STRAINED CHANNEL FET USING SACRIFICIAL SPACER Technical
Field The present invention relates to the fabrication of semiconductor
integrated circuits, and more specifically to an apparatus and method of
making a strained channel field effect transistor (FETS) such as an
insulated gate field effect transistor (IGFET) in which a stress is applied to
the channel region by a semiconductor alloy material disposed adjacent
the channel region. Background Art Both theoretical and empirical studies
have demonstrated that carrier mobility in a transistor can be greatly
increased when a stress of sufficient magnitude is applied to the channel
region of a transistW@Wﬁ%ﬁ%HﬂﬂqéféﬁW‘%g% defined as force
per unit area. Strain is a dimensionless quantity defined as the change in
the dimension of an item, e.g., a change in its length, versus the original
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Backaground Ari

Both theoretical and empirical studies have demonstrated that carrier
mobility in a transistor can be greatly increased when a stress of sufficient
magnitude is applied to the channel region of a transistor fo create a sirain
therein. Stress is defined as force per unit area. Strain is a dimensionless quantity
defined as the change in the dimension of an item, e.g., a change in its length,
versus the original dimension, e.g., the original length, when a force is applied in
the same direction, i.e., in the direction of its length, in this case. Thus, strain can
be either tensile or compressive. In p-type field effect transistors (PFETs), a
compressive stress applied to the channel regionin the direction of its length, i.e.,
a compressive longitudinal stress, creates a strain which is known to increase the

drive current of the PFET.

Commonly assigned, co-pending U.S. Patent Application No. 10/604,607



reference herein in their entirety. As described therein, one way of
applying stress to the channel region of a FET is to form shallow regions
of a semiconductor alloy material adjacent the channel region, the
semiconductor alloy material being lattice-mismatched to the
semiconductor material that exists in the channel region. Thus, in one
example, shallow regions of single-crystal silicon germanium (SiGe) are
formed on opposite sides of a channel region that is provided in a region
of silicied As@lsosdlesoshed i0.heraeangigiesiBRMNS 2iess1N84SiEe September
regions are disposed in areas of the substrate that coincide with implants
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always desirable for the SiGe regions of a strained channel transistor
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is the drive current of the transistor, W is the width, and L is the length of
the clfeginel Tegiorn beg eersplacishphatvegicthebsingteapstalrsiiicon germanium
regions of the substrate. However, there is a limit to how close the source
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r(t-i‘glon of silicon. As also described in the incorporated applications, the SiGe

regions are disposed in areas of the substrate that coincide with impiants which

define the source and drain regions of the FET.

However, it is not always desirable for the SiGe regions of a strained
channel transistor structure to coincide with the locations of the source and drain
implants. While the SiGe regions need to be placed close to the channei region to
apply the stress needed to obtain high drive current, placed them too close can
cause problems such as causing the threshold voltage of the transistor to deviate

from a desirad value.

In addition, the source and drain regions of a FET are desirably spaced
close to each other to increase the drive current ip of the FET by making the
length (L) of the channel region small. This follows from the equation

ip = AWIL)



other, short channel effects occur, which could cause difficulty in turning
off the transistor. When the transistor cannot be fully turned off, excessive
leakage current is produced when the transistor is off, causing more

power to be ,consumed eyen when the transistor is off Excessive leakage.
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the locations at which the edges of the source and drain regions are placed.

Disclosure of invention

In accordance with a first aspect of the present invention, there is
provided a field effect transistor ("FET"), comprising: a single-crystal
semiconductor region of a substrate, said single-crystal semiconductor
region having a first composition; a gate overlying said single-crystal
semiconductor region; a pair of first spacers overlying respective opposite
sidewalls of said gate; a pair of regions consisting essentially of a single-
crystal semiconductor alloy having a second composition different from
said first composition, said semiconductor alloy regions disposed on
opposite sides of said gate, each said semiconductor alloy region spaced
a first distance from said gate; and a source region and a drain region at
least partly disposed in respective ones of said semiconductor alloy
regions, each of said source region and said drain region being spaced a
second distance from said gate of, said second distance being different
from and independent from said first distance, said second distance being
at least partly determined by spacings of said first spacers from said

sidewalls of said gate.



at least partly determined by spacings of said first spacers from said
sidewalls of said gate. 3 In accordance with a second aspect of the
present invention, there is provided a field effect transistor ("FET"),
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regions, at least one of said silicide regions overlying a semiconducior

portion of said gate and said silicide regions at least partly overlying said

silicon germanium regions.

In example embodiments, a method is provided for fabricating a field
effect transistor ('FET") which includes patterning a gate polycrystalline
semiconductor layer overlying a single crystal semiconductor region of a
substrate to form a gate polyconductor ("PC"). Thereafier, sacrificial spacers
may be formed overlying sidewalls of the PC, and portions of the single crystal
semiconductor region are recessed in locations adjacent to the sacrificial
spacers. Thereafier, regions consisting essentially of a single crystal
semiconductor alloy may be epitaxially grown in the locations, such that the
sacrificial spacers at least partly determine first spacings between the single-
crystal semiconductor alloy regions and the PC. The saciificial spacers may be
removed thereafter, and the FET may then be completed.

Brief Description of Drawings

FIG. 1 is a cross-sectional view lllusirating a strained channel field effect
transistor according to an embodiment of the invention.

