gate electrode includes a doped poly-crystalline

silicon material.
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selected from a group comprising of a metal, a metal silicide, a metal

nitride, and combinations thereof. 20. The transistor of claim 1 wherein

the gate electrode includes a doped poly-crystalline silicon material. -19

21. A semiconductor chip comprising: a semiconductor substrate; a first

transistor. formed in the semiconductor substrate, the first transistor having
21 & SROICORNSIOR chap SHISHHE from a first semiconductor material and

havmg}aﬁ{ﬂr% sogr%g[and a first drain region formed in the substrate

%%eﬁtggréycaofjg‘éesn e first channel region, the first source and the first

?fﬁ&@ {egion COMRNSING, 2 SEEONARAPISARINEIaRRtetiahiNediRaving a first

attice-mismatched with the first semiconductor material; and a second

channelfBSisto-fornes Dihe semicendisiarstbstieanthaMingaesadiatiiity
type different than a conductivity type of the first transistor, the second

drain refRASIHAE R iIRGsabseeengpetiahnaljsegiothédiinnechirowrd thgdirshe first source
semiconductor material, the second transistor also having a second .
and the Sosrémiancks ecopddngin seegidrsdmintsdustonaeighsithas i ppbeitalismatched
adjacent the second channel region, the second source and second drain
with the digibremiompirisingratenaterdl different than the second semiconductor

material. 22. The semiconductor chip of claim 21 ang further com rising a
ﬁ@q;gﬁé@qﬁq;pﬁr(fggﬂ% the semiconductor substrate and having a conductivity type

different than a conductivity type of the first transistor, the second transistor having a second
channe] region formed from the first semiconductor material, the second transistor also having a
second source and a second drain region formed in the substrate oppositely adjacent the second
channel region, the second sourc';e and second drain regions comprising a material different than

the second semiconductor material.

22.  The semiconductor chip of claim 21 and further comprising a high-stress film overlying

both the first transistor and the second transistar.

23, The semiconductor chip of claim 21 wherein the first transistor further comprises a first
spacer adjacent a first gate electrode that overlies the first channel region, the first spacer
including a first void formed therein, and wherein the second transistor further comprises a
second spacer adjacent a second gate electfode that overlies the second channel region, the

second spacer including a second void formed therein,
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both the first transistor and the second transistor. 23. The semiconductor
chip of claim 21 wherein the first transistor further comprises a first
spacer adjacent a first gate electrode that overlies the first channel region,
the first spacer including a first void formed therein, and wherein the

24. S‘gé’é‘u?céf &3@%%&%&%%%%%@%&9&3& adjaant spacecndh
gate electrode that overlies the second channel region, the second

nave a diSRAGE/ IRGUGing R R8candyaickiarmedthereint v 2k IGted in the dielectric
semiconductor chip of claim 23 wherein the first spacer and the second

Iner. SPacer each have a dielectric liner, and wherein the first void and the
second void are located in the dielectric liner. 25. The semiconductor chip
of claim 23 wherein the first void has a length in the range of about 20 to

25, TARQULAOARPLSHRMS: QG e armiaaReBeiovsitinaot daith 25twrenginothe

second void has a’'length less than about 100 angstroms. 27. The

about 2058 MeAMEHICIREERALT claim 23 wherein the first void and the second void
have different sizes. 28. The semiconductor chip of claim 27 wherein the
first void is larger than the second void. 29. The semiconductor chip of

26,  HiRmALwhersinhe fitshinericonductn: saadatiablidmadiesisthatsr didatiser
constant, and the second semiconductor material has a second natural
100 angtBldice.

27.  The semiconductor chip of claim 23 wherein the first void and the second void have

different sizes.
98, The semiconductor chip of claim 27 wherein the first void is larger than the second void.

29.  The semiconductor chip of claim 21 wherein the first semiconductor material has a first
natural lattice constant, and the second semiconductor material has a second natural lattice
| constant, and wherein the second natural lattice constant is larger than the first natural lattice

constant.

30.  The semiconductor chip of claim 29 wherein at least a portion of the first channel region

is under compressive strain in the source-to-drain direction.