FIGS. 2 through 11 illustrate stages in the fabrication of a strained channel
field effect transistor shown in FIG. 1, according to an embodiment of the
4



semiconductor region are recessed in locations adjacent to the sacrificial
spacers. Thereafter, regions consisting essentially of a single crystal
semiconductor alloy may be epitaxially grown in the locations, such that
the sacrificial spacers at least partly determine first spacings between the
single-.crystal semiconductor alloy regions and the PC. The sacrificial
spacers may be removed thereafter, and the FET may then be
completed. Brief Description of Drawings FIG. 1 is a cross-sectional view
|Ilustréﬁ‘1’ﬁj"é\0§tramed channel field effect transistor according to an
embodiment of the invention. FIGS. 2 through 11 illustrate stages in the
fabrication of a strained channel field effect transistor shown in FIG. 1,

accorg ) |nv ntion. Best Mode of Carrying
Out t sat Sp&)a EJP{ Tt ffect transistor (FET) according
to an embodiment of the invention is illustrated in a cross-sectional view,

in FIG. 1. The FET 10 is either a PFET having a channel region 22 of
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The channel region 22 is disposed below a gate conductor 29 of the FET.
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close to the channel reglon and apply a compressive longitudinal stress
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semiconductor alloy regions 39 are placed close to the channel region and apply
a compressive longitudinal stress to the channel region 22. Preferably, the
channel region 22 is disposed in a region 14 consisting essentially of sificon and
the semiconductor alloy regions consist essentially of silicon germanium.
Hereinafter, the semiconductor alloy regions 39 are referred to herein as silicon
germanium regions 39. The spacing of the silicon germanium regions 39 to the
gate conductor 29 is preferably 10 nm or less, in order for the silicon germanium
regions 39 to apply a stress having a desirable magnitude to the channel region
22. As discussed above, such stress increases the drive current of the PFET,
making the switching speed of the PFET more similar to the switching speed of
an NFET that does not have a stress applied to its channel region. However,
unlike the case of the PFET, a compressive stress decreases the drive current of
the NFET. Accordingly, when the FET is an NFET and the silicon germanium
regions 39 are of. the type which apply a compressive longitudinal stress, the

silicon germanium regions 39 must either be omitted or be placed farther away



germanium regions 39. The spacing of the silicon germanium regions 39

to the gate conductor 29 is preferably 10 nm or less, in order for the

silicon germanium regions 39 to apply a stress having a desirable

magnitude to the channel region 22. As discussed above, such stress
increases the drive current of the PFET, making the switching speed of

the PFET more similar to the switching speed of an NFET that does not

have a stress applied to its channel region. However, unlike the case of

the PHioh, éheochpressivegsiress dearcnststtasivé Sigr&fEdf theoFER avoid
Accordingly, when the FET Is an NFET and the silicon germanium
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modifications fo form the NFET are such as described in the incorporated

applicatenmriiéthasiacanoeesto FIG. 1, in a preferred embodiment, the
channel region 22 of the PFET 10 is disposed in a relatively thin
single-crystal semiconductor-on- insulator (SOI) layer 14 of a substrate 17
having a buried oxide (BOX) Igaé/er 18 separating the SOI layer 14 from a

bulk region Y§BrafrssiPfil Al dd RRRERTeth ErRbe gl 1hefRgNpE! 4egion 22
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insulator (SOI) layer 14 of a substrate 17 having a buried oxide (BOX) layer 18
separating the SOI layer 14 from a bulk region 16 of the substrate. Alternatively,
the substrate 17 may be a buik substrate, in which case the BOX layer 18 is
omitted and such PFET has a channet region disposed near the top surface of
such bulk substrate. When field effect transistors (FETs) are formed in SOl
substrates, faster switching opefation is often achieved than when FETs are
formed in bulk substrates, because in the SOl case, junction capacitance is

eliminated between the channel region 22 of the transistor and the bulk region 16

of the substrate.

As further described herein, a method is provided for fabricating an FET
such as a PFET 10 having a channel region 22 disposed within a single-crystal
region 14, the region 14 consisting essentially of a first semiconductor such as

silicon. When the first semiconductor is silicon, the PFET 10 incliudes



such bulk substrate. When field effect transistors (FETs) are formed in

SOl substrates, faster switching operation is often achieved than when

FETs are formed in bulk substrates, because in the SO4 case, junction
capacitance is eliminated between the channel region 22 of the transistor

and the bulk region 16 of the substrate. As further described herein, a

method is provided for fabricating an FET such as a PFET 10 having a
channel region 22 disposed within a single-crystal region 14, the region

14 consiatingiessentialyrafiontrsosemictingusteertiaty akasiicond wehdconductor
the first semiconductor is silicon, the PFET 10 includes 6 semiconductor

alloy reajisiad 39catomsistitigoas semtiaijuof avbécibrithgemiedinu@@pstant which is
material such as silicon germanium which has a lattice constant which is
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correspondingly varying between 99% and 1%. In a preferred

embadigentf therBfidnTtibbkeas x cmannebregomnathiepdegd,iy duS@itismpevarying
14. In such embodiment, the SOI layer 14 consists essentially of

singl&Qp $ta1teiREGH 198Hh i SssbreriRy Y60oiasePBENgdhYantiamaatesiesi and
germanium regions 39 have a Ge content which ranges between about

10% At 'ABQUPESALSPORMESH e EStnbinBdanay- BN JepiqRgisposed in a
pres%u"lé’&é‘r“%.'s @OEH%'tg%E%éﬂﬁeﬁP E&?@t%:ofayer 14 consists essentially of

single-crystal silicon being essentially devoid of Ge content and the silicon
germanium regions 39 have a Ge content which ranges between about 10% and

about 50% by weight of the combined afloy.

However, the present invention is not limited to the fabrication of
transistors having channel regions disposed in a pure silicon crystal. The single
crystal SOl region 14 of the substrale may consist essentially of silicon
germanium in proportions according to a first formula SiyyGeys, where x1 and y1
are percentages where xt + y1 = 100%, and the regions 38 of the second
semiconductor consist essentially of silicon germanium in different proportions
according to a second formula Si.Gey,, where x1 and y1 are percentages where
x2 + y2 = 100%, x1 being not equal to x2, and y1 being not equal to y2. In a
method according to a preferred embodiment of the invention, the second

semiconductor, being lattice-mismatched to the first semiconductor, is formed by



transistors having channel regions disposed in a pure silicon crystal. The
single crystal SOI region 14 of the substrate may consist essentially of
silicon germanium in proportions according to a first formula Six,Geyl,
where x1 and yl are percentages where x1 + y1 = 100%, and the regions
39 of the second semiconductor consist essentially of silicon germanium
in different proportions according to a second formula Six2Gey2, where
x1 and yl are percentages where x2 +y2 = 100%, x1 being not equal to
X2, ancepldyeingrovethexiimalant Y@ Ha ehansgheshisaczadingdcapreferred
embodiment of the invention, the second semiconductor, being
lattice-mismatched to the first semiconductor, is formed by 7 epitaxial
growth adjacent to the channel region 22 of the PFET 10. The teachings
of the present iSVEARYA%HE] R RIfaRAE iDYRNtiom R BBIYRgemigcd to also apply to
fabrica}'onf(éétransistolrs in other ty%es of semiconductors such as in IlI-V
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element Al In, an semi uctor