31.  The semiconductor chip of claim 21 wherein the second semiconductor material extends
above the height of the first channel region by an amount in the range of about 10 1o about 500

angstroms.
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constant, and wherein the second natural lattice constant is larger than
the first natural lattice constant. 30. The semiconductor chip of claim 29
wherein at least a portion of the first channel region is under compressive
strain in the source-to-drain direction. 31. The semiconductor chip of claim
32. 2Twhkessisdiieweecapdsanisadisimimaiesiakexieiod o falosedhé daigiat
of the first channel region by an amount in the range of about 10 to about
regiorbid Gndagstsimerail 1n3Re Thesamibeiradictoii@hip of claim 21 wherein at
least a portion of the second channel region is under tensile strain in the
source-to-drain direction. 33. The semiconductor chip of claim 21 and
33.  furthersmpiisiogcaipighcaimsy filnd fone domypeisaizleaigiosteof fire finshed
and second transistors, wherein the high-stress filmr has a tensile stress
over anitlasa omagfititefiesinath ecrand érofsidionst Oltrmndbo bich-st@Rdil@haF hdensile
semiconductor chip of claim 21 and further comprising a high-stress film
stressfoithednapnitndg e thstrares of oS daaetdri @ nsistors, wherein the -
" high-stress film has a compressive stress with a magnitude in the range
of 0.1 to 1.9 GPa. 35. The semiconductor chip of claim 21 and further
34. cdrhpemsitgpedficsirttigh-efadsefitmaid fud: ovemphisifigst htghsisrer Emifarmed
second high-stress film formed over the second transistor, wherein the
over Firisepighe o s rhiceone a5 TNRrs YhTETe heBsh e Rl Bvhd

high-stress
compressive stress with a magnitude in the range of 0.1 to 1.9 GPa.
35.  The semiconductor chip of claim 21 and further comprising a first high-stress film
formed over the first transistor and a second high-stress film formed over the second transistor,
wherein the first high-stress film has 2 stress that is different from than the second high-stress

film.

36.  The semiconductor chip of claim 21 wherein the wherein the first transistor comprises 2

p-_channel transistor and wherein the second transistor comprises an n-channel transistor.

37.  The semiconductor chip of claim 36 and further comprising a high-stress film overlying

the first transistor, the high-stress film having a compressive stress.

38.  The semiconductor chip of claim 37 and further comprising a second high-stress film

overlying the second transistor, the second high-stress film having a tensile stress.
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film. 36. The semiconductor chip of claim 21 wherein the wherein the first
transistor comprises a p-channel transistor and wherein the second
transistor comprises an n-channel transistor. 37. The semiconductor chip
of claim 36 and further comprising a high-stress film overlying the first

39, ”%‘ﬂé'?eﬂ%gcéﬁ&@&'}:ﬁg%%%ﬂlm AU AHEQBREGTRINE SURSSuRSs il overlying
semiconductor chip of claim 37 and further comprising a second ‘

the seig-SHRRSHIMe RMBLias: e $a0RR YaRaistaesthe second high-stress
film having a tensile stress. -22 39. The semiconductor chip of claim 36

and further comprising a high-stress film overlying the second transistor,

40. th%h@‘%ﬁ%@ﬁ&&&ﬂ%ﬁﬁ\@ﬁ&&ﬁ%@bﬁ&&ﬁﬁ%ﬁe 40+ Thesemisandesterkhinmgh

claim 36 wherein thetirst source region and the first drain region each

regiol Gl Avalicidad RArOoftl. The semiconductor chip of claim 40 wherein
the silicided portion includes germanium. 42. The semiconductor chip of
claim 36 wherein the second source region and the second drain region’

41, e2ghinglude A SUicided POk ARLTEE BRGIRORENEIAN S iR RkelIBIRRium.
wherein the first source region and the first drain region each include a
silicided portion, and wherein the silicided portion of the first source and

a2, I3 reﬁi@ﬁ%ﬂ%’t@%ﬁiﬁé&ﬂﬁ%Wh%@é@ﬁdrﬁetgé&ﬁ@%o%l&%iQé‘g@oﬂ%ﬁms!?éeﬁ?ﬁd

secona source an ain regions.
 drain region each include a silicided portion.

43,  The semiconductor chip of claim 36 wherein the first source region and the first drain
region each include a silicided portion, and wherein the silicided portion of the first source and
drain regions comprises a different silicide than the silicided portion of the second source and

drain regions.

44.  The semiconductor chip of claim 21 wherein the second source region and the second

drain region are formed from the first semiconductor material,

45.  The semiconductor chip of claim 21 wherein the second source region and the second

drain region are formed from a third semiconductor material,

46.  The semiconductor chip of claim 45 wherein the third semiconductor material regions

includes a lattice-mismatched zone.