percertageHiatalingrlaprEativm dgruide @%ﬁh&é@imﬁ&?al@ﬂ%ﬁn Al In, Ga,

(InP), gallium nitride (GaN), and inGaAsP being common examples o

such samioaalibtdnshé semistivelyithetpaahitgspichitdyas enbinderd®Galium
also apply to the fabrication of a transistor in a II-VI compound

semicGfieRutlsr (Gafsn. indieumtmbospoiie (mP)ggatiiamtmitidmiBeNegmmBGaAsP
of the PEET 10 is disposed below a gate conductor 29, preferably having

a lowe? PREFIBOIhEMPIefopEAUSHITEINCReisMafiiamatiygfuidhe teachings of

dielectlrt'g (257 s%h' ate dielectric 27 preferably consists of a layer of silicon
dioxidet% rﬁa@&flg%‘n'%% ﬁgseosﬁlp 5’-% the fabrication of a fransistor in a (1-VI

compound semiconductor region.

As further shown in Figure 1, the channel region 22 of the PFET 10 is
disposed below a gate conductor 29, preferably having a lower layer 26 of heavily
doped polysilicon in contact with a gate dielectric 27. The gate diclectric 27
preferably consists of a layer of silicon dioxide thermally grown on the single-
crystal semiconductor region 14. Alternatively, the gate dielectric can be any
suitable thin dielectric material such as sificon nitride, or such materials commonly
known as high dielectric constant or “high-k* dielectric materials. In an
embodiment, halo regions 23 and extension regions 25 are disposed adjacent to
the source and drain regions 24 in the vicinity of the channel region 22. However,
in some embodiments, the halo regions 23 and extension regions 25 are not
provided, the halo regions 23 and extension regions 25 being optional features

that are provided according fo the particular design requirements of the PFET 10.



crystal semiconductor region 14. Alternatively, the gate dielectric can be

any suitable thin dielectric material such as silicon nitride, or such

materials commonly known as high dielectric constant or "high-k"

dielectric materials. In an embodiment, halo regions 23 and extension

regions 25 are disposed adjacent to the source and drain regions 24 in

the vicinity of the channel region 22. However, in some embodiments, the

halo regions 23 and extension regions 25 are not provided, the halo

regions 23 and extension regions 25 being optional features that are

provided according to the particular design requirements of the PFET 10.
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of theggﬁm i nthe PFET is, turned on in operation. The
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has much less resistance than the polysilicon portion prefera

includsrednenan awifiide. ofenatal, cohbatod 29 praasSg a%BQHQﬁEHStha low-

the low-resistance portion 28 includes a suicide formed by a self- aligne
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not Iimiteo{ to cobalt, molybdenum, a monosilicide of nickel, niobium,
esistan

palladitin pr&HReHP Asmethiess [epigiese Hrun vheagiysiiddomortion 26,

prefecafly, e, ic'ﬁi includes cobalt sificide, tantalum silicide, titanium
silicide, tungsten inlc.‘%‘cja?ggnadfé‘re%gk%l SiksicRydnetal, or both. in a preferred

embodiment, the low-resistance porttion 28 includes a siticide formed by a self-
aligned process (a “salicide”), being a silicide of any suitable metal including but
not (imited to cobalt, molybdenum, a monosilicide of nickel, niobium, palladium,
platinum, tantalum, titanium, tungsten, and vanadiﬁm. More preferably, the
silicide includes cobalt silicide, tantalum silicide, titanium silicide, tungsten silicide,

and/or nickel monosilicide.

Alternatively, the gate conductor can include a metal fayer (not shown) in
the place of a polysilicon layer 26 in contact with the gate dielectric 27, which may
also take the place of the overlying low-resistance layer as well, the metal layer
preferably having been formed as a replacement gate after high temperature

processing of the source and drain regions of the transistor has been completed.

The source and drain regions 24 of the PFET 10 are disposed at least



Alternatively, the gate conductor can include a metal layer (not shown) in

the place of a polysilicon layer 26 in contact with the gate dielectric 27,

which may also take the place of the overlying low-resistance layer as

well, the metal layer preferably having been formed as a replacement

gate after high temperature processing of the source and drain regions of

the transistor has been completed. The source and drain regions 24 of the

PFET 10 are disposed at least 9 partly in the silicon germanium regions
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regio %31. In the embodiment shown in FIG. 1, low-resistance layers 40 ’
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second dielectric spacer 34. The low-resistance

drain gl 4 by, a

layer i@%%%eﬁrﬁgw)g‘giﬁ&%"%rmémr?@@ﬁﬂaﬁ&ﬁ@é"ﬂﬁﬁhﬂ&ry iregians from the gate
"salicighgirgsp @ metal deposited on the layer 39 of silicon germanium

and thereafter reacted with the silicon germanium

The oxide regions 31 are, illustratively, thin thermal oxides formed by
oxidation of polysilicon material that originally fills the space between the oxide
regions 31. in the embodiment shown in FIG. 1, low-resistance layers 40 on each
side of the gate conductor 29 are spaced from the source and drain regions 24 byq
a second dielectric spacer 34. The low-resistance layer is preferably a silicide
formed in self-aligned manner, i.e. a "salicide”, from a metal deposited on the
layer 39 of silicon germanium and thereafter reacted with the silicon germanium
to form the silicide. The silicide can be a compound of any suitable metal
including but not limited to cobalt, molybdenum, a monosilicide of nickel, niobium,
palladium, platinum, tantalum, titanium, tungsten, and vanadium. More preferably,
the silicide includes cobalt silicide, tantalum silicide, titanium silicide, tungsten

silicide, and/or nickel monosilicide,

FIGS. 2 through 11 are cross-sectional views fliustrating stages in the
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to form the silicide. The silicide can be a compound of any suitable metal
including but not limited to cobalt, molybdenum, a monosilicide of nickel,
niobium, palladium, platinum, tantalum, titanium, tungsten, and vanadium.
More preferably, the silicide includes cobalt silicide, tantalum silicide,
titanium silicide, tungsten silicide, and/or nickel monosilicide. FIGS. 2
through 11 are cross-sectional views illustrating stages in the 10
fabrication of an insulated gate strained channel field effect transistor

(FET)apesaishinestam I@&ﬁﬁfé@dg%@b%éﬁﬂ%ﬂt eﬁéhﬁénﬁsmi%ﬁeésf@gsgorre (FET)

case for all drawings referenced herein, the features shown in F
not dezemdingasle grifendlunicaigimant ibtighstagedndabrsatiomdnaybichs,

a silicon-on-insulator (SOI) substrate is provided, from which the FET is

fabrichitedngeselesemean FGIR thedeSQrbs wWhriratinIMdnclude et wiativelyscale.

thin silicon-on-insulator (SOI) layer 14 and a bulk region 16 separated

fromtHa- Sdipplipdes andpitabeired ibXriui¢aldN)itaybichl 8 sit@n Billinstriates (SOI)

a staéﬁ%in fabrication in which a !a%ered stack has been formed over the

soI SUBEAe'S Provirleta i vbiskiha didels Bbricaatirfssawh oIk 2, the

SOI%%JDA}S S ate diel .ctr'cié_i a Jayer of polysilicon 26, and

layers of oxid%%%&,}ﬁ{?fg% 12 %ﬁ??%%gg , ﬁ\"%ﬁd&?’\/{ﬁﬁ@ﬁ‘@{/ Sfdifaver 14 and

polysilisme rdgst 26 sdhsdaielinl s Agel fes AmalRLaL SUeh

those described above, and is formed such%s by mrmgﬁéﬁggﬁ%n(%éx) layer

therrt@al nitridation of the silicon-on-insulator layer 14. Alternatively, the

gate dielectric 27 is formed by deposition, especially low-pressure

chemical vapor deposition (LPCVD). Still other types of dielectrics such

as those selected from any of several well-known

FIG. 3 illustrates a stage in fabrication in which a layered stack has been

formed over the SOI substrate 17. The iayered stack includes, as listed in order
from the SOl layer 14 upwards, a gate dielectric 27, a layer of polysilicon 26, and
layers of oxide 42, nitride 44 and oxide 46, in order, which overlie the polysilicon
layer 26. The gate dielectric 27 includes a material such as those described
above, and is formed such as by thermal oxidation or thermal nitridation of the
silicon-on-insulator layer 14. Altematively, the gate dielectric 27 is formed by
depaosition, especially low-pressure chemical vapor deposition (LPCVD). Still
other types of dielectrics such as those selected from any of several well-known
classes of high dielectric constant materials (also referred to as “high-K dielectric

materials} can be formed by deposition in place of silicon dioxide or silicon nitride.

As particularly shown in FIG. 3, oxide layer 46 functions as a patterned
hardmask layer for patterning the layers which undedie the oxide layer 46. Such

hardmask layer is preferably provided as a layer deposited from a
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classes of high dielectric constant materials (also referred to as "high-K
dielectric materials) can be formed by deposition in place of silicon

dioxide or silicon nitride. As particularly. shown in FIG. 3, oxide layer 46
functions as a patterned hardmask layer for patterning the layers which

underlie the oxide layer 46. Such hardmask layer is preferably provided

as a layer deposited from a 11 tetraethylorthosilicate (TEOS) precursor,

or alternatively, borophosphosilicate glass (6PSG) or undoped silicate

glass (idféeinyibanpeiitsiisofT EYS) Atresumeferablsiientdpely,obbghthosphosilicate
doped at this stage of fabrication, and to be doped to a preferred heavy
dopangtesceBRaty nors uokiars thislicgiconlasp dbddion et Polisdicetadayer 26 is
fabrication. FIG. 4 illustrates a subsequent stage of fabrication, after a

gate skrekerabiy edanssier gl slorgtbahiftiretiage Gt falyieptnmm 3Rdiesbe doped
4, the gate polysilicon layer 26, a gate cap oxide 42 and a %ate cap nitride

44 novPraHPEeHhRIARANG PR RAKR AR S galbarBdniippiantation, at a

which, in turn, overlies. the substrate 17. In addition, sidewalls of the gate
polysill Bl 3% JeicaliB¥sed by the patterning and are thereafter

oxidized, as by a thermal oxidation, to form oxide regions 31. Thereafter,
as shown in FIG. 5, a pair of sacrificial spacers 50 is formed on the oxide

regions 31 opgryingibeasidenalissehiatraisdlisonibayaictt aflee aspaseisck has

50 are preferably formed of a dielectric material, for example, silicon
nitride badickaliasmgo deettie delectditstankelaishosersifi dait: dihtide gate polysilicon
Thereatfter, as shown in FIG. 6, a vertically directed ion implant 58 is
perfortaiel t8Gegicdricc ST edsOldapad 12 ghlsekpb chiliiehdtdon oemin as a

bottom
patterned gate stack over the gate dielectric 27, which, in turn, ovetrlies the

substrate 17. in addition, sidewalls of the gate polysilicon layer 26 are exposed by
the patterning and are thereafter oxidized, as by a thermal oxidation, to form

oxide regions 31.

Thereafter, as shown in FIG. 5, a pair of sacrificial spacers 50 is formed on
the oxide regions 31 overlying the sidewalls of the polystiicon layer 26. The

spacers 50 are preferably formed of a dielectric material, for example, silicon

nitride, which has good etch selectivity in relation to silicon dioxide.