44. The semiconductor chip of claim 21 wherein the second source region
and the second drain region are formed from the first semiconductor
material. 45. The semiconductor chip of claim 21 wherein the second
source region and the second drain region are formed from a third

semiconductor material, 46. The sem_icond#ctor Chiﬁ of cflaim Aff??ﬁﬁgﬁ%ei%f
47, (herconAMRIOR BRIBIY T Al SIS AR AR SR RE! & tirst
one. -23 47, The semiconductor,chip of claim .45 whergin.the first
et S SR A B A S LTt P el Bty
semiconductor material has a third natural lattice. 48. The semiconductor
chip of claim 47 wherein the third natural Igg}g consﬁnt,is smaller .than i
48 tRbererisaRdrsian AR YSIRRAY WY et A G Refipgiant 18 smallet
comprising. . a silicon substrate; a p-channel transistor formed within and
. than mﬁ%&é‘?ﬂ’&%ﬁ?‘gé%ega%s&%te, the p-channel transistor comprising: a first
channel region located within the silicon substrate; a first source region
and a first drain region formed in the substrate oppositely adjacent the

first channel region, the first source region and the first drain region being
formed '
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from a second semiconductor material that has a natural lattice constant
that is different than a natural lattice constant of silicon; a first gate
electrode insulatively overlying the first channel region; a first spacer
region formed adjacent a sidewall of the first gate, the first spacer region
including a void adjacent the first channel; an n-channel transistor formed
dpodeiffeemeBM abstrate, the second transistor comprising:
a second channel region formed within the silicon substrate; a second
asilicen Y8H%nd a second drain region formed in the substrate
SRRRSa ANIASENLING PRERACAEARNG! HROIALING SEEA 4N E AN
cond drain regions being tormed from a material different than the
Uansistojc}%g?;}gﬁgg\iconductor material; a high-stress film overlying at least one of
the first transistor and the second transistor. 50. The device of claim 49
wherejrpthe secone seHeeiedigmangddhnaisecenskesin region are
formed within the silicon substrate. -25 51. The device of claim 49 wherein
the segonéd snilteecpegiondNfiriher siacepdidfaimed giaheand stormegdsiniya
third semiconductor material that has a natural lattice constant that is
adjacendiffefesitcihar tieioal thaFlatsoerconeiantof siichrstaind thecivatbeig detmed
constant of the second semiconductor material.
from a second semiconductor material that has a nataral lattice constant that is different than 2

49.

natural lattice constant of silicon;

a first gate elecirode insulatively overlying the first channel region;

a first spacer region formed adjacent a sidewall of the first gate, the first spacer -
region including a void adjacent the first channel;

an n-channel transistor formed within and above the silicon substrate, the second
transistor comprising:
| a second changel region formed within the silicon substrate;

a second source region and a second drain region formed in the substrate
oppositely adjacent the second channel region, the second source and second drain regions being
formed from a material different than the second semiconductor material;

a high-stress film overlying at least one of the first transistor and the second transistor.

50.  The device of claim 49 wherein the second source region and the second.drainregion.are

formed within the silicon substrate.
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52. The device of claim 51 wherein the second semiconductor material
comprises silicon germanium and the third semiconductor material
comprises silicon carbide. 53. The device of claim 49 wherein the silicon
substrate comprises a silicon layer of a silicon-on-insulator substrate. 54.
The device of claim 49 wherein the high stress film overlies both the

o1 Thedkrairiof faiiiorherits the SeendAnrs arairacnd s Stemfdiiesiprpre
Complementary Field-Effect Transistors and Methods of Manufacture
tormed £ G e R OB ST BT TS S HREric
than the \f&q}/%l@ic% 8&‘:%%%%%%’85}1@ QRS Leg'pRAd A A fedion are
ocated on opposing sides of the channel region. e channel region is
semicondQEELadren a first semiconductor material and the source and drain -

regions are formed from a second semiconductor material. A gate
electrode overlies the gate dielectric. A pair of spacers is formed on

52. ﬁ?&é@%@%ﬁ%&ﬁgﬁ&?ﬂe%%?{ﬁedseg?ﬁ%&:%ﬁégﬁcﬁ?%‘%%%téﬁ%]uges A0:con

adjacent t nnel region. A high-stress film can overlie the gate
germaniISAHQRe RROSRACE Rictor material comprises silicon carbide.

53.  The device of claim 49 wherein the silicon substrate comprises a silicon layer of 2

silicon-on-insulator substrate.

54.  The device of claim 49 wherein the high stress film overlies both the n-channe} transistor

and the p-channel transistor.
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(FIG. 3a)

Strained Channel Complementary Field-Effect Transistors and Methods of
Manufacture

ABSTRACT OF THE DISCLOSURE

A transistor includes a gate dielectric overlying a channel region. A source region and a
drain region are located on opposing sides of the channel region. The channel region is formed
from a first semiconductor material and the source and drain regions are formed from a second
semiconductor material. A gate electrode overlies the gate dielectric. A pair of spacers is
formed on sidewalls of the gate electrode. Each of the spacers includes 2 void adjacent the

channel region. A high-stress film can overlie the gate electrode and spacérs.

(FIG. 3a)
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