Thereafter, as shown in FIG. 6, a vertically directed ion implant 58 is
performed to regions 65 of the SOI layer 14 to help define the depth of the bottom
edge 60 and lateral dimension 62 of the silicon germanium regions that will be
formed thereafter. This ion implant has a function to alter the implanted single-

crystal silicon material in regions 65 {o permit the material therein to be etched
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edge 60 and lateral dimension 62 of the silicon germanium regions that

will be formed thereafter. This ion implant has a function to alter the

implanted single- crystal silicon material in regions 65 to permit the

material therein to be etched 12 preferentially in relation to other regions

of the SOI layer 14. Such ion implant is performed, for example, by
implantation of germanium (Ge) ions under dosages and with sufficient

energy to "pre-amorphize" the single-crystal silicon material therein. The

SO! Iayefctdniiaffh elsBa@SImRICRbIdHReH: hdayas ey 84-slRBSio@blant is
100 nm, and more commonly having a thickness between about 40 nm

and 7skronmiae: ftadtynipie,ion inylRnasresigetonaniaptiCay ohiciniter dosages
close to the top surface 64 of the BOX layer 18, in order for the later
formedrsilisih gefineniuenergyitinpre-sotisinziel yhalentie pieta ofliton material
SQO[ layer 14 in those regions 65. Desirably, the depth 60 of the ion
implattgréih tHeetsPsameictidh SO rijrstrates datinally yyaddogatels thin, e.g., less
dielectric 27), is 80% or greater of the depth of the top surface 64 of the

BOX M58 8. MPoABLAHE ANRIRC WY e SIS £ iggnepbout 40 nm and
thmknﬁ?ﬁrﬂf épé%g}a% .”ﬁ‘?e H;'r? ;Fﬁ@%ﬂ%&%@%geas '&%BAMO@;Q Q\lrﬁﬁwe% Qo%e to the top

depth of 30 nm or more. A sing e regl he same or

Sim”aédhg"d@éﬁ%ﬁ%éwqcﬁgﬁyeﬁlﬁ?B}H@Ft%?@@”mé?%hﬁ?eﬁt@ﬁ%@@ermanium
adjacent silicon regions. Such stress imparted by a SiGe region at a

depthréfloadighantitantiady i e tashieiedothine Edha-5E5d 4agigwaveregions 65.
much thinner than the SOI layer 14, due to distribution of the stress over

a largepsirabho ftheedsptiv A0 Ré b g tonpiaht Trarptozdes adactonh@0! layer 14
which preferentially etches the implanted regions of the SOI layer 14

seIecf%ifl?%Ey_s#i‘ﬁlg-"i‘fﬁ/_ﬂﬁleéﬁﬂfbﬁ.’h&% oPtherestar| gfdha depHisof the top
processgr{a%séugi BQ %Ogﬁ%gycép%?an% gg?n%gdiment, when the SOI layer 14 has

a thickness of about 40 nm, the regions 65 are desirably implanted to a depth of
30 nm or more. A single-crystal SiGe region of the same or similar thickness as
the SO layer 14 imparts a compressive stress on adjacent silicon regions. Such
stress imparted by a SiGe region at a depth 60 is higher than could be achieved
than if the SiGe region were much thinner than the SOI layer 14, due to

distribution of the stress over a larger area of the silicon.

Referring to FIG. 7, a process is performed which preferentially etches the
implanted regions of the SOl fayer 14 selective to the single-crystal silicon
material of the SOI layer 14. This process results in producing opened regions 66
having depth 60 and lateral dimension 62 that generally coincide with those of the
pre-amorphized regions 65 (FIG. 6). Such etch process is performed by a

reactive ion etch (RIE) process, an isotropic etch selective to the single-crystal
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having depth 60 and lateral dimension 62 that generally coincide with

those of the pre-amorphized regions 65 (FIG. 6). Such etch process is
performed by a reactive ion etch (RIE) process, an isotropic etch

selective to the single-crystal 13 silicon material of layer 14 that has not

been pre-amorphized, or a combination of the two. For example, in one
embodiment, a RIE process is performed, followed by an isotropic etch

for a 'cleaning’ purpose, e.g., to remove damaged areas of the layer 14

that resikinrafiatdtia Bl Bymote dsatiPashettiedormacennintzag posecoahination of
be part of a two-step process in which an exposed surface 68 is first

oxidizeltie Beobyer teampleoitidaormbadimanb addltheiesassrisdrpboepeggoliowed
by isotropic etching. In another embodiment, a RIE process is performed,

followeR¥ B dSSHaRICERREN AARFILSEHBPAGe PedmiRg Rifefamaged areas of
Slcon S Qi Py SRMIEL el R M e
tch f iti L -

e PRI PRSI AR o g o

additiopalyeferensmi® bifdadodh@raional SigRNaR e MBICRRRCBASRACEY isotropic
50 is undercut by such etching is a further parameter available to control

the prexinnty. 0f treBEs emegiting 39 AdtEgebaakrpgiama ofdievEdE by a short

10. Thereafter, as shown in FIG. 8, a layer of single-crystal silicon

germafdiipto(sidpric elebtivieleartimepiiagiieyrolvel ailaomergspiting in opened

surface 68 of the single- crystal silicon to form silicon germanium regions

39. DURPH S MBI BN CRIIER ¥/t NS R RIRARSRRIFRITEBIRSIRIG. ). In

or depgs(i)t%%rirér% %%snggn\{e&?éjibgtrthe %% cer%gg, oxide cagp 4@?and nitp'de

cap 448 TR°EN EMBodiment ihowimchthe SoFaays: HA HEGHeL é(éoﬁgi\)l?{bg soas

Some GeIMAITIHE S ARG AGRI GHRAINderlies portions of the spacer 50.
With additional reference to FIG. 1, the lateral distance to which each spacer 50
is undercut by such efching is a further parameter available to control the

proximity of the SiGe regions 39 to the channel region 22 of the FET 10.

Thereafter, as shown in FIG. 8, a layer of single-crystal silicon germanium
(SiGe) is selectively and epitaxially grown over the top surface 68 of the single-
crystal silicon to form silicon germanium regions 39. During this selective growth
process, the SiGe material is not grown or deposited in areas covered by the
spacers 50, oxide cap 42 and nitride cap 44. In an embodiment in which the SO
layer 14 includes SiGe having some germanium (Ge) content, the SiGe regions
39 grown at this time have a substantially higher percentage of germanium than
that of the SOl layer 14. The percentage Ge content of the regions 39 is selected

as a parameter affecting the stress to be applied to the channel region of the
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39 grown at this time have a substantially higher percentage of
germanium than that of the SOI layer 14. The percentage Ge content of
the regions 39 is selected as a parameter affecting the stress to be
applied to the channel region of the 14 FET, in accordance with the
proximity of the regions 39 to the edge of the gate polysilicon 26, the
thickness of the regions 39 and the Ge content, if any, of the SOI layer
14. At this time, the sacrificial spacers 50 have served their function of

spacing. e SIGeEOIoNR SR DANGERENHISRn NG st goe

removed from the structure. The spacers 50 are removed as by an

iSO”g;Bi?sﬁi&&h@éﬁ@xéi{iﬁaﬂné&ymﬁea@i@h@wem@%mmcﬁm of the
oxide and to silicon and SiGe. Removal of the spacers 50 also results in

the rempowgbpf4he nitride cap 44, leaving the oxide cap 42 and sidewall

oxide regions 31 in place over the gate polysilicon layer 26, as shown in

FIG. 9. Referring to FIG. 10, with the sacrificial spacers removed, implants

are performed, using the gate polysilicon 26 and oxide regi

31 .
sk 1o, e (E16 66 She Bl FHSaE B0 PHE FERe S & A ansp R g acing
hannel region 22. Thi s in the SiGe feg N from the
e 55 Lo SRl i SAE POTREDS S mEHOYor 1eiilid from tn
e £ | e formation )
o CHRIRED BB S0°al0 THRNIR oL B IBIARITL! the siicon

formegpe shufasss f dsispiesty snlssestivondustias ewgl singliconystad SiCe.
silicon, which have a dopant concentration which is spatially uniform. A
vertiGaiyigvan-ofnifermpaopentprafiie’ resdiitsintien tmoval oh i exiefsicar 44,
regions are implanted. Epitaxial growth of silicon germanium

jeaving the oxide cap 42 and sidewall oxide regions 31 in place over the gate

polysilicon layer 26, as shown in FIG. 9.

Referring to FIG. 10, with the sacrificial spacers removed, implants are
performed, using the gate polysilicon 26 and oxide regions 31 as a mask, 1o
define halo regions 23 and extension regions 25 adjacent to the channel region
22. This process results in the SiGe regions 39 being implanted to a depth 70 as
indicated in FIG. 10. The formation of the halo and extension regions after the
formation of the silicon germanium regions is beneficial as follows. The silicon
germanium regions are best formed on surfaces of a single-crystal
semiconductor, e.g. single-crystal silicon, which have a dopant concentration
which is spatially uniform. A vertically non-uniform dopant profile results when the
halo and extension regions are implanted. Epitaxial growth of silicon germanium
onto surfaces having a non-uniform dopant profile is undesirable, because non-

uniform dopant profiles can cause defects in the crystal lattice at the locations
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onto surfaces having a non-uniform dopant profile is undesirable, because

non- uniform dopant profiles can cause defects in the crystal lattice at the
locations 15 where the silicon germanium and the silicon crystals meet.

Such defects can degrade the characteristics of the stress to be applied

to the transistor channel region by the silicon germanium regions. These
problems can be avoided according to this embodiment of the invention

by growing the silicon germanium regions onto surfaces including the

sidewall ion, thr se..of sacrificial space

removingﬂflr{;’eep siggise@g&gr?gf %ﬁ(ﬁggﬁe{%ﬁ Eh‘)%n% f%%é%aec%ga{%ganrf eg'xtgés%csrfo%ﬁeds can

implantsiehRere A harH s aien & iR st lobhReupmal %Rgﬂﬁs%%or channel

are formed on the sidewalls of the structure over the sidewall oxi

regions 3gion opethensiRAMgaHndfUNe WeERAEETS Bireake SRS LANOR avoided
nitride, in order to permit the spacers to be formed by RIE selective to the

oxide rrRaeeidingf ihéisxaeboapmei ahththiensdition apdSiGegnissesimsOhermanium
the structure. However, any dielectric material, for example, other
non-corfBEiEAv O PR iR cafainehiiibe b hisievweile3thaflihtosificorretiaxididrough use

and oth0 silicon (?xides, silicon and SiGe can be utilized in formin _
spacerseéﬁé(iﬂg?ﬁ% GRIELBIYEMANINS 6% Racrsi Y Shesprftapaedesming the halo

as a m%ﬁlﬂ'é@eﬁgﬂwﬂﬂﬂgwlam 72 is performed is performed to define
the source and drain regions 24 of the FET. This implant also has the

effect of implanting the SiGe regions 39 to a depth 74 which may either be
the same or different from the depth 70 (FIG. 10) to which the halo

implants and/Greesisrsisithineplanisane E@enformagwIP=ane epaRedigte formed
the source and drain region implant 72 is performed at a dose which is
higher 8§ &ife Belemeie siidéire structure over the sidewall oxide regions 31. In one

embodiment, the new spacers 32 are formed of silicon nitride, in order to permit
the spacers to be formed by RIE selective to the oxide material of the oxide cap
42 and the silicon and SiGe materials of the structure., However, any dielectric
material, for example, other non-conductive nitrides, that can be etched
selectively to silicon dioxide and other silicon oxides, silicon and SiGe can be
utifized in forming spacers 32. Using gate polysilicon 26, oxide regions 31 and
spacers 32 as a mask, an additional implant 72 is performed is performed to
define the source and drain regions 24 of the FET. This implant also has the
effect of implanting the SiGe regions 39 to a depth 74 which may either be the
same or different from the depth 70 (FIG. 10) to which the halo implants and/or
extension implants were performed. In one embodiment, the source and drain
region implant 72 is performed at a dose which is higher by one or more orders of
magnitude than the implants used to form the halo and extension regions. Since

the spacings of the source and drain regions 24 from the gate polysilicon 26 are
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magnitude than the implants used to form the halo and extension regions.
Since the spacings of the source and drain regions 24 from the gate
polysilicon 26 are 16 defined by the spacers 32 and the spacings of the
silicon germanium regions 39 from the gate polysilicon 26 are defined by
the sacrificial spacers 50 (FIG. 6), it is evident that with this embodiment
of the invention, the spacings can be controlled independently. Thus,
while the particular spacings from the gate polysilicon 26 of the source

and drainde PP A6 derARMSIOSSIR GO UR8HigePnanium gagions 39

germanium regions 39, the source and drain regions 24 can be space

eithekGaMMRVYAR plagandenne aaleipiygiisonosdanthen aprysrRetefAn 6), it is
to FIG. 1 again, processing is performed to complete the FET 10. As

showavitieneihatgititibisaésitacire Sdoatecfovreetivantsidepesliyge fotreia sontrolied
spacers 32, the additional spacers 34 consisting of a dielectric material,

such agepenidaaiy- ddpscinfiisitisopenitidis, sphiirosdrepeiectiig pelsilicon 26 of
manner which etches at a comparatively much faster rate than oxide,

silicof8rtPYRseanthHadMdPURES oxid8'BapasiqRIGC!e9s ¢BVEINTS thi o silicon
surface of the gate .polysilicon layer 26 is ,removed, as hy an etch process .
poiec g Mo PSR R R S
subjegi o iRactivilly ROWEIICen Akt JIGSdRfama silicide. The

silicide forming metal can be one or more of the following metals

including, but not limited to: cobalt, molybdenum, a monosilicide of nickel,
niobium, palladium, platinum, tantalum, titanium, tungsten, and vanadium.
More prefdtatgiriribostiGide ahainspionessinig)id paristepcs toaontidslicithe, FET 10.
tantalum silicide, titanium silicide, tungsten silicide, or nickel monosilicide.

The éthhshene thateineadsditioaal tsracetctdteth doerdion idewally inftilee first

spacers 32, the additional spacers 34 consisting of a dielectric material, such as a
nitride, especially sificon nitride, which can be etched in a manner which efches at
a comparatively much faster rate than oxide, silicon and SiGe. Thereafter, the
oxide cap 42 (FIG. 11) covering the top surface of the gate polysilicon layer 26 is
removed, as by an etch process which is selective to silicon nitride. A metal is
then deposited which is subject to react with polysilicon and with SiGe to form a
silicide. The silicide forming metal can be one or more of the following metals
including, but not limited to: cobalt, molybdenum, a monosilicide of nickel,
niobiurn, pailadium, platinum, tantalum, titanium, tungsten, and vanadium. More
preferably, the silicide that is formed by this step is cobalt silicide, tantafum

silicide, titanium silicide, tungsten silicide, or nickel monosilicide.

The substrate 17 is then heated to accelerate the reaction, resulting in the

formation of a silicide 40 overlying the SiGe regions 39 and a gate silicide layer
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formation of a silicide 40 overlying the SiGe regions 39 and a gate silicide
layer 17 28 overlying the gate polysilicon layer 26. Such silicides, which
form only in the areas in which the metal contacts the silicon and SiGe,
are known as self-aligned silicides or "salicides". In this case, the silicides
40 and 28 are self-aligned to the spacers 32, 34 that intervene between
the gate polysilicon 26 and the SiGe regions 39. Spacers 34, formed after
the spacers 32, are used to control the spacing of the silicide regions 40

Sepafat@éydcﬁgmiH%ilﬁ@%%@@%fﬁ&ﬁc@ﬁqu@gief‘%u@ltgﬁcﬁ?ég RANEHIBAR only in the

26. The spacefrs the thickness of which can be adjuste

indepenglesdi; s RO Sonlis iR SRRSHSHENRS 2B &BIMAR seif-aligned
regions 40 and the gate polysilicon 26 to be independently controlled.

Accordisitifides sirtedlivielesidimitisachfigsikesincitey ke drieesinrbysalhiatigned to the
the location of the halo regions 23 and the extension regions 25 are

formed sifesersetricahdbatonigdegnediovesn dfagae Palvsliean comtesitedhe SiGe
independently from the locations of the source and drain regions 24,

Thus, thESIFESESt iIRPaRRISS Hrdoraes! Aftan e\ iRRpREINdY &R Yekibireontrol the
f trolling the, fabricatj f FETS havi trai h I ' . .

While 10 A e oo RE A0 P OAA e B R i cpigg regions
embodip @S, e rRisiliareakiRg P dhs sy Ml HRIRRIaNE: DRICAFIN be adjusted

modifications and enhancements which can be made without departing

from thendepereremg REG Spidces tie Hvanianspabicd tetiaisdhaniiiiidegions 40

appended claims. For example, in the initial patterned gate stack (FIG. 4),

nitride regfidhs geda fedyciisposezal torbsieeadisdehtlye patyditidon layer 26 in

place of the oxide regions 31 and a nitride cap can be used in the place

of the oxide cap 42

Accardingly, a structure and method has been provided herein by which

the location of the halo regions 23 and the extension regions 25 are formed after
semiconductor alloy regions 39 of an FET and are controlled independently from
the locations of the source and drain regions 24. Thus, the present invention

provides an improved method and structure for controling the fabrication of FETs

having strained channel regions.

While the invention has been described with reference to certain preferred
embodiments thereof, those skilled in the art will understand the many
modifications and enhancements which can be made without departing from the
true scope and spirit of the invention, which is limited only by the appended
claims. For example, in the initial patterned gate stack (FIG. 4), nitride regions
can be disposed on sidewalls of the polysilicon layer 26 in place of the oxide

regions 31 and a nitride cap can be used in the place of the oxide cap 42
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18 overlying the polysilicon layer 26. In such case, the spacers 50 can be
formed of oxide instead of nitride and then the processes used to remove
spacers 50 can be selected such that oxide is etched selective to nitride.
Industrial Applicability The structure and method according to the
invention is useful in the fabrication of semiconductor integrated circuits,
and provides a cost effective method of making a strained channel field
effect transistor (FETS) such as an insulated gate field effect transistor

(IGFeRYimy e paigtingsihannied 1o, 1he (%L%D'ﬂ% E’E%@&$X&can belf&rmed of

semiconductor alloy material disposed adjacent the channel region.

-20- Witatitstelzdnobailsdd ahditiereffechisaBsisde ucktED e FRAMPESH @50 can
single-crystal semiconductor region of a substrate, said single-crystal
semPeorRleiast sagiohiatavide ia Sichasefensitien aigiate overlying said
single-crystal semiconductor region; a pair of first spacers overlying
respective opposite sidewalls of said gate; a pair of regions consisting

ess%@{xa(Pf?ﬁ ﬁgggllﬁ.-crystal semiconductor alloy having a second

comp m said first composition, said semiconductor alloy
regions disposed on opposite sides of said gate, each said

semiconductor alloy region spaced a first distance from said gate; and a

2?12 ;ce regtanswactare ia ARAHY abRAShBAE I BRESESHIR (RIRGGHYS,
fabrication of semiconductor integrated circuits, and provides a cost effective
method of making a strained channel field effect transistor (FETs) such as an
insulated gate field effect transistor (IGFET} in which a stress is applied to the

channel region by a semiconductor alloy material disposed adjacent the channel

fegion.

19



of said semiconductor alloy regions, each of said source region and said
drain region being spaced a second distance from said gate of, said
second distance being different from and independent from said first
distance, said second distance being at least partly determined by
spacings of said first spacers from said sidewalls of said gate. 2. The FET
as claimed in claim 1, wherein said sécond distance is greater than said
first distance. 3. The FET as claimed in claim 2, wherein said
ﬁi{]ﬁglﬁ-gg{%@é %emiconductor region consists essentially of silicon and
0 'Semiconductor alloy regions consist essentially of silicon germanium.
4. The FET as Gadeé@dnicianst8; (WRERETh sampsiiogn germanium regions

are at least,partl dts osed in trenches disposed in said.single-crystal
 Cieort TR R S S S i S e
sarsiticoducior legidatba(BOH) Bubstratsitidisaid single-crystal silicon region

is dispose£d aboye a buried olxide I%ier of.sai%s | substrate. 6. The FET
a n%ga C? DVGF 1Ng Said SINZIC-Cry SEMICONGUCLOr TeZ101]..
as clamnyed in claims, wheréin said silicon germanium=regions have

bottora page$ fispasecratacdepth oipbainBosportgadtendt aldeptlzat;a
Siicort TAbioh o e B R O S SR AR R, o
adlaig Heoitom ecdged ialmattBopditithet demthseidshid toprglosidr aidd
S8 B S BT e SRR SN P DRI i
semiconductor alloy region spaced a first distance from said gate; and

a source region and a drain region at least partly disposed in respective ones
of said semiconductor alloy regions, each of said source region and said drain region
being spaced a second distance from said gate of, said second distance being
different from and independent from said first distance, said second distance being at
least partly determined by spacings of said first spacers from said sidewalls of said
gafe,

| 2. The FET as claimed in claim 1, wherein said second distance is
greater than said first distance.

3. The FET as claimed in claim 2, wherein said single-crystal
semiconductor region consists essentially of silicon and said semiconductor alloy
regions consist essentially of silicon germanium.

4, The FET as claimed in claim 3, wherein said silicon germanium
regions are at least partly disposed in trenches disposed in said single-crystal silicon
region.

5. The FET as claimed in claim 4, wherein said substrate 1s a silicon-on-
insulator (SOI) substrate and said single-crystal silicon region is disposed above a
buried oxide layer of said SOI substrate.

6. The FET as claimed in claim 5, wherein said silicon germanium
regions have bottom edges disposed at a depth of about 80% or greater of a depth of

a top of said buried oxide layer from a top surface of said singie-crystal silicon

region.



underlying said first spacers and at least partly underlying said gate stack.
9. The FET as claimed in claim 8, further comprising halo regions
underlying said first spacers and at least partly underlying said gate stack.
10. The FET as claimed in claim 8, wherein said sidewalls of said gate
stack are oxidized, wherein said firstspacers are disposed over said
oxidized sidewalls. 11. The FET as claimed in claim 10, further
comprising forming second spacers disposed laterally outward from said
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FET as claimed in claim 12, wherein said gate inc ate silicide
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The FET as claimed in claim 1, wherein said second distarce is leSs than
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materials and a percentage_amount of at least one of said semicon
stackanapsidirrd pherdasadidmisrarers see dhitpess pustinid oxglizedield
&ffeghiransistor ("FET"), comprising: a single-crystal silicon region of a

silicon-on-insulator substrate; a gate overlying said single-crystal silicon
regiont1- The FET as claimed in claim 10, further comprising forming second

spacers disposed laterally outward from said first spacers.

12, The FET as claimed in claim 11, further comprising silicide regions
overlying said silicon germanium regions, wherein said silicide regions are spaced a
distance from said gate at least partly determined by spacings of said second spacers
from said gate.

13, The FET as claimed in claim 12, wherein said gate includes a gate
silicide region and a polycrystalline semiconductor region, said gate silicide region
overlying and self-aligned to said polycrystalline semiconductor region.

14. The FET as claimed in claim 1, wherein said second distance is less
than said first distance.

15, The FET as claimed in claim [, wherein said single-crystal
semiconductor alloy includes at least two semiconductor materials and a percentage
amount of at least one of said semiconductor materials varies between said first and
second compositions.

16. A field effect transistor ("FET"), comprising:

a single-crystal silicon region of a silicon-on-insulator substrate;

a gate overlying said single-crystal silicon region;

a pair of first spacers disposed over opposite sidewalls of said gate;

a pair of regions consisting essentially of single-crystal silicon germanium
disposed on opposite sides of said gate, each said silicon germanium region spaced a

first distance from said gate;



a pair of first spacers disposed over opposite sidewalls of said gate; a pair
of regions consisting essentially of single-crystal silicon germanium
disposed on opposite sides of said gate, each said silicon germanium
region spaced a first distance from said gate; -22- a source region and a
drain region at least partly disposed_kyrespective ones of said silicon
germanium regions, each of said source region and said drain region
being spaced a second distance from said gate, said second distance
being Algrent. R Aac BAGR ofshLIRALSAIt 3t distance raaid 5ecands
distance being at least partly determined by spacings of said first spacers
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silicide regions at least partly overlying said silicon germanium regions. {
from and mdependent from said first distance, said second distance being at least

partly determined by spacings of said first spacers from said sidewalls of said gate;
and

silicide regions, at least one of said silicide regions overlying a
semiconductor portion of said gate and said silicide regions at least partly overlying

said silicon germanium regions.